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Abstract: Compared to the conventional technologies such as amine absorption for CO, capture from
industrial sources such as flue gas, membrane separation process has unique advantages of being
environmentally benign, lower maintenance and smaller footprint. Composite membranes with high
CO, permeation rate have great potential to capture CO, from flue gas economically competitive.

This paper reports our development in composite hollow fiber membranes with ultra-thin selective
layer by using ultrafiltration hollow fibres as substrate, coated with multiple layers of gutter, selective
and protective layers, using commercially available (polyether (PE)-block- polyamide (PA) copolymer)
Pebax® as base material for the selective layer. The optimized fabrication condition was evaluated
based on screening of substrates, selection of gutter layer material as well as evaluation of the
selective material and dip-coating conditions against the gas separation performance with CO,
permeance and CO,/N, selectivity. Consistently high CO, permeance up to 560 GPU and COJ/N,
selectivity as high as 45 were achieved with composite membranes fabricated with pure Pebax® as
selective layer while improvements were further achieved with addition of nanoparticles into the
selective solution for dip-coating.

Keywords: CO, capture, composite membrane, hollow fiber, flue gas.

1 Introduction

The membrane technology can be economically competitive with other CO, capture technology when
high separation performance can be achieved and maintained in industrial environment. One issue
related to gas separation membranes is the trade-off between permeability and selectivity, in that
membranes that possess high permeance normally suffer lower selectivity and vice versa. Thin film
composite (TFC) membrane with the advantages of utilising microporous membrane as substrate with
low transport resistance and highly selective thin layer of material as separation layer could
significantly improve the productivity while maintain good selectivity.

Polymeric material containing groups with high affinity to CO, molecules, such as those with
polyethylene oxide (PEO) containing block copolymers, with semi-crystalline hard phase for robust
mechanical strength and good chemical and thermal resistance and PEO containing soft phase with
strong CO, affinity for excellent CO,/N, selectivity have been identified as good candidate for CO,
separation membranes. In particular, a commercially available poly(ethylene oxide)-Poly(amide)
polymers, commercial name Pebax® have shown great potential for this development. Our earlier
results using Pebax®1657 and 1074 as dense membrane material have shown that highly selective
membranes could be fabricated with both of those grades of polymers [1].

This study aimed to explore the gas separation performance of composite hollow fiber membranes
using Pebax® based materials as thin film composite selective layer in order to identify issues related
with translating the good separation performance observed in dense membrane to the thin film
composite membranes. Apart from the properties of the Pebax® solution (concentration, additive
doping and viscosity) used as selective layer coating, other parameters such as selection of substrate,
materials for gutter layer coating can also affect the resulted membrane and were also evaluated in
this study. Blending of Pebax® with inorganic particles with high gas permeability as additive to the
selective material was also evaluated for their capacity to further improve CO, permeation rate.
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2 Method

Fabrication of composite hollow fiber was conducted with a purpose-built dip coating facility for hollow
fibres, controlled with a stepper motor programmed and controlled with a computer, with the flexibility
to operate at different fiber immersion speed, control of the resident time of fibres in the coating
solution and the control of fiber withdraw speed from the solution, as illustrated in Figure 1 (a).

The selection of hollow fiber substrate was based on their material that was compatible with the
coating solutions, physical geometry that provides mechanical strength to withstand operating
pressure of the gas feed, pore size that affects the penetration of the coating solution and resistance
to gas transport.

Material for gutter layer coating was selected based on their capability to form thin fiim on the
substrate surface without deep penetration into the substrate with minimum addition to the overall
transport resistance. Materials with very high permeability to CO, such as polydimethylsiloxane
(PDMS) and poly((trimethylsilyl) propyne) (PTMSP) were good candidates and were evaluated in this
study. The chemical structures of PDMS, PTMSP were presented in Figure 2 together with that of
Pebax®.

ZIF-8 formed with both metal and organic components (Figure 1(b)) was synthesized at rapid room
temperature condition followed by washing and centrifugation before suspending in 70/30 wt./wt.
ethanol/water solution used for PEBAX® polymer to be blended with the polymer solution by way of
priming for fabrication of composite membrane using nano-particle blended selective layer.

Evaluation of the membrane characteristics were performed with scanning electron microscopy (SEM)
for comparison of the composite layer thickness with different materials at different condition. The
penetration of the gutter layer into the membrane pores was represented through the energy
dispersive X-ray (EDX) spectroscopy analysis of Si elements profile in the region adjacent to the
membrane pores in the top surface.

