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This research involved carrying out a unique micro-mesoporous
carbon particle incorporation into P84 co-polyimide membrane
for improved gas separation performance. The carbon filler was
prepared using a hard template method from zeolite and known
as zeolite-templated carbon (ZTC). This research aims to study
the loading amount of ZTC into P84 co-polyimide toward the
gas separation performance. The ZTC was prepared using
simple impregnation method of sucrose into hard template of
zeolite Y. The SEM result showing a dispersed ZTC particle on
the membrane surface and cross-section. The pore size
distribution (PSD) of ZTC revealed that the particle consists of
two characteristics of micro and mesoporous region. It was
noted that with only 0.5 wt% of ZTC addition, the permeability
was boosted up from 4.68 to 7.06 and from 8.95 to 13.15 barrer,
for CO, and H, respectively when compared with the neat
membrane. On the other hand, the optimum loading was at
1 wt%, where the membrane received thermal stability boost of
10% along with the 62.4 and 35% of selectivity boost of CO,/
CH, and H,/CHy, respectively. It was noted that the position of
the filler on the membrane surface was significantly affecting the
gas transport mechanism of the membrane. Overall, the results
demonstrated that the addition of ZTC with proper filler
position is a potential candidate to be applicable in the gas
separation involving CO, and Hp.
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1. Introduction

Separating gas via membrane technology is the most energy-efficient and has many opportunities for
development, thus making this field of research grow fast at around 15% annually. A very exciting
field, both scientifically and industrially, is gas separation using a polymeric membrane. In current
industrial membrane gas separation technologies, both glassy and rubbery based polymers are widely
used. The most popular rubbery polymers are ethylene oxide [1,2] and amide copolymer [3]. As well,
polyimides [4-6], polysulfone [7,8] and polyamide imide [9] are the most referred glassy polymers.
Polyimide-based polymers are some of the most used polymers for preparing gas separation
membrane. Polyimides have good thermal properties (T~ 300°C) and they can be easily prepared in
various modules such as flat, tubular support and hollow fibre. Furthermore, they are affordable and
provide good mechanical properties. In addition, these types of polymers are good for preparing
carbon membranes [10-12].

Polymeric membrane for gas separation has a lot of drawbacks, especially in the trade-off between
permeability and selectivity [13,14]. To overcome those drawbacks, many researchers tried to fix that by
blending polymers [15] and preparing composite membrane [12,16]. Composite membrane is polymer
membrane incorporated with inorganic materials. It proved to be a most effective and easy way to
improve the membrane performance [17,18]. The idea is to combine the processability of the polymeric
membrane with the selective adsorption and diffusion properties of the inorganic molecular sieve.
Increasing or limiting the diffusion of gases in the membrane should improve the permeability and
selectivity. Nanoporous material such as silica [19,20], zeolites [21,22], metal-organic framework (MOF)
[23], graphene [24-27] and carbon nanotube [28,29] have been reported to form composite membrane.
However, there are still technical challenges to be met such as avoiding pinhole formation and
incompatibility issues with a polymer precursor.

Several studies have been reported on the low loading fillers in the mixed matrix membrane preparation
[30,31]. Recently, carbon-based materials such as graphene gain a lot of attention in mixed matrix
membrane progress. Graphene is a well-known two-dimensional carbon material composed of a single
layer of carbon atom with a potential of CO, adsorption [31]. Moreover, it has excellent thermal and
mechanical stability, and it is very beneficial to be embedded into polymer matrix to improve its
physical properties. However, the use of graphene as a filler has a drawback owing to the impermeable
nature of graphene that leads to the permeability reduction at high loading. So far, the optimal loading
composition of graphene in mixed matrix membrane was around 0.3-1 wt% respective to the polymer
mass [31-33]. At low loading, the permeability is still improved owing to the disruption of chain
packing of the polymer matrix [33]. Whereas at high loading, the permeability reduction was observed
owing to impermeable nature of graphene by constructing a barrier effect toward the gas flow [34,35].
The impermeable nature was the result of graphene being two-dimensional material that experiences
unfavourable surface loss owing to stacking. Thus, to fully use the entire surface of graphene, an open
three-dimensional network of self-standing graphene might be a potential candidate as a membrane filler.

According to Nishihara et al. [36], zeolite-templated carbon (ZTC) does realize the ideal of fully using
the entire surface of graphene owing to self-standing open three-dimensional network. The ZTC can reach
up to the 3707 m* g~' geometric surface area which is exceeding the value of graphene (2627 m* g™")
owing to contribution of edge planes. In this study, ZTC, a structurally unique form of three-
dimensional graphene, was prepared by the impregnation of sucrose into zeolite-Y pores and used as
membrane filler in hollow fibre BTDA-TDI/MDI (P84) co-polyimide membrane for gas separation. Our
motive uses this material as a filler, owing to the benefits of material such as high surface area, high
microporosity and ordered pore structure [36,37]. With such characteristics, it is predicted that the use
of ZTC into polymer matrix would improve the gas permeability owing to ordered free main path
(ordered pore) and gas selectivity owing to high microporosity. As a result, making this material fits
the required properties for the gas separation membrane. Previously, ZTC has decent CO, and H,
adsorption capacity indicating good affinity towards the respective gas [37,38]. Thus, the gas flow
behaviour needs to be controlled so that the adsorption of the stated gas can be avoided to improve the
selectivity value. This research aims to improve the performance of P84 hollow fibre membrane for gas
separation by using ZTC as a filler. Moreover, the effect of the filler position on the membrane surface
was examined as well. The preparation and fabrication of ZTC/polymeric membrane composite was
conducted at a series of ZTC/P84 composite membranes loaded with ZTC contents (0-1.5 wt%) by the
dry/wet spin method. Detailed characterization of morphology (SEM), thermal stability (TGA),
crystalline structure (XRD), topology (AFM) and functional group (FTIR) was conducted to understand
the properties of nanocomposite polymeric membranes.
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Figure 1. Schematic diagram of the dry/wet spin system.

2. Experimental section
2.1. Material

The ZTC was prepared using materials as follows; sodium aluminate (NaAlO,, Sigma Aldrich) was used
as a sodium source for zeolite-Y synthesis. Meanwhile, the silicate source was coming from sodium
silicate (NaySiO;, Sigma Aldrich). The additional sodium counter ion was provided by sodium
hydroxide (99% NaOH, pellet, Sigma Aldrich). In addition, sucrose (98%, Fluka) was employed as a
carbon precursor for ZTC filler. Hydrofluoric acid (48% HE Sigma Aldrich) and hydrochloric acid
(37% HCI, Merck) were used to remove the zeolite-template.

The raw materials for membrane preparation were P84 co-polyimide (BTDA-TDI/MDI, HP Polymer,
Austria) as a polymer precursor and N-methyl-2-pyrrolidone (NMF, Merck) as the solvent. The P84
co-polyimide was dried at 80°C overnight to remove moisture prior to membrane preparation.

2.2. Procedure

2.2.1. Mixed-matrix membrane preparations

The ZTC filler preparation followed our previously reported method [37]. The hollow fibre membranes
were fabricated using the dry/wet spin method illustrated in figure 1. The spinning parameters were
inspired by the method reported by Favvas et al. and Choi et al. with some adjustment [39,40]. The
ZTC filler (0-1.5wt%) was first dispersed in NMP solvent using a sonicator (Qsonica, duration of
1 min, the amplitude of 70%, 10 s pulse on and off) for several times prior to the P84 addition. The
P84 co-polyimide was then added bit by bit into the solvent, while mechanically stirred at 700 r.p.m.
and temperature of 80°C. The dope solution that consists of P84/NMP/ZTC (20:80:0-1.5 w/w) and
bore fluid of NMP/H,O (70:30 w/v) were pumped simultaneously with a gear pump into a tube-in-
orifice spinneret with the rate of 2.64 and 1.5 ml min™', respectively. The extruded fibres pass through
a 400 and 800 pm inner and outer diameter spinneret, respectively. After passing the 5 cm of the air
gap, the nascent fibres entering a tap water coagulation bath that was set at room temperature and
oriented into a collecting drum with a speed of 4.5 m min~'. The collected fibres were immersed in
tap water to facilitate the solvent exchange overnight and followed by post-treatment of 2 h ethanol
immersion at room temperature.

2.2.2. Sample characterization

X-ray diffractogram (XRD) was employed to confirm the structure formation of the ZTC and fabricated
membrane. Fourier transform infrared (FTIR, Thermo Scientific Nicolet iS10) was employed to observe
the alteration in the functional group of membrane and ZTC. The surface characteristic of ZTC
was analysed using the N, adsorption—desorption isotherm at —195°C (Micromeritics, ASAP 2020).
The sample morphology was observed using scanning electron microscope (Hitachi, TM 3000) and the
results were analysed using Image] software. The potential used for SEM analysis was 15 kV and the
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sample was coated with platinum. The thermal stability of the membrane was analysed using thermal
gravimetric analyser (TGA, Brand-TA instrument TGA Q500). The surface roughness of the
membranes was observed using atomic force microscopy (AFM, AIST-NT Inc., Novato, CA, USA) and
the AFM images were analysed using AIST software.

2.2.3. Pure gas measurement

For the gas measurement, in all cases, five fibres (approx. 15 cm in length) were assembled in a
laboratory-scale module. The fibres were potted in a Swagelok 3164B3, and the permeation
performance was evaluated in a custom-made high-pressure gas permeation hollow fibre rig (1/4 in
stainless steel (SS) 316 tubes), which connected directly to bubble meter. The single gas permeability
was conducted at room temperature (approx. 25°C) and pressure of 4 bar. The gas volume was
measured using the bubble flow meter. The measurement was in triplicate and the result presented
here is the resulting average. The permeability was calculated using equation (2.1)

o QOxIy o Ql
P’_(APXA>_n7TDAP’ 21)

where Q is the volumetric gas flow rate at standard temperature and pressure (cm® (STP)s™"), [ is the
membrane selective layer thickness (cm), n is the number of fibres, AP is the different pressure
between feed and system (cmHg), A is the effective surface area of membrane (cm?).

The ideal selectivity, a;/;, of the membrane was calculated using equation (2.2)

P;
67 /j = IT] , (22)

where P; is the permeability of gas i, and P, is the permeability of gas j.