Gas separation performance of the selected membranes was evaluated with pure gases in the context
of flue gas at the constant pressure gas permeation rig at pressure of 100 psi and temperature of 35
°C.
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Figure 1(a) Schematic representation of the dip coating facility and (b) structure of ZIF-8. Zn metal is
shown in blue polyhedra, while the organic linker is shown in black ball and stick. The yellow ball
inside represents the cage of particle (Reproduced from [2] with permission).
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Figure 2 Chemical structures of Pebax®, (Pebax®1657 was made of PA6 while Pebax®1074 was
made of PA12), PDMS and PTMSP.
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3 Results and discussion
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For the selected substrate made of PVDF microporous hollow fiber, (inferior results obtained with PES
hollow fiber are not included in this paper), coating of the gutter layer with PTMSP resulted thinner
overall thin film layer thickness compared with that obtained with PDMS as gutter as shown in Figure
3. The beneficial thin layer in PTMSP coated membrane was probably caused by less pore
penetration of PTMSP solution during the coating process as indicated by the much smaller presence
of element of Si (present in both PDMS and PTMSP) inside the membrane substrate as shown in
Figure 4.
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Figure 3 SEM images of the hollow fiber substrate (a), top layer of fiber coated with PDMS as
substrate and gutter layer (b) and top layer of fiber coated with PTMSP as gutter (c).

Figure 4: Relative silicon concentration profile within 10 pm depth obtained from EDX analysis for the
PVDF and PES hollow fibers coated with PDMS and PTMSP as gutter layers.

Table 1 CO, permeance and CO./N, selectivity of composite hollow fiber membranes using PVDF
hollow fiber as substrate and PDMS and PTMSP as gutter layer and comparison with dense
membrane performances

Membrane (substrate +) CO, (GPU) N, (GPU) CO,/N,
4PDMS/1Pebax®1657/1PDMS 76 (£7.2) 1.22 (+0.45) 66 (+15.6)
4PDMS/1Pebax®1074/1PDMS 174 (+16.4) 3.74 (+0.50) 47 (+1.7)
4PTMSP/1Pebax®1657/1PTMSP 101 (+6.6) 1.18 (+0.07) 86 (+4.33)
4PTMSP/1Pebax®1074/1PTMSP 560 (£17) 12.07 (£0.35) 46 (+1.83)
4PTMSP/1Pebax®1657+10%ZIF8/PTMSP 250 7.8 32.1
4PTMSP/2Pebax®1074+10%ZIF8/Pebax®1074 343 10.8 32
4PTMSP 3296 (+345) 598 (£75) 5.5 (£0.16)
Pebax®1657 dense membrane 49 Barrer 0.60 Barrer 82
Pebax®1074 dense membrane 70 Barrer 1.11 Barrer 63
PTMSP dense membrane 56145 Barrer 10122 Barrer 5.6
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Gas separation performance obtained with pure gas tests conducted at room temperature given in
Table 1 suggested that

1) Higher CO, permeance was generally achieved with the composite membranes using
Pebax®1074 as coating material compared with that of Pebax®1657, while higher selective
was achieved with membranes using Pebax®1657 as selective material. This observation
correlates with the relative performance of the dense membranes made with those materials.

2) Much higher CO, permeance was achieved in membranes using PTMSP as gutter material
compared with that of PDMS, likely due to the penetration of PDMS into the substrate pores,
results in increased resistance to gas transport.

3) Blending of nanoparticle ZIF-8 into Pebax®1657 as selective material has resulted in
increased CO, permeance, while selectivity was slightly compromised. On the other hand,
addition of ZIF-8 into Pebax®1074 has led to both lower CO, permeance and the selectivity
compared to the membrane without the nano-particles, possible due to the adverse change of
the micro-phase separated structure of the thin selective layer by the presence of ZIF-8.

Comparison of the performance of the multi-layer composite hollow fiber membranes fabricated in
this study with various result found in the literature indicated that the results achieved with the
PTMSP/Pebax®1074 in this study is the highest with the hollow fiber membranes, as shown in Figure
5. MTR PolarisTM is a well-known commercial thin film composite spiral wound membrane with high
CO2 permeance achieving 1000 GPU and CO2/N2 selectivity of 50 (at 30 °C). The economic
assessment conducted by Merkel et al. concluded that with this performance, CO2 capture cost could
be reduced to around $33 with the technical targets of 90 % carbon capture at 5 bar pressure ratio
and membrane skid cost of $50, making membrane technology competitive with the conventional
amine scrubbing process at a cost of $40-$100 [3]. Given the lower cost of the hollow fiber
membranes compared with the spiral wound module [4], the performance of composite membrane
developed in this study could reach the competitive cost range. However, further study of those
membranes in the context of real flue gas, particular their tolerance to the presence of water content
is recommended.
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Figure 5 High performance thin film composite membranes reported in literatures. [ flat sheet [3, 5-

10] A hollow fibre [11-14]; 4 this study (at room temperature) the grey frame indicates the target
region defined by MTR for high performance TFC membrane.