For mixed-gas permeation, a method by Lin et al. was adopted [16]. The binary separation
performance was conducted on two equimolar gas pairs of CO,/CH, and H,/CHy.

3. Result and discussion

3.1. Filler preparation

Figure 2 illustrates the diffractogram pattern of ZTC showing a typical amorphous structure owing to the
template removal process. Low structure replication of carbon to the zeolite-template structure was
confirmed with the absence of the peak at approximately 6°C, which was also observed previously on
the ZTC prepared with a similar impregnation method [37,41]. Furthermore, a broad weak peak that
referred to the (002) mesophase graphite-like material was observed on the 26 of 20-25° [42,43].
Interestingly, wide-angle peaks at approximately 43°, which corresponds to the (101) of graphitic
carbon, were not observed in this sample. This indicates that the ZTC material still replicates the
structure of zeolite body and even possesses mesoporous characteristic. The reduced intensity in the
composite diffractogram data indicates smaller particle transformation. Consequently, it would carry
over to ZTC particle size characteristics and smaller particle size was expected.

The morphology of both zeolite-Y and ZTC is presented in figure 3. As can be seen in figure 3, the
morphology of zeolite-Y shows hexagonal, diamond, rhombic and triangular crystal morphology. The
smooth surface and sharp particle edge in zeolite Y indicate that preparation using gel method
produced high crystallinity of zeolite. Similar morphology was also observed in the ZTC micrograph,
which is in agreement with the XRD result. Moreover, the ZTC particle size was almost twice as small
as the zeolite-Y particle. The particle size distribution of ZTC was also sharper than the zeolite. This
indicates that the removal of zeolite-template not only produced smaller particle than the zeolite, but
also produced more homogeneous particle size distribution. It is suggested that zeolite framework
shrinking took place during the carbonization of the composite and more compact structure formed.
This mechanism was similar to the mechanism of sintering process. Generally, smaller particle size was
more preferred in fabricating the mixed matrix membrane, owing to more dispersed particle
distribution on the membrane and avoiding the aggregate formation [7,16]. The TEM observation
revealed that there was a thin carbon layer covering the ZTC particle and originated from the excess
sucrose molecule and responsible in the absence of 26 approximately 6° peak on ZTC. This thin carbon
layer was similar to the graphene structure reported by Geng et al. [44]. The inset image in figure 3d
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Figure 3. Zeolite-Y (a) and ZTC (b) SEM image, particle size distribution (c) and TEM image of ZTC (d), circle mark is the outside
carbon layer.

shows that the main body of ZTC was consist of well ordered-interconnected pores. Overall, the SEM and
TEM indicate that ZTC main body consisted of three-dimensional graphene network, while the outer layer
was two-dimensional graphene sheet.

Figure 4 shows the N, adsorption-desorption isotherm graph and PSD of zeolite and ZTC. Both
zeolite-Y and ZTC showed typical type I adsorption isotherm, which corresponds to the microporous
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Figure 4. The isotherm (a) and PSD (b) of ZTC and zeolite-Y. Inset in (a) was refers to the zeolite-Y isotherm.

Table 1. Isotherm parameters of zeolite-Y and ZTC. Sgey, total surface area determined from Brunauer—Emmett—Teller; S, total
surface area of micropore, determined from t-plot; Sy, total external surface area, determined from Sger — Smic Viow total pore
volume.

sample Sger (m*g™") Smic M>g7") Vot (ccg™) average pore size (K)

zeolite Y 678.48 620.0 35.77 0.34 8.61 + 0.07°

JALS 1254.38 1051.72 202.66 0.95 15.5 + 0.64°
a=9.23+0.10°

B=2455+ 084

*Total average pore size.
PAverage pore size in o region.
“Average pore size in 3 region.

material. However, the type H4 hysteresis was observed in the ZTC, which suggests the presence of
mesopores and narrow slit pores [37,45]. The important parameters obtained from N, adsorption/
desorption are listed in table 1. The specific surface area (Sggr) of ZTC was almost double the zeolite-
Y, reaching up to 1254.38 m*g~' when compared with the 678.48 m?g™" of zeolite-Y Sggr. High Sger of
ZTC was also accompanied by the superior total pore volume that reached up to 0.95cc g™ or 2.7
times bigger than the zeolite-Y pore volume. High surface area and pore volume of a filler were
expected to improve the gas permeability owing to more accessible alternative pathway. The PSD was
determined using SAIEUS software with 2D-NLDFT model [37]. Interestingly, the PSD of ZTC shows
two types of pore region of microporous and mesoporous. The microporous region has pore diameter
of 9.23+0.10 A, while the mesoporous region has 24.55+0.84 A average pore size. Our previous
HRTEM study reported that the mesoporous region lies on the outer part of ZTC and has random
pore structure, while the microporous was on the inner part of ZTC body with ordered and
interconnected pore structure [37]. With such configuration, it is expected that the mesoporous would
improve the gas permeability, while the microporous region would improve the selectivity.

3.2. Mixed-matrix membrane preparation

The alteration in functional groups in P84 co-polyimide after ZTC incorporation was studied using
Fourier transform infrared (FTIR). Figure 5 shows the FTIR spectra of all prepared samples. First of
all, the PR membrane was prior to ethanol post-treatment membrane. When compared with the other
membrane spectra, it has a higher intensity at around 1650 cm™', coming from the excess NMP
solvent. Meanwhile, all post-treated membranes have similar spectra patterns when compared with
the P84 powder at this region. This indicates that all NMP were fully discarded from the membrane.
It can be noticed that all the membranes showed typical polyimide peak at wavenumber of 720, 1360,
1715 and 1780 cm™'. The peak at 720 cm™' corresponds to the C=O bond from P84 co-polyimide
precursor. Band at 1350 cm™" corresponds to the C-N, while bands at 1715 and 1780 cm™" correspond
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Figure 6. The XRD diffractogram pattern of prepared membrane.

to the C=0O symmetric and asymmetric, respectively. The broad peak that appeared at around 3400 cm™"

refers to the hydrogen bonding of trapped moisture [12,46], while the ZTC peak on the mixed matrix
membrane overlapped with the P84 peak. Moreover, there was no new peak observed in the
membrane with ZTC incorporation, indicating that the interaction between P84 co-polyimide and ZTC
was physical interaction.

Figure 6 shows the diffractogram of all prepared membranes. Generally, the XRD pattern of polymer
with large crystalline region reveals high intensity/sharp peaks, while low intensity/broader peaks
confirm the amorphous region [47]. The diffractogram of all membranes showing typical amorphous
structure. The broad peak at 26 of 10-35° corresponds to the amorphous structure of P84 co-
polyimide membrane, in agreement with previously reported work [46]. Since both ZTC and P84 co-
polyimide were amorphous, it was hard to observe the difference in peak after the incorporation of
ZTC. The only noticeable alteration was the reduction of intensity in the broad peak. This confirms
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Figure 7. The surface (1) and cross-section (2) image of neat membrane (a), P84/ZTC 0.5 (b), P84/ZTC 1 (c) and P84/ZTC 1.5 (d).

that the primary semi-crystalline internal structure of P84 co-polyimide is being changed into a more
rigid phase, owing to the adhesion force, throughout the addition of ZTC.

The membrane appearance was significantly different between the neat and ZTC filled membrane
(electronic supplementary material, figure S1). The P84/ZTC 1 membrane showing a black colour
which indicates the well-dispersed filler distribution, which was later confirmed with the SEM
observation. The morphological structure of both the surface and cross-section are illustrated in
figure 7. The ZTC particle distribution was homogeneous along the membrane surface even at low
loading. Furthermore, since ZTC is a carbon-based material, the particlefiller interface showed no
interfacial gap around the ZTC particle. Moreover, the ZTC particle on the membrane surface was
mostly covered by the polymer body. This indicates that ZTC as carbon-based material was
compatible with the polyimide. The aggregate formation on the membrane surface was observed at
the loading of 1.5wt%. In contrast to the membrane surface, the ZTC particle was distributed
homogeneously on the membrane cross-section. There was almost no agglomeration of the ZTC
particle, even at high loading. Mostly one particle of ZTC was covered by polymer cocoon. This could
happen owing to good adhesion between ZTC and P84 co-polyimide during the hollow fibre
fabrication. It is suggested that the ZTC particle in this region was mostly occupied on the top of the
middle part of the dope solution during the spinning process. By then, the particle movement was
limited in order to form agglomerate owing to being covered by the polymer. On the contrary, the
particle on the surface of the membrane might come from the ZTC that occupied the bottom part of
the dope solution. These particles were already agglomerated prior to the polymer addition during
the dope solution preparation. This is commonly observed in the carbon-based filler in the mixed
matrix membrane preparation at high loading [48-50]. The membrane surface was getting smoother
after the addition of ZTC, which was in agreement with the XRD data. The polymer chain
experienced the rearrangement after the introduction of filler owing to the adhesion force between
filler and polymer body. This was indicated by the reduction of amorphous phase (26~15°) on the
XRD pattern. Moreover, the presence of the concentric cavities in the membrane indicates that there is
a strong interaction between polymer and filler [16]. The dense layer thickness gradually increased as
the fillers loading amount improved. The increment in the dense layer was originated from the
improvement of dope solution viscosity and thus, it improved permeability [51].

The surface topology is an important parameter to give a deeper understanding of the filler
behaviour on the membrane surface. The observed surface roughness of membrane after ZTC addition
was conducted by topology study using AFM as seen in figure 8. The data obtained from AFM
observation was further analysed using AIST-NT SPM control software. In order to understand how
well the filler attaches on the surface, the median level was applied to the image. This mode allowed
to neglect the insignificant peak and valley so that the significant peaks from the filler were able to be
measured precisely. As can be seen in the image, the roughness value (Ra) of the membrane was
escalated as the ZTC filler was introduced. It keeps increasing as the filler loading is enlarged, which
is pretty obvious owing to having a more extraneous fraction on the surface [52]. At ZTC 0.5 wt%
incorporation, the peak length and height was 74.6nm and 0.13 pm, respectively. This peak
corresponded to the single ZTC particle on the membrane surface and indicated that the filler tends to
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Figure 8. AFM image of (a) neat, (b) P84/ZCC 0.5, (c) P84/ZCC 1 and (d) P84/ZCC 1.5 in median level. Inset image corresponds to
the original image as observed.

descend into the membrane surface, leaving just a tip on the surface. The ZTC particle began to ascend as
more filler was added. At the addition of 1 wt% of ZTC, the observed peak shows the best filler exposure
to the surface, reaching up to 183 nm or 46% of the particle body, and the length of the peak was 0.45 pm.
It was in the range of one ZTC particle size, meaning no aggregate formation. At higher loading of 1.5 wt
%, a bunch of stacked peaks were observed on the membrane surface. This indicates the aggregate
formation of ZTC on the membrane surface. Based on the peaks length of 2.27 ym, it was assumed
that there were seven particles of ZTC forming an aggregate and almost 70% of particle exposure to
the surface. Since the ZTC particle shape was octahedral, an ideal filler exposure should be around
50%. In that manner, the filler would provide sufficient surface area to have contact with the permeate
gas. Moreover, the polymer would provide enough support to hold the particle in place, when the
membrane experienced pressure force during the separation process. While the appearance is far
below or beyond that point, the filler contribution will be limited. When the ZTC appearance is far
below 50%, the contact between the filler and the permeate gas will be limited, thus it would result in
slight improvement toward gas separation performance. Meanwhile, if the appearance is far beyond
50%, only a few parts of the ZTC body are held by the polymer. This could make the filler peel off
from the membrane when experiencing pressure during the separation process.

It is speculated that these filler positions were formed during the dope solution and membrane
fabrication. At low filler loading, ZTC particle could be dispersed in the NMP solvent with ease.
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Table 2. Thermal properties of all MMMs.
sample filler wt% Ty (°0) Ty (°C)° resiowing (%)b
neat 0 315 531.33 792
I1C 0.5 0.5 315 547 7.03
I1C 1 1 318 586.17 832
I1C 1.5 1.5 318 578.33 8.12

7, is determined from the minimum value of DTA data.
®Resiowing is determined from the final mass of the sample at the end of TGA analysis, which is at 800°C.

However, at high loading, more insoluble ZTC tends to form agglomerate and occupied the bottom part
of Duran flask owing to the increase of total weight. After the addition of P84, these aggregates could
come out first during the dope solution pouring in the spinning reservoir owing to the gravitational
force. Consequently, the filler tends to rise on the membrane surface, resulting in the position on the
filler looking like the self-standing material. It is suggested to apply coupling agent on the filler prior
to the dope solution formation to have better filler dispersion [47,53,54].

The thermal resistance study was conducted using TGA (figure 9). The degradation temperature of
P84 membrane after the incorporation of ZTC particle were determined and tabulated in table 2. As
can be seen in figure 9, the degradation of all the prepared membranes was in two steps. The first
was the evaporation of excess water at 100°C, approximately 5wt% mass loss in each membrane.
While the second was the starting decomposition of P84 co-polyimide that was different for each
sample. The pristine membrane began to decompose at temperature of 531.33°C, which was consistent
with the previously reported data [39,40,55]. This indicates the high thermal stability of a P84 co-
polyimide. The addition of ZTC particle gave an improvement toward the decomposition temperature
of the P84 membrane, with notably the highest improvement at 1 wt% of ZTC into 586.17°C (10.32%
improvement), followed by ZTC 1.5 and ZTC 0.5 with thermal stability improvement of 578.33 and
547°C, respectively. The resiowing produced after the introduction of ZTC particle into membrane
was 7.03, 8.32 and 8.12% for 0.5, 1 and 1.5 wt% loading, respectively. Generally, inorganic filler plays
as heat absorber during the heating process, resulting in improvement of thermal properties [7,56]. It
is well known that as carbonaceous based material, ZTC possess high thermal stability, chemical
stability and hydrophobicity that play an important role to improve the thermal stability of the
membrane [36]. High thermal stability material means that this material could adsorb more heat
before transporting it into the polymer surface [57]. While chemical stability keeps the filler and
polymer in contact physically, the polymer structure is not changed after the filler filling. As the P84
is hydrophobic, having a hydrophobic filler is preferred since it has better adhesion owing to
character similarity. This leads to the thermal stability improvement [58].

The glass transition temperature (T) of all the prepared membrane was determined by differential
scanning calorimetry (DSC). Generally, filler particle would give a plasticization effect to the polymer
membrane that would reduce the Ty value [58]. The improved T, value (table 2) after filler
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Table 3. The gas permeability of the studied MMMs in this study.

permeability (barrer)

membrane (H,

uncoated PDMS

o tsrer imees 0 mmeos 0 mmess
PB4/ITC 0.5 1.94 £ 0.03 1.87 +0.02 14.98 £ 0.62 3545+1.35

P84/ZTC 1 e, '226+001 e, '218+002 [ .2453+ . 24 e, .......4744+269...
P84/ZT( 15 2.30 £ 0.05 216 £0.24 17.55 £ 1.07 34.92 + 1.69
coated PDMS

neat 021000 0.22 +0.00 468007 8.95£031
P84/ZTC05 0.35+0.00 0.36 = 0.01 706+020 1315+161
P84/ITC 1 0.55+0.01 0.64 £0.03 1957+076 31,09 £ 457

. .p84/ZT( 15 IR .065+009 e, .0 65+001 USSR 13 21 N 1 75 ISR .2910+234...

Table 4. The single gas selectivity of the studied MMMs in this study.

selectivity

membrane (0,/CH,

uncoated PDMS
neat 8.64 £0.59 7.73 £0.17

PB4/ITC 0.5 .72 £ 040 800£03 .92 £ 0.75 18.26 £ 091
P4/ITC 1 1087 £057 11.28 £ 062 2182139 20212

P84/ZTC 1.5 7.65+0.59 8.26 +1.30 1632 +1.48 15.21 £ 0.60
coated PDMS

14664076

neat 21.89 +0.28 2093 +0.49 39.98 + 1.44 41.81 £1.50
p84/ZT(05 ...................... 2002+0 59 ..................... 1961 +030 ...................... 3650+435 ...................... 3729+480
p84/ZT(1 ........................ 35 54+1 71 ................... 30 68 +1 61 ...................... 48 86+557 ................... 55 53+417
p84/ZT( 15 mzo o 1 73 e, .1999+268.v.v.v.m.v.v. . ...4403 +359v. e 45 09+599m

introduction means there is macromolecular chain rigidification that occurs in the polymer. This could
affect the gas transport properties of the membrane, expecting an improvement in selectivity but
decreasing permeability coefficients [59]. For all the membrane prepared here, the noticed improved
T, value was at loading of 1 wt% ZTC filler. It indicates that the macromolecules chain in the polymer
experiencing rigidification at loading amount. This result is in good agreement with the XRD data.

3.3. Single gas permeation

The separation performance of MMMSs membrane was evaluated to determine the optimum loading of
each filler. The permeation test was conducted on CHy, Np, H, and CO, gas, in that order at room
temperature and 2 bar of feed pressure. Five fibres of 15 cm in length were potted in a Swagelok
3164B3 and sealed with epoxy (2:1 w/w resin: harderner) prior to the measurement. The single gas
measurement was conducted at room temperature (approx. 25°C) and 2 bar feed pressure. The
permeate side was connected to the bubble flow meter where the volumetric flow is acquired. The
permeability and selectivity performance of the MMMs were listed in tables 3 and 4. The results
obtained on all of MMMs after membrane potting were much higher than those reported in the
literature. For the neat membrane, the CO, permeability was 13.38 barrer, along with the CO,/CH,
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Figure 10. The effect of PDMS treatment toward the overall (a) permeability and (b) selectivity performance of the MMMs.

and CO,/N; selectivity of 8.64 and 7.73, respectively. It is suspected that minor surface defect was
formed during the membrane potting owing to mishandled treatment. An attempt to fix the defect
was by the PMDS coating (3 wt% PDMS in 97% n-hexane) on the potted membrane. Then the actual
result of the membrane performance was obtained. It is already known that employing low
concentration of PDMS could aid the minor defect formation on the membrane surface and result in
actual gas separation properties of polymer [5,60].

For CO; separation, the neat membrane exhibits CO,, N, and CH,4 permeability of 4.68, 0.22 and 0.21
barrer, respectively. The CO,/CH,4 and CO,/Nj selectivity of 21.89 and 20.93, respectively, is consistent
with the previously reported data [39,61]. It was noticed that the permeability of all measured gas
improved after the incorporation of ZTC. It would be considered that at 0.5 wt% ZTC loading, the
CO; permeability improved to 7.06 barrer, which also improved the slow gas permeability of N, and
CH,; by 1.6 and 1.7, respectively. Furthermore, the MMMs showing the best performance at 1 wt%
loading with CO, improved from 4.68 into 19.57 barrer along with the CO,/CH, and CO,/N,
selectivity from 21.89 to 35.54 and 20.93 to 30.68, respectively. At higher loading of 1.5 wt%, there was
a performance drop observed on the MMMs, even having lower selectivity when compared with the
neat membrane.

For H, separation, the MMMs selectivity performance reduction was observed in the low loading.
Permeability-wise, all the ZTC filled membranes exhibit H, permeability boost when compared with
the neat membrane. The H, permeability of neat, 0.5, 1 and 1.5% ZTC loading was 8.95, 13.15, 31.09
and 29.10 barrer, respectively. This result showed similar behaviour to the CO, separation
performance, which decreased selectivity at low loading. Generally, performance drop was observed
at high filler loading owing to the aggregate formation resulting in the void formation. In this study,
the aggregate was indeed observed on the high loading as can be seen in the SEM data. However,
from the AFM result, the surface defect was not observed, thus the performance drop might be
attributed to the filler properties toward permeate gas and the filler position on the membrane
surface, which will be discussed later.

The PDMS treatment toward the overall MMMs membrane gas separation performance is illustrated
in figure 10. It can be seen the PDMS treatment was slightly reducing the gas permeability through all
membrane samples. The reduced permeability was accompanied with significant selectivity boost by
two- to three-fold. This was owing to the reduction of pinholes on the membrane surface by the
PDMS coating. PDMS is a rubbery material with low selectivity and high permeability that is
composed of high flexibility of silane group [62]. Our previous result observed that PDMS has very
good compatibility with P84 by forming uniform layer on the membrane surface [5].