Conclusions and recommendations

Composition hollow fiber membranes developed in this study have shown very promising performance
to CO, capture. Factors influence the separation performance of the composite membrane were
evaluated and identified, which include materials for substrate, gutter layer and the selective materials,
avoidance of pore penetration, and formation of thin layer of coating are crucial for high CO,
permeance. Addition of nanoparticles could further improve CO, permeance with some selective
materials and are currently under investigation for the optimised performance.
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Micro-phase structure of the composite membrane will be further investigated to identify the possible
difference between the micros structure of the dense membrane and that of the thin film composite
membrane.
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Solvent extraction of rare earth metal using continuous stirred vessel

Pages: 515-523

ﬁ | Conference Paper | 01 January 2015
Numerical study of layer inversion phenomenon in liquid fluidized beds: Effects of particle size and
density ratio

Pages: 524-529

ﬁ | Conference Paper | 01 January 2015

Corrosivity and instabilizing effects of H.S.S (heat stable salts) of secondary and tertiary amine solution
in plant operation

Pages: 530-540

Preview Abstract v

25 of 127 3/21/2022, 1:52 PM



Asia Pacific Confederation of Chemical Engineering Congress 2015: A... https://search.informit.org/doi/book/10.3316/informit.9781922107473

Amine plant operational problems, such as excessive foaming, corrosion and capacity reduction, are often attributed
to the accumulation of amine heat stable salts. Carbon steel high corrosion is often attributed to the amine
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Ni catalysts for hydrodeoxygenation in green diesel production
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Carbon capture and storage (CCS) is one of the technologies required to reduce the greenhouse gas emissions to
limit the atmospheric concentration of CO2 to less than 450ppm. However, CCS is energy intensive. The aim of this
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Recently, a novel crystallization phenomenon that uses fast shrinking of a single microbubble in dilute solution has
been reported. It is expected that a precise control of the size and the number of crystals could be possible by using
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study
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Energy efficiency and capital cost estimation of drying with mechanical vapor recompression and self-
heat recuperation processes combined with IGCC power generation systems
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Cellulose nanofibres are an exciting low-cost new organic material. It is widely used due to the advantages such as
flexibility, ductility, dielectric behaviour, processability, biodegradability and renewable in nature which replaces the
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Model development and analysis of hydrothermal liquefaction of microalgae
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The formation of isolated mixing regions (IMRs) in laminar stirred tanks has been a topic of interest for many years to
the chemical engineering industry. In many viscous fluids these unmixed regions exist as toroidal vortices; one
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A techno-economic evaluation for industrial scale production of metal organic frameworks
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Australia has a number of gas processing plants which process the raw natural gas to produce saleable natural gas
at a required composition and quality. Due to the various energy requirements throughout the processing plants, a
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of Na-exchanged smectite clay pulps
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In order to estimate the mixing performance of an impeller in a laminar flow vessel, it is necessary to consider the
flow pattern and the mixing mechanism. In fact, the structure of the streak lobe extending from the tip of the impeller
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Optimization of alkaline delignification of rice husk biomass during cellulose pulp production
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Flexible metal-organic frameworks (MOFs) show an adsorption-induced structural transition phenomenon called
"gate adsorption”, in which the host framework changes its structure at a specific adsorption pressure depending on
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Continuous flow chemical processing - sustainable manufacture of fine chemicals and polymers
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Ecology(4E) compound system, the coordinated development of 4E system is the final goal of sustainable social
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Adsorption of proteins on metal surfaces is important in various fields of engineering and science. Since the
interaction between proteins and a solid surface is very complex, a fundamental understanding of the effects of
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Hydrothermal pre-treatment of biomass waste for high surface area mesoporous activated carbons
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Carbamazepine (CBZ) is one of the most recalcitrant pharmaceutically active compounds routinely detected in
wastewater effluent-impacted environment. Bio-catalytic degradation with enzymes such as laccase provides a
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Electrically and thermally conductive epoxy/graphene composites thin films
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In a general chemical industrial process, many reactors, mixture operations, and separation operations are needed,
and the design and maintenance become complex. On the other hand, high performance drug carrier such as
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CFD-DEM simulations for gas-solid flow in a fluidized bed
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A novel photocatalytic microreactor was developed, which was comprised of two stacked channels divided by a
TiO2/metal bi-layered plate. Under the light irradiation to the TiO2 coated channel, the holes cause the oxidation in
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Struvite recovery has drawn great interest in recent years because of the phosphorus recovery potential. This
technique does not currently have many applications because of the variation in product purity. Foreign ions in the
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Currently, lignocellulosic biomass is generated as a by-product globally in a significant amount. Underutilization of
this renewable resource is unsustainable from both environmental and energy aspects. Thus, biotechnological
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Measuring turbulence in an industrial flotation environment has long been problematic due to the opaque, aggressive
and abrasive three-phase environment in a flotation cell. One of the promising measurement techniques is Electrical
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Meaningful student engagement must be efficient in delivery for students and be structured in such a way as to
ensure academic rigor and high quality outcomes for students while also being sustainable in terms of cost and time
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The use of silica particles in industrial applications has dramatically increased in the last decade due to the versatility
of the fabrication process to design particles for specific applications including catalysis, coatings and separation
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Cellulose aerogels from paper waste for excellent oil spill cleaning and heat insulation
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Minimizing CO2 emission in the atmosphere to prevent the climate change has required more efforts to capture and
utilize CO2. One viable solution is to recover and store CO2 underground through capture processes. However, the
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Application of 'Moringa oleifera' seeds and 'Musa cavendish' as coagulants for lead, nickel and
cadmium removal from drinking water
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Zeolitic imidazolate framework-8 (ZIF-8), which is a family of metal organic frameworks, is a new porous material with
high porosity and surface area, and it consists of zinc ions and 2- methylimidazole (2-MelM) linkers. ZIF-8 shows
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Experimental investigation on the improvement of adsorption rate in silica-gel layer by carbon fiber
doping
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Due to the limited availability of non-renewable energy sources and the environmental concerns, biodiesel is seen as
an alternative fuel in the future. Using waste cooking oil (WCO) enables cost effective biodiesel production and also
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Effect of oxidized surface of tennantite and chalcopyrite on Diethyl Dithiophosphate (DTP) adsorption
and the kinetics; observed using UV-Vis Spectroscopy