As can be seen in figure 11, the gas permeability decreases as the kinetic diameter of the gas increases,
typical trend for the molecular sieving ability [11]. Strong molecular sieving characteristic was observed
in the P84/ZTC 1 with clear permeability drop as the molecular size of the gas increases. This indicates
the ZTC particle at this loading mostly controls the gas transport through the membrane. As discussed
previously, ZTC has two pore characteristics of micropore in the inner and mesoporous region on the
outer part of the ZTC body. The mesoporous region was responsible to accelerate the molecule
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Figure 12. Proposed separation process on each ZTC loading.

diffusion to the membrane, while the microporous region controls the selectivity. Moreover, the
separation factors of H,/N, and H,/CH,4 as well as CO,/CH4 and CO,/N, were quite decent. This
indicates that P84/ZTC 1 has potential for gas separation process, even for the case of N,/CH, that
has selectivity of 1.16. It is slightly passing the expected Knudsen separation (1.07).

Previously, it was assumed that the difference in CO, and H, separation behaviour on this membrane
was owing to filler characteristic toward permeating gas and filler position on the membrane surface.
First of all, as described by Nishihara et al. [36], ZTC was already widely used in the gas adsorption
process involving H, [38,63], CO, [4243] and CH, [36,64]. It was revealed that at ambient
temperature and pressure, ZTC is more active toward CO, when compared with the H, and CH, [36].
Based on that, the difference behaviour on the CO, and H, separation in the MMMs might be
attributed to the partial adsorption process by ZTC particle. The partial adsorption would only be
possible when the filler has proportional position as self-standing adsorbent on the membrane surface.
Based on the AFM study, filler position on the membrane surface is proposed (figure 12). On the neat
membrane, the gas transport was solely controlled by the solution-diffusion mechanism [65,66].
Moving into 0.5 wt% loading, it was observed that only a small portion of ZTC particle was exposed.
At this position, the filler gives lesser impact toward the gas transport process and the gas transport
still dominated with the solution diffusion. Consequently, slight gas separation performance
improvement was observed. Moreover, for the case of H, separation, the selectivity of H,/CH, and
H,/N, was lower when compared with the neat membrane. On this loading composition, the filler
just acts as matrix expander and increases the free volume of the membrane, as discussed previously
in XRD result. Thus, only permeability improvement was observed. The ideal position was at 1 wt%
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loading of ZTC. At this point, the ZTC plays an important role in the gas transport, by having almost 50% [ 14 |

portion being exposed. The mesoporous site provides acceleration toward the gas diffusivity, while the
micropore controls the selectivity. Moreover, the previous section demonstrated that the permeability
was typical to the ability of molecular sieving. Consequently, significant boost of the membrane gas
separation performance was observed. At later loading composition, aggregate was observed and only
a small part of ZTC particle was dipped on the membrane surface. On this position, it incorporated a
self-standing adsorbent on the membrane surface that resulted in the partial adsorption indicated by
the permeability drop when compared with the 1 wt% of ZTC loading. Our previous study revealed
that ZTC was able to adsorb decent CO, with fast kinetics rate, thus high CO,-related separation
process drop was observed [37]. In contrast for the H, separation, the performance was less affected
because ZTC is a less active H, adsorbent at room temperature and low pressure [36].

3.4. Mixed gas permeation test

Mixed gas separation performance of the uncoated MMMs was examined using two different gas feeds
including equimolar CO,/CH,4 and H,/CH,4 gas pair. The mixed gas experiments were performed at
room temperature and feed pressure of 2 bar (electronic supplementary material, table S1). The
performance trend of the mixed gas separation still follows the single gas result. However, significant
reduction in the permeability and selectivity was observed. For the neat membrane, performance drop
in competitive environment may be ascribed to various factors such as competitive sorption,
concentration polarization, gas phase non-ideality and polymer plasticization [47,67]. In the presence
of CH,, the sorption of CO, in glassy polymers hindered the diffusion pathways for the smaller
interactive molecules such as CO, and H,. For the case of H,/CHy,, the sorption was preferable for the
CH, owing to higher critical temperature (190.55K) when compared with H, (33.20K) and
consequently led into H, permeability drop. For the CO,/CH, case, the presence of CH, decreased
the CO, solubility coefficient which resulted in the CO, permeability drops which were also observed
previously [47,67]. The rise of the CH, adsorption/solubility in pure P84 was also observed for
MMM, but the increment was less. It can be stated that the CH,4 solubility /sorption decreased in the
presence of ZTC particle. However, owing to high microporous content in the inside of ZTC particle,
pore blockage by large gas molecule of CH,4 would result in the delayed diffusion on the smaller gas
molecule such as CO, and H,. On the case of H, gas molecule, the reduction in permeability was a
lot more when compared with the CO, gas molecule. For instance, in the P84/ZTC 1.5 membrane, the
H, permeability and H,/CH, selectivity drop was 39.06 and 23.54%, respectively. This strengthens the
assumption that ZTC is a highly CO,-active material.

The membrane performance was compared with the other reported literature (see our dataset in data
availability) with respect to the Robeson upper bound curve. As can be seen in figure 13, all the MMMs
still suffered under the 2008 Robeson upper bound. However, all the studied MMMs exhibit outstanding
performance when compared with other literature data. The membrane loaded with 1 wt% of ZTC
showing the best performance in all studied gas separation performance. Moreover, this membrane
lies in the 1991 upper bound for CO,/CH, separation. At this loading, the filler was in perfect
position to provide alternative pathway of gas molecule. The mesopores give an improvement toward
the CO, and H, permeability to 19.57 and 31.09 barrer, respectively, while the CO,/N,, CO,/CHy,,
H,/N, and H,/CH, selectivity was greatly improved from 21.93 to 30.68, 21.89 to 35.54, 39.98 to
48.86 and 41.81 to 56.53, respectively. On contrast, the MMMSs performance was not significantly
improved, or even decreased at earlier or later loading composition. For mixed gas test, the separation
performance reduction was still acceptable as the result was still greater than some of the literature
and lies before the single gas performance for uncoated membrane. Overall, it can be stated that the
addition of ZTC offered an overall better gas separation performance when compared with the neat
membrane, which was indicated by the closer position toward the Robeson upper bound. Moreover,
the PDMS coating was able to improve the membrane performance by revealing the true nature of
P84 gas separation properties. A special remark was put on the CO,/CH, separation. Unlike the
graphene sheets material that reduce the membrane permeability after the filler incorporation, the
addition of ZTC not only improved the selectivity but also increased the permeability owing to its
accessible pores. When compared with other two-dimensional graphene-based filler, the addition of
ZTC as three-dimensional graphene material showed decent performance in improving the membrane
separation. Even though the membranes present a selectivity/ permeability trade-off that is below the
Robeson upper bound, these membranes have great potential to be further explored in gas separation
application since it has superior performance when compared with the other membrane reported
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previously. The membrane performance can be furthered improved by advanced treatment such as
converting it into carbon membrane. Overall, the unique structure of ZTC that has micro and
mesoporous structure was able to improve the membrane performance significantly even though at
low loading, which means this membrane can be produced at lower cost.

4. Condclusion

This research has conducted the effect of ZTC loading towards the gas separation performance of P84 co-
polyimide membrane. As a new filler in this field, ZTC showed a promising performance to enhance the
membrane separation performance. The mesoporous and microporous site in the ZTC play an important
role in controlling the gas transport through the membrane. Moreover, the filler position on the
membrane surface greatly affects the performance outcome of MMMs. At 0.5 wt%, ZTC loading with
the filler exposure of 19%, the gas separation improvement was not significant. The CO, and H, only
improved from 4.68 to 7.06 barrer and from 8.95 to 31.09 barrer, respectively. The optimal loading
composition was at 1 wt% with the CO, and H, permeability improvement to 19.57 and 31.09 barrer,
respectively. Furthermore, at this loading the CO,/N,, CO,/CHy, Hy/N, and H,/CHy selectivity was
greatly improved from 21.93 to 30.68, 21.89 to 35.54, 39.98 to 48.86 and 41.81 to 56.53, respectively. A
partial adsorption process was observed in the 1.5 wt% of ZTC loading which was indicated by the
significant gas permeability drop in the binary gas mixture. Overall, the addition of ZTC not only
improved the gas separation performance of the P84 but also improved the thermal resistance of the
membrane. The MMMs showing potential performance in the gas separation process and the
performance can be further improved in the form of carbon membrane.

Data accessibility. Our dataset are deposited in Dryad Digital Repository: https://dx.doi.org/10.5061/dryad.1zcrjdfq0
[101].

05110z 8 s uadp 205y sosyjeumolbobunsiqndfaanosiedor i


https://dx.doi.org/10.5061/dryad.1zcrjdfq0
https://dx.doi.org/10.5061/dryad.1zcrjdfq0

Authors’ contributions. T.G. carried out the laboratory work, participated in data analysis, carried out characterization, T.G., m
N.W.,, HF, WN.W.S,, participated in the design of the study and drafted the manuscript; R.L.,].M., S.S. carried out the
statistical analyses; T.G., R.L. collected field data; N.W., AFI, WIN.W.S. conceived of the study, designed the study,
coordinated the study and T.G., H.F. helped draft the manuscript. All authors gave final approval for publication.
Competing interests. We declare we have no competing interests.

Funding. We received no funding for this study.

Acknowledgement. The authors would like to appreciate the research funding provided by Institut Teknologi Sepuluh
Nopember, under the ‘Penelitian Doktor Baru’, contract no. 866/PKS/ITS/2020.

References

Downloaded from https://royal societypublishing.org/ on 17 May 2022

*sosi/Jeunof/6106uiysgnd/aposjedos

Li T, Pan Y, Peinemann KV, Lai Z. 2013 rubbery polymer. J. Memb. Sci. 465, 107-116. 20.  Zulhairun AK, Ismail AF. 2014 The role of

Carbon dioxide selective mixed matrix (doi:10.1016/j.memsci.2014.03.029) layered silicate loadings and their dispersion :
composite membrane containing ZIF-7 10.  Salleh WNW, Ismail AF, Matsuura T, Abdullah states on the gas separation performance of =
nano-fillers. J. Memb. Sci. 425-426, MS. 2011 Precursor selection and process mixed matrix membrane. J. Memb. Sci. 468, §’
235-242. (doi:10.1016/j.memsci.2012. conditions in the preparation of carbon 20-30. (doi:10.1016/j.memsci.2014.05.038) Q
09.006) membrane for gas separation: a review. Sep. 21, Junaidi MUM, Leo CP, Ahmad AL, Ahmad NA. : E
Peng D et al. 2017 Facilitated transport Purif. Rev. 40, 261-311. (d0i:10.1080/ 2015 Fluorocarbon functionalized SAPO-34 a
membranes by incorporating graphene 15422119.2011.555648) zeolite incorporated in asymmetric mixed matrix =
nanosheets with high zinc ion loading for 1. Fawas EP, Heliopoulos NS, Papageorgiou SK, membranes for carbon dioxide separation in wet : ©0
enhanced (0, separation. J. Memb. Sci. Mitropoulos AC, Kapantaidakis GC, qgases. Microporous Mesoporous Mater. 206, ~
522, 351-362. (doi:10.1016/j.memsci.2016. Kanellopoulos NK. 2015 Helium and hydrogen 23-33. (doi:10.1016/j.micromes0.2014.12.013)  © =
09.040) selective carbon hollow fiber membranes: the 22.  Zarshenas K, Raisi A, Aroujalian A. 2016 Mixed 3
Yave W, Car A, Peinemann KV. 2010 effect of pyrolysis isothermal time. Sep. Purif. matrix membrane of nano-zeolite NaX/poly '
Nanostructured membrane material designed Technol. 142, 176-181. (doi:10.1016/j.seppur. (ether-block-amide) for gas separation

for carbon dioxide separation. J. Memb. Sci. 2014.12.048) applications. J. Memb. Sci. 510, 270-283.

350, 124-129. (doi:10.1016/j.memsci.2009. 12. Gunawan T, Rahayu RP, Wijiyanti R, Wan Salleh (doi:10.1016/j.memsci.2016.02.059)

12.019) WN, Widiastuti N. 2019 P84/zeolite-carbon 23. Guo A Ban Y, Yang K, Yang W. 2018 Metal-

Gunawan T, Romadiansyah TQ, Wijiyanti R, Wan composite mixed matrix membrane for C0,/CH, organic framework-based mixed matrix

Salleh WN, Widiastuti N. 2019 Zeolite separation. Indones. J. Chem. 19, 650. (doi:10. membranes: synergetic effect of adsorption

templated carbon: preparation, characterization 22146/ijc.35727) and diffusion for C0,/CH, separation. J. Memb.

and performance as filler material in co- 13. Robeson LM. 2008 The upper bound revisited. Si. 562, 76-84. (doi:10.1016/j.memsci.2018.

polyimide membranes for C0,/CH, separation. J. Memb. Sci. 320, 390-400. (doi:10.1016/j. 05.032)

Malaysian J. Fundam. Appl. Sci. 15, 407-413. memsci.2008.04.030) 24, Kang H et al. 2018 Sandwich morphology and
(doi:10.11113/mifas.v15n3.1461) 14. Robeson LM. 1991 Correlation of separation superior dye-removal performances for

Sari P, Gunawan T, Wan Salleh WN, Ismail AF, factor versus permeability for polymeric nanofiltration membranes self-assemblied via

Widiastuti N. 2019 Simple method to enhance membranes. J. Memb. Sci. 62, 165-185. graphene oxide and carbon nanotubes. Appl.

0,/N, separation on P84 co-polyimide hollow (doi:10.1016/0376-7388(91)80060-) Surf. Sci. 428, 990-999. (doi:10.1016/j.apsusc.

fiber membrane. IOP Conf. Ser. Mater. Sci. Eng. 15.  Zhao D, Ren J, Li H, Li X, Deng M. 2014 Gas 2017.09.212)

546, 042042. (doi:10.1088/1757-899X/546/4/ separation properties of poly(amide-6-b- 25. Zhang J, Xu Z, Shan M, Zhou B, Li Y, Li B, Niu J,

042042) ethylene oxide)/amino modified multi-walled Qian X. 2013 Synergetic effects of oxidized

Widiastuti N, Gunawan T, Fansuri H, Salleh carbon nanotubes mixed matrix membranes. carbon nanotubes and graphene oxide on

WNW, Ismail AF, Sazali N. 2020 P84/ZCC hollow J. Memb. Sci. 467, 41-47. (doi:10.1016/j. fouling control and anti-fouling mechanism of

fiber mixed matrix membrane with PDMS mems¢i.2014.05.009) polyvinylidene fluoride ultrafiltration

coating to enhance air separation performance. 16.  Lin R, Ge L, Liu S, Rudolph V, Zhu Z. 2015 membranes. J. Memb. Sci. 448, 81-92. (doi:10.
Membranes 10, 267. (doi:10.3390/membranes Mixed-matrix membranes with metal—organic 1016/j.memsci.2013.07.064)

10100267) framework-decorated CNT fillers for efficient 26.  XuZ et al. 2016 Photocatalytic antifouling PVDF
Zulhairun AK, Subramaniam MN, Samavati A, (0, separation. ACS Appl. Mater. Interfaces ultrafiltration membranes based on synergy of

Ramli MKN, Krishparao M, Goh PS, Ismail AF. 7, 14750-14757. (doi:10.1021/acsami. graphene oxide and Ti0, for water treatment.

2017 High-flux polysulfone mixed matrix hollow 5b02680) J. Memb. Sci. 520, 281-293. (doi:10.1016/j.

fiber membrane incorporating mesoporous 17.  Rosyadah Ahmad NN, Mukhtar H, Mohshim DF, memsci.2016.07.060)

titania nanotubes for gas separation. Sep. Purif. Nasir R, Man Z. 2016 Surface modification in 27. Xu Z et al. 2016 Manipulating migration

Technol. 180, 13-22. (doi:10.1016/j.seppur. inorganic filler of mixed matrix membrane for behavior of magnetic graphene oxide via

2017.02.039) enhancing the gas separation performance. magnetic field induced casting and phase

Wijiyanti R, Ubaidillah AN, Gunawan T, Karim Rev. Chem. Eng. 32, 181-200. (doi:10.1515/ separation toward high-performance hybrid

ZA, Ismail AF, Smart S, Lin R, Widiastuti N. 2019 revce-2015-0031) ultrafiltration membranes. ACS Appl. Mater.

Polysulfone mixed matrix hollow fiber 18. Wang M, Wang Z, Zhao S, Wang J, Wang S. Interfaces 8, 18 418—18 429. (doi:10.1021/

membranes using zeolite templated carbon as a 2017 Recent advances on mixed matrix acsami.6b04083)

performance enhancement filler for gas membranes for (0, separation. Chinese J. Chem. 28.  Ranjbaran F, Omidkhah MR, Ebadi Amooghin A.
separation. Chem. Eng. Res. Des. 150, 274-288. Eng. 25, 1581-1597. (doi:10.1016/j.ciche.2017. 2015 The novel Elvaloy4170/functionalized
(doi:10.1016/j.cherd.2019.08.004) 07.006) multi-walled carbon nanotubes mixed matrix

Vaughn JT, Koros WJ. 2014 Analysis of feed 19.  Sazali N, Salleh WNW, Nordin NAHM, Ismail AF. membranes: fabrication, characterization and

stream acid gas concentration effects on the 2015 Matrimid-based carbon tubular gas separation study. J. Taiwan Inst. Chem. Eng.
transport properties and separation performance membrane: effect of carbonization environment. 49, 220-228. (doi:10.1016/j jtice.2014.11.032)

of polymeric membranes for natural gas J. Ind. Eng. Chem. 32, 167-171. (doi:10.1016/j. 29.  Borgohain R, Jain N, Prasad B, Mandal B, Su B.

sweetening: a comparison between a glassy and

jiec.2015.08.014)

2019 Carboxymethyl chitosan/carbon nanotubes


http://dx.doi.org/10.1016/j.memsci.2012.09.006
http://dx.doi.org/10.1016/j.memsci.2012.09.006
http://dx.doi.org/10.1016/j.memsci.2016.09.040
http://dx.doi.org/10.1016/j.memsci.2016.09.040
http://dx.doi.org/10.1016/j.memsci.2009.12.019
http://dx.doi.org/10.1016/j.memsci.2009.12.019
http://dx.doi.org/10.11113/mjfas.v15n3.1461
http://dx.doi.org/10.1088/1757-899X/546/4/042042
http://dx.doi.org/10.1088/1757-899X/546/4/042042
http://dx.doi.org/10.3390/membranes10100267
http://dx.doi.org/10.3390/membranes10100267
http://dx.doi.org/10.1016/j.seppur.2017.02.039
http://dx.doi.org/10.1016/j.seppur.2017.02.039
http://dx.doi.org/10.1016/j.cherd.2019.08.004
http://dx.doi.org/10.1016/j.memsci.2014.03.029
http://dx.doi.org/10.1080/15422119.2011.555648
http://dx.doi.org/10.1080/15422119.2011.555648
http://dx.doi.org/10.1016/j.seppur.2014.12.048
http://dx.doi.org/10.1016/j.seppur.2014.12.048
http://dx.doi.org/10.22146/ijc.35727
http://dx.doi.org/10.22146/ijc.35727
http://dx.doi.org/10.1016/j.memsci.2008.04.030
http://dx.doi.org/10.1016/j.memsci.2008.04.030
http://dx.doi.org/10.1016/0376-7388(91)80060-J
http://dx.doi.org/10.1016/j.memsci.2014.05.009
http://dx.doi.org/10.1016/j.memsci.2014.05.009
http://dx.doi.org/10.1021/acsami.5b02680
http://dx.doi.org/10.1021/acsami.5b02680
http://dx.doi.org/10.1515/revce-2015-0031
http://dx.doi.org/10.1515/revce-2015-0031
http://dx.doi.org/10.1016/j.cjche.2017.07.006
http://dx.doi.org/10.1016/j.cjche.2017.07.006
http://dx.doi.org/10.1016/j.jiec.2015.08.014
http://dx.doi.org/10.1016/j.jiec.2015.08.014
http://dx.doi.org/10.1016/j.memsci.2014.05.038
http://dx.doi.org/10.1016/j.micromeso.2014.12.013
http://dx.doi.org/10.1016/j.memsci.2016.02.059
http://dx.doi.org/10.1016/j.memsci.2018.05.032
http://dx.doi.org/10.1016/j.memsci.2018.05.032
http://dx.doi.org/10.1016/j.apsusc.2017.09.212
http://dx.doi.org/10.1016/j.apsusc.2017.09.212
http://dx.doi.org/10.1016/j.memsci.2013.07.064
http://dx.doi.org/10.1016/j.memsci.2013.07.064
http://dx.doi.org/10.1016/j.memsci.2016.07.060
http://dx.doi.org/10.1016/j.memsci.2016.07.060
http://dx.doi.org/10.1021/acsami.6b04083
http://dx.doi.org/10.1021/acsami.6b04083
http://dx.doi.org/10.1016/j.jtice.2014.11.032

Downloaded from https://royal societypublishing.org/ on 17 May 2022

30.

31

32.

33

34,

35.

36.

37.

38.

39.

40.

M.

4.

mixed matrix membranes for (0, separation.
React. Funct. Polym. 143, 104331. (doi:10.1016/
jreactfunctpolym.2019.104331)

Chen XY, Tien-Binh N, Romero A, Paton A,
Sanchez-Silva L, Valverde JL, Kaliaguine S,
Rodrigue D. 2020 Gas separation properties

of mixed matrix membranes based on
polyimide and graphite oxide. J. Membr. Sdi.
Res. 6, 58—69. (d0i:10.22079/JMSR.2019.
100069.1244)

Pazani F, Aroujalian A. 2020 Enhanced (0,-
selective behavior of Pebax-1657: a comparative
study between the influence of graphene-based
fillers. Polym. Test. 81, 106264. (doi:10.1016/j.
polymertesting.2019.106264)

Gadipelli S, Guo ZX. 2015 Graphene-based
materials: synthesis and gas sorption, storage
and separation. Prog. Mater. Sci. 69, 1-60.
(doi:10.1016/j.pmatsci.2014.10.004)

Gonciaruk A, Althumayri K, Harrison W), Budd
PM, Siperstein FR. 2015 PIM-1/graphene
composite: a combined experimental and
molecular simulation study. Microporous
Mesoporous Mater. 209, 126-134. (doi:10.1016/
j-micromes0.2014.07.007)

Karunakaran M, Shevate R, Kumar M,
Peinemann K-V. 2015 C0,-selective PEO—PBT
(PolyActive™)/graphene oxide composite
membranes. Chem. Commun. 51,14 187-14
190. (doi:10.1039/C5CC049996)

Zhao D, Ren J, Qiu Y, Li H, Hua K, Li X, Deng M.
2015 Thermoset composites functionalized with
carbon nanofiber sheets for EMI shielding.

J. Appl. Polym. Sci. 132, 1-5. (doi:10.1002/app.
M873)

Nishihara H, Kyotani T. 2018 Zeolite-templated
carbons — three-dimensional microporous
graphene frameworks. Chem. Commun. 54,
5648-5673. (doi:10.1039/C8CC01932K)
Gunawan T, Wijiyanti R, Widiastuti N. 2018
Adsorption—desorption of (0, on zeolite-Y-
templated carbon at various temperatures. RSC
Adv. 8, 41 594-41602. (doi:10.1039/
(8RA09200A)

Wijiyanti R, Gunawan T, Nasri NS, Karim ZA,
Ismail AF, Widiastuti N. 2019 Hydrogen
adsorption characteristics for zeolite-Y
templated carbon. Indones. J. Chem. 20, 29.
Favvas EP, Kouvelos EP, Romanos GE, Pilatos Gl,
Mitropoulos AC, Kanellopoulos NK. 2008
Characterization of highly selective microporous
carbon hollow fiber membranes prepared from
a commercial co-polyimide precursor. J. Porous
Mater. 15, 625-633. (doi:10.1007/510934-007-
9142-2)

Choi S-H, Jansen JC, Tasselli F, Barbieri G, Drioli
E. 2010 In-line formation of chemically cross-
linked P84° co-polyimide hollow fibre
membranes for H,/C0, separation. Sep. Purif.
Technol. 76, 132-139. (doi:10.1016/j.seppur.
2010.09.031)

Guan C, Wang K, Yang C, Zhao XS. 2009
Characterization of a zeolite-templated carbon
for H, storage application. Microporous
Mesoporous Mater. 118, 503—507. (doi:10.1016/
j-micromes0.2008.09.029)

Youn HK, Kim J, Chandrasekar G, Jin H, Ahn WS.
2011 High pressure carbon dioxide adsorption
on nanoporous carbons prepared by zeolite Y

43.

45,

47.

49.

50.

51.

52.

53.

54,

55.

56.

templating. Mater. Lett. 65, 1772-1774.
(doi:10.1016/j.matlet.2011.03.039)

Zhou J, Li W, Zhang Z, Xing W, Zhuo S. 2012
Carbon dioxide adsorption performance of
N-doped zeolite Y templated carbons. RSC Adv.
2, 161-167. (doi:10.1039/C1RA00247C)

Geng J, Kong B-S, Yang SB, Jung H-T. 2010
Preparation of graphene relying on porphyrin
exfoliation of graphite. Chem. Commun. 46,
5091. (doi:10.1039/c001609%h)

Alothman ZA. 2012 A review: fundamental
aspects of silicate mesoporous materials.
Materials (Basel). 5, 2874-2902. (doi:10.3390/
ma5122874)

Ismail NH, Salleh WNW, Sazali N, Ismail AF. 2018
Development and characterization of disk
supported carbon membrane prepared by one-
step coating-carbonization cycle. J. Ind. Eng. Chem.
57, 313-321. (doi:10.1016/j.jiec.2017.08.038)
Ebadi A, Omidkhah M, Kargari A. 2015 The
effects of aminosilane grafting on NaY zeolite—
Matrimid® 5218 mixed matrix membranes for
(0,/CH, separation. J. Memb. Sci. 490,
364-379. (doi:10.1016/j.memsci.2015.04.070)
Rafizah WAW, Ismail AF. 2008 Effect of carbon
molecular sieve sizing with poly(vinyl
pyrrolidone) K-15 on carbon molecular sieve—
polysulfone mixed matrix membrane. J. Memb.
Sci. 307, 53-61. (doi:10.1016/j.memsci.2007.
09.007)

Vu DQ, Koros WJ, Miller SJ. 2003 Mixed matrix
membranes using carbon molecular sieves.

J. Memb. Sci. 211, 311-334. (doi:10.1016/
$0376-7388(02)00429-5)

Koresh J, Soffer A. 1980 Study of molecular
sieve carbons. Part 1.—pore structure, gradual
pore opening and mechanism of molecular
sieving. J. Chem. Soc. Faraday Trans. 76,
2457-2471. (doi:10.1039/f19807602457)

Shen Y, Lua AC. 2010 Effects of membrane
thickness and heat treatment on the gas
transport properties of membranes based on
P84 polyimide. J. Appl. Polym. Sci. 116,
2906-2912. (doi:10.1002/app.31810)

Dehghani Kiadehi A, Rahimpour A, Jahanshahi
M, Ghoreyshi AA. 2015 Novel carbon nano-fibers
(CNF)/polysulfone (PSf) mixed matrix
membranes for gas separation. J. Ind. Eng. Chem.
22, 199-207. (doi:10.1016/.jiec.2014.07.011)
Goh PS, Ng BC, Ismail AF, Sanip SM, Aziz M,
Kassim MA. 2011 Effect of dispersed multi-
walled carbon nanotubes on mixed matrix
membrane for 0,/N, separation. Sep. Sci.
Technol. 46, 1250-1261. (doi:10.1080/
01496395.2011.554952)

Sanip SM, Ismail AF, Goh PS, Soga T, Tanemura
M, Yasuhiko H. 2011 Gas separation properties
of functionalized carbon nanotubes mixed
matrix membranes. Sep. Purif. Technol. 78,
208-213. (doi:10.1016/j.seppur.2011.02.003)
Tin PS, Chung TS, Liu Y, Wang R. 2004
Separation of (0,/CH, through carbon molecular
sieve membranes derived from P84 polyimide.
Carbon N. Y. 42, 3123-3131. (d0i:10.1016/j.
carbon.2004.07.026)

Ismail NM, Ismail AF, Mustafa A, Zulhairun AK,
Nordin NAHM. 2016 Enhanced carbon dioxide
separation by polyethersulfone (PES) mixed
matrix membranes deposited with clay.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

J. Polym. Eng. 36, 65-78. (doi:10.1515/polyeng-

2015-0048)

Zulhairun AK, Ismail AF, Matsuura T, Abdullah
MS, Mustafa A. 2014 Asymmetric mixed matrix
membrane incorporating organically modified
clay particle for gas separation. Chem. Eng. J.
241, 495-503. (doi:10.1016/).cej.2013.10.042)
Escorihuela S, Valero L, Tena A, Shishatskiy S,
Escoldstico S, Brinkmann T, Serra J. 2018 Study
of the effect of inorganic particles on the gas
transport properties of glassy polyimides for
selective (0, and H,0 separation. Membranes
(Basel). 8, 128. (doi:10.3390/membranes
8040128)

Sabetghadam A et al. 2016 Metal organic
framework crystals in mixed-matrix membranes:
impact of the filler morphology on the gas
separation performance. Adv. Funct. Mater. 26,
3154-3163. (doi:10.1002/adfm.201505352)
Zulhairun AK, Fachrurrazi ZG, Nur lzwanne M,
Ismail AF. 2015 Asymmetric hollow fiber
membrane coated with polydimethylsiloxane—
metal organic framework hybrid layer for gas
separation. Sep. Purif. Technol. 146, 85-93.
(doi:10.1016/j.seppur.2015.03.033)

Shen Y, Lua AC. 2012 Structural and transport
properties of BTDA-TDI/MDI co-polyimide
(P84)—silica nanocomposite membranes for gas
separation. Chem. Eng. J. 188, 199-209.
(doi:10.1016/j.¢j.2012.01.043)

Madaeni SS, Badieh MMS, Vatanpour V. 2013
Effect of coating method on gas separation by
PDMS/PES membrane. Polym. Eng. Sdi. 53,
1878-1885. (d0i:10.1002/pen.23456)

Stadie NP, Vajo JJ, Cumberland RW, Wilson AA,
Ahn CC, Fultz B. 2012 Zeolite-templated carbon
materials for high-pressure hydrogen storage.
Langmuir 28, 10 057-10 063. (d0i:10.1021/
1a302050m)

Guan G, Su F, Zhao XS, Wang K. 2008 Methane
storage in a template-synthesized carbon. Sep.
Purif. Technol. 64, 124-126. (doi:10.1016/j.
seppur.2008.08.007)

Zhuang G-L, Wey M-Y, Tseng H-H. 2016 A novel
technique using reclaimed tire rubber for gas
separation membranes. J. Memb. Sci. 520,
314-325. (doi:10.1016/j.memsci.2016.07.044)
Li S, Jiang X, Yang Q, Shao L. 2017 Effects of
amino functionalized polyhedral oligomeric
silsesquioxanes on cross-linked poly(ethylene
oxide) membranes for highly-efficient (0,
separation. Chem. Eng. Res. Des. 122, 280-288.
(doi:10.1016/j.cherd.2017.04.025)

Jamil A, Oh PC, Shariff AM. 2018
Polyetherimide-montmorillonite mixed matrix
hollow fibre membranes: effect of inorganic/
organic montmorillonite on (0,/CH, separation.
Sep. Purif. Technol. 206, 256—267. (d0i:10.1016/
j.seppur.2018.05.054)

Nikolaeva D et al. 2018 The performance of
affordable and stable cellulose-based poly-ionic
membranes in C0,/N, and C0,/CH, gas
separation. J. Memb. Sci. 564, 552-561. (doi:10.
1016/j.memsci.2018.07.057)

Hu C-C, Cheng P-H, Chou S-C, Lai C-L, Huang
S-H, Tsai H-A, Hung W-S, Lee K-R. 2019
Separation behavior of amorphous amino-
modified silica nanoparticle/polyimide mixed
matrix membranes for gas separation. J. Memb.

sos1/JeuInof/6105uiysignd/aposjesos

0SLLOT ‘8 DS uadp oS Y


http://dx.doi.org/10.1016/j.reactfunctpolym.2019.104331
http://dx.doi.org/10.1016/j.reactfunctpolym.2019.104331
http://dx.doi.org/10.22079/JMSR.2019.100069.1244
http://dx.doi.org/10.22079/JMSR.2019.100069.1244
http://dx.doi.org/10.1016/j.polymertesting.2019.106264
http://dx.doi.org/10.1016/j.polymertesting.2019.106264
http://dx.doi.org/10.1016/j.pmatsci.2014.10.004
http://dx.doi.org/10.1016/j.micromeso.2014.07.007
http://dx.doi.org/10.1016/j.micromeso.2014.07.007
http://dx.doi.org/10.1039/C5CC04999G
http://dx.doi.org/10.1002/app.41873
http://dx.doi.org/10.1002/app.41873
http://dx.doi.org/10.1039/C8CC01932K
http://dx.doi.org/10.1039/C8RA09200A
http://dx.doi.org/10.1039/C8RA09200A
http://dx.doi.org/10.1007/s10934-007-9142-2
http://dx.doi.org/10.1007/s10934-007-9142-2
http://dx.doi.org/10.1016/j.seppur.2010.09.031
http://dx.doi.org/10.1016/j.seppur.2010.09.031
http://dx.doi.org/10.1016/j.micromeso.2008.09.029
http://dx.doi.org/10.1016/j.micromeso.2008.09.029
http://dx.doi.org/10.1016/j.matlet.2011.03.039
http://dx.doi.org/10.1039/C1RA00247C
http://dx.doi.org/10.1039/c001609h
http://dx.doi.org/10.3390/ma5122874
http://dx.doi.org/10.3390/ma5122874
http://dx.doi.org/10.1016/j.jiec.2017.08.038
http://dx.doi.org/10.1016/j.memsci.2015.04.070
http://dx.doi.org/10.1016/j.memsci.2007.09.007
http://dx.doi.org/10.1016/j.memsci.2007.09.007
http://dx.doi.org/10.1016/S0376-7388(02)00429-5
http://dx.doi.org/10.1016/S0376-7388(02)00429-5
http://dx.doi.org/10.1039/f19807602457
http://dx.doi.org/10.1002/app.31810
http://dx.doi.org/10.1016/j.jiec.2014.07.011
http://dx.doi.org/10.1080/01496395.2011.554952
http://dx.doi.org/10.1080/01496395.2011.554952
http://dx.doi.org/10.1016/j.seppur.2011.02.003
http://dx.doi.org/10.1016/j.carbon.2004.07.026
http://dx.doi.org/10.1016/j.carbon.2004.07.026
http://dx.doi.org/10.1515/polyeng-2015-0048
http://dx.doi.org/10.1515/polyeng-2015-0048
http://dx.doi.org/10.1016/j.cej.2013.10.042
http://dx.doi.org/10.3390/membranes8040128
http://dx.doi.org/10.3390/membranes8040128
http://dx.doi.org/10.1002/adfm.201505352
http://dx.doi.org/10.1016/j.seppur.2015.03.033
http://dx.doi.org/10.1016/j.cej.2012.01.043
http://dx.doi.org/10.1002/pen.23456
http://dx.doi.org/10.1021/la302050m
http://dx.doi.org/10.1021/la302050m
http://dx.doi.org/10.1016/j.seppur.2008.08.007
http://dx.doi.org/10.1016/j.seppur.2008.08.007
http://dx.doi.org/10.1016/j.memsci.2016.07.044
http://dx.doi.org/10.1016/j.cherd.2017.04.025
http://dx.doi.org/10.1016/j.seppur.2018.05.054
http://dx.doi.org/10.1016/j.seppur.2018.05.054
http://dx.doi.org/10.1016/j.memsci.2018.07.057
http://dx.doi.org/10.1016/j.memsci.2018.07.057

Downloaded from https://royal societypublishing.org/ on 17 May 2022

70.

n.

72.

73.

74.

75.

76.

77.

78.

79.

Sci. 117542, (doi:10.1016/j.memsci.2019.
117542)

Sutrisna PD, Hou J, Li H, Zhang Y, Chen V. 2017
Improved operational stability of Pebax-based
gas separation membranes with ZIF-8: a
comparative study of flat sheet and composite
hollow fibre membranes. J. Memb. Sci. 524,
266-279. (doi:10.1016/j.memsci.2016.11.048)
Ahmadizadegan H, Tahriri M, Tahriri M, Padam
M, Ranjbar M. 2019 Polyimide-Ti0,
nanocomposites and their corresponding
membranes: synthesis, characterization, and gas
separation applications. Solid State Sci. 89,
25-36. (doi:10.1016/j.s0lidstatesciences.2018.
12.016)

Farnam M, Mukhtar H, Shariff A. 2016 Analysis
of the influence of CMS variable percentages on
pure PES membrane gas separation
performance. Procedia Eng. 148, 1206—1212.
(doi:10.1016/j.proeng.2016.06.449)

Ismail AF, Kusworo TD, Mustafa A. 2008
Enhanced gas permeation performance of
polyethersulfone mixed matrix hollow fiber
membranes using novel Dynasylan Ameo silane
agent. J. Memb. Sci. 319, 306-312. (doi:10.
1016/j.memsci.2008.03.067)

Sen D, Kalipgilar H, Yilmaz L. 2007 Development of
polycarbonate based zeolite 4A filled mixed matrix
gas separation membranes. J. Memb. Sci. 303,
194-203. (doi:10.1016/j.memsci.2007.07.010)

Kim S, Chen L, Johnson JK, Marand E. 2007
Polysulfone and functionalized carbon nanotube
mixed matrix membranes for gas separation:
theory and experiment. J. Memb. Sci. 294,
147-158. (doi:10.1016/j.memsci.2007.02.028)
Weng TH, Tseng HH, Wey MY. 2009 Preparation
and characterization of multi-walled carbon
nanotube/PBNPI nanocomposite membrane

for Hy/CH, separation. Int. J. Hydrogen Energy
34, 8707-8715. (doi:10.1016/j.ijhydene.2009.
08.027)

Moghadassi AR, Rajabi Z, Hosseini SM,
Mohammadi M. 2013 Preparation and
characterization of polycarbonate-blend-raw/
functionalized multi-walled carbon nano tubes
mixed matrix membrane for (O, separation.
Sep. Sci. Technol. 48, 1261-1271. (doi:10.1080/
01496395.2012.730597)

Aroon MA, Ismail AF, Montazer-Rahmati MM,
Matsuura T. 2010 Effect of chitosan as a
functionalization agent on the performance and
separation properties of polyimide/multi-walled
carbon nanotubes mixed matrix flat sheet
membranes. J. Memb. Sci. 364, 309-317.
(doi:10.1016/j.memsci.2010.08.023)

Rodenas T, van Dalen M, Serra-Crespo P,
Kapteijn F, Gascon J. 2014 Mixed matrix
membranes based on NH,-functionalized MIL-
type MOFs: influence of structural and
operational parameters on the (0,/CH,
separation performance. Microporous

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Mesoporous Mater. 192, 35-42. (doi:10.1016/j.
micromes0.2013.08.049)

Jomekian A, Bazooyar B, Behbahani RM,
Mohammadi T, Kargari A. 2017 lonic liquid-
modified Pebax® 1657 membrane filled by ZIF-8
particles for separation of (O, from CHy, N,
and H,. J. Memb. Sci. 524, 652—662. (doi:10.
1016/j.memsci.2016.11.065)

Yang G, Guo H, Kang Z, Zhao L, Feng S, Jiao F,
Mintova S. 2019 Green hydrogen separation
from nitrogen by mixed-matrix membranes
consisting of nanosized sodalite crystals.
ChemSusChem 12, 4529-4537. (doi:10.1002/
€55¢.201802577)

Teo L-S, Chen C-Y, Kuo J-F. 1998 The gas
transport properties of amine-containing
polyurethane and poly(urethane-urea)
membranes. J. Memb. Sci. 141, 91-99. (doi:10.
1016/50376-7388(97)00293-7)

Siier MG, Bag N, Yilmaz L. 1994 Gas permeation
characteristics of polymer-zeolite mixed matrix
membranes. J. Memb. Sci. 91, 77-86. (doi:10.
1016/0376-7388(94)00018-2)

Feng S et al. 2020 Hydrothermal stable ZIF-67
nanosheets via morphology regulation strategy
to construct mixed-matrix membrane for gas
separation. J. Memb. Sci. 593, 117404. (doi:10.
1016/j.memsci.2019.117404)

Kim EY, Kim HS, Kim D, Kim J, Lee PS 2019
Preparation of mixed matrix membranes
containing ZIF-8 and Ui0-66 for
multicomponent light gas separation. Crystals 9,
15. (do0i:10.3390/cryst9010015)

Safak Boroglu M, Yumru AB. 2017 Gas
separation performance of 6FDA-DAM-ZIF-11
mixed-matrix membranes for H,/CH, and C0,/
CH, separation. Sep. Purif. Technol.

173, 269-279. (doi:10.1016/j.seppur.2016.
09.037)

Castarlenas S, Téllez C, Coronas J. 2017 Gas
separation with mixed matrix membranes
obtained from MOF Ui0-66-graphite oxide
hybrids. J. Memb. Sci. 526, 205-211. (doi:10.
1016/j.memsci.2016.12.041)

Ge L, Zhu Z, Rudolph V. 2011 Enhanced gas
permeability by fabricating functionalized
multi-walled carbon nanotubes and
polyethersulfone nanocomposite membrane.
Sep. Purif. Technol. 78, 76-82. (doi:10.1016/j.
seppur.2011.01.024)

Xue Q, Pan X, Li X, Zhang J, Guo Q. 2017 Effective
enhancement of gas separation performance in
mixed matrix membranes using core/shell
structured multi-walled carbon nanotube/
graphene oxide nanoribbons. Nanotechnology 28,
065702. (doi:10.1088/1361-6528/aa510d)
Pulyalina A, Polotskaya G, Rostovtseva V,
Pientka Z, Toikka A. 2018 Improved hydrogen
separation using hybrid membrane composed of
nanodiamonds and P84 copolyimide. Polymers
(Basel) 10, 828. (doi:10.3390/polym10080828)

91.

92.

93.

94.

9.

96.

97.

9.

9.

100.

101.

Aykac Ozen H, Ozturk B. 2019 Gas separation m

characteristic of mixed matrix membrane
prepared by MOF-5 including different metals.
Sep. Purif. Technol. 211, 514-521. (d0i:10.1016/
j.seppur.2018.09.052)

Choi S-H, Brunetti A, Drioli E, Barbieri G. 2010
H, separation from Hy/N, and H,/CO mixtures
with co-polyimide hollow fiber module. Sep. Sci.
Technol. 46, 1-13. (doi:10.1080/01496395.2010.
487847)

Karatay E, Kalipcilar H, Yilmaz L. 2010
Preparation and performance assessment of
binary and ternary PES-SAPO 34-HMA based gas
separation membranes. J. Memb. Sci. 364,
75-81. (doi:10.1016/j.memsci.2010.08.004)

Ge L, Zhu Z, Li F, Liu S, Wang L, Tang X,
Rudolph V. 2011 Investigation of gas
permeability in carbon nanotube (CNT)—
polymer matrix membranes via modifying CNTs
with functional groups/metals and controlling
modification location. J. Phys. Chem. C 115,
6661-6670. (doi:10.1021/jp1120965)

Cong H, Zhang J, Radosz M, Shen Y. 2007 Carbon
nanotube composite membranes of brominated
poly(2,6-diphenyl-1,4-phenylene oxide) for gas
separation. J. Memb. Sci. 294, 178-185. (doi:10.
1016/j.memsci.2007.02.035)

Chi WS, Hwang S, Lee SJ, Park S, Bae YS, Ryu
DY, Kim JH, Kim J. 2015 Mixed matrix
membranes consisting of SEBS block copolymers
and size-controlled ZIF-8 nanoparticles for (0,
capture. J. Memb. Sci. 495, 479-488. (doi:10.
1016/j.memsci.2015.08.016)

Wagas Anjum M, de Clippel F, Didden J, Laeeq
Khan A, Couck S, Baron GV, Denayer JFM, Sels
BF, Vankelecom IFJ. 2015 Polyimide mixed
matrix membranes for (0, separations using
carbon—silica nanocomposite fillers. J. Memb.
Sci. 495, 121-129. (doi:10.1016/j.memsci.2015.
08.006)

Yong WF, Li FY, Xiao YG, Li P, Pramoda KP, Tong
YW, Chung TS. 2012 Molecular engineering of
PIM-1/Matrimid blend membranes for gas
separation. J. Memb. Sci. 407-408, 47-57.
(doi:10.1016/j. memsci.2012.03.038)

Sheng L, Ren J, Hua K, Li H, Feng Y, Deng M.
2019 Molecular engineering of PIM-1/Matrimid
blend membranes for gas separation. J. Memb.
Sci. 407-408, 47-57. (doi:10.1016/j.memsci.
2012.03.038)

Feijani EA, Tavassoli A, Mahdavi H, Molavi H.
2018 Effective gas separation through graphene
oxide containing mixed matrix membranes.

J. Appl. Polym. Sci. 135, 46271. (doi:10.1002/
app.46271)

Gunawan T, Widiastuti N, Fansuri H, Wan Salleh
WN, Ismail AF, Lin R, Motuzas J, Smart S. 2021
Data from: The utilization of micro-mesoporous
carbon-based filler in the P84 hollow fibre
membrane for gas separation. Dryad Digital
Repository. (doi:10.5061/dryad.1zcrjdfq0)

*sosi/Jeunof/6106uiysgnd/aposjedos

0SLLOT ‘8 DS uadp oS Y


http://dx.doi.org/10.1016/j.memsci.2019.117542
http://dx.doi.org/10.1016/j.memsci.2019.117542
http://dx.doi.org/10.1016/j.memsci.2016.11.048
http://dx.doi.org/10.1016/j.solidstatesciences.2018.12.016
http://dx.doi.org/10.1016/j.solidstatesciences.2018.12.016
http://dx.doi.org/10.1016/j.proeng.2016.06.449
http://dx.doi.org/10.1016/j.memsci.2008.03.067
http://dx.doi.org/10.1016/j.memsci.2008.03.067
http://dx.doi.org/10.1016/j.memsci.2007.07.010
http://dx.doi.org/10.1016/j.memsci.2007.02.028
http://dx.doi.org/10.1016/j.ijhydene.2009.08.027
http://dx.doi.org/10.1016/j.ijhydene.2009.08.027
http://dx.doi.org/10.1080/01496395.2012.730597
http://dx.doi.org/10.1080/01496395.2012.730597
http://dx.doi.org/10.1016/j.memsci.2010.08.023
http://dx.doi.org/10.1016/j.micromeso.2013.08.049
http://dx.doi.org/10.1016/j.micromeso.2013.08.049
http://dx.doi.org/10.1016/j.memsci.2016.11.065
http://dx.doi.org/10.1016/j.memsci.2016.11.065
http://dx.doi.org/10.1002/cssc.201802577
http://dx.doi.org/10.1002/cssc.201802577
http://dx.doi.org/10.1016/S0376-7388(97)00293-7
http://dx.doi.org/10.1016/S0376-7388(97)00293-7
http://dx.doi.org/10.1016/0376-7388(94)00018-2
http://dx.doi.org/10.1016/0376-7388(94)00018-2
http://dx.doi.org/10.1016/j.memsci.2019.117404
http://dx.doi.org/10.1016/j.memsci.2019.117404
http://dx.doi.org/10.3390/cryst9010015
http://dx.doi.org/10.1016/j.seppur.2016.09.037
http://dx.doi.org/10.1016/j.seppur.2016.09.037
http://dx.doi.org/10.1016/j.memsci.2016.12.041
http://dx.doi.org/10.1016/j.memsci.2016.12.041
http://dx.doi.org/10.1016/j.seppur.2011.01.024
http://dx.doi.org/10.1016/j.seppur.2011.01.024
http://dx.doi.org/10.1088/1361-6528/aa510d
http://dx.doi.org/10.3390/polym10080828
http://dx.doi.org/10.1016/j.seppur.2018.09.052
http://dx.doi.org/10.1016/j.seppur.2018.09.052
http://dx.doi.org/10.1080/01496395.2010.487847
http://dx.doi.org/10.1080/01496395.2010.487847
http://dx.doi.org/10.1016/j.memsci.2010.08.004
http://dx.doi.org/10.1021/jp1120965
http://dx.doi.org/10.1016/j.memsci.2007.02.035
http://dx.doi.org/10.1016/j.memsci.2007.02.035
http://dx.doi.org/10.1016/j.memsci.2015.08.016
http://dx.doi.org/10.1016/j.memsci.2015.08.016
http://dx.doi.org/10.1016/j.memsci.2015.08.006
http://dx.doi.org/10.1016/j.memsci.2015.08.006
http://dx.doi.org/10.1016/j.memsci.2012.03.038
http://dx.doi.org/10.1016/j.memsci.2012.03.038
http://dx.doi.org/10.1016/j.memsci.2012.03.038
http://dx.doi.org/10.1002/app.46271
http://dx.doi.org/10.1002/app.46271
http://dx.doi.org/10.5061/dryad.1zcrjdfq0

	The utilization of micro-mesoporous carbon-based filler in the P84 hollow fibre membrane for gas separation
	Introduction
	Experimental section
	Material
	Procedure
	Mixed-matrix membrane preparations
	Sample characterization
	Pure gas measurement


	Result and discussion
	Filler preparation
	Mixed-matrix membrane preparation
	Single gas permeation
	Mixed gas permeation test

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgement
	References