Pages: 1866-1872

ﬁ | Conference Paper | 01 January 2015
Comparative study of non-noble metal catalysts supported on alumina for lactic acid production via

glycerol hydrogenolysis

Pages: 1873-1874

ﬁ | Conference Paper | 01 January 2015
Can BAC treatment mitigate microfiltration membrane fouling in wastewater reclamation over the long

term?

Pages: 1875-1882

85 of 127 3/21/2022, 1:52 PM



Asia Pacific Confederation of Chemical Engineering Congress 2015: A... https://search.informit.org/doi/book/10.3316/informit.9781922107473

provides a continuous source. The application of microfiltration for the reclamation of wastewater has increased
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cassava and fruit waste
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60% of the urban and 99% of the rural households use biomass for cooking in Bangladesh. Biomass residue
collected from the vicinity of the houses (e.g. dead leaves, small tree branches and twigs) is frequently used in
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Is it possible to produce biochar at different highest treatment temperatures in the pyrolysis range? -
The exothermic nature of pyrolysis
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Performance of self-sustaining methanol auto-thermal reforming (ATR) was investigated experimentally to elucidate a
reforming reaction mechanism and a condition required for high purity H2 production. The compact reformer consists
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poor natural abundance. Recycling from spent home appliances i.e. urban mine is complicated as it contains several
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the feed to digester often leads to poor mixing and the formation of deadvolume. This work attempts to address the
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School of Energy and Environment, Southeast University, Nanjing 210096, P.R. China Konjac glucomannan (KGM) is
a plant-derived neutral polysaccharide which is traditionally used as emulsifier and stabilizer in food and cosmetic
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Quantification of intrusion of chemical absorbent liquid into porous hollow fiber membrane and its
influences on CO2 absorption rate in a membrane contactor

Pages: 2326-2334

ﬁ | Conference Paper | 01 January 2015

Effects of hydrogen addition on the chemical structure of silica film prepared by plasma CVD

Pages: 2335-2341

ﬁ | Conference Paper | 01 January 2015

Effect of Cu/Zn atomic ratio on catalytic activity of Cu-ZnO-AlI203 catalysts for water-gas shift reaction

Pages: 2342-2352

Preview Abstract wv

105 of 127 3/21/2022, 1:52 PM



Asia Pacific Confederation of Chemical Engineering Congress 2015: A... https://search.informit.org/doi/book/10.3316/informit.9781922107473

The Cu-ZnO-AI203 catalysts (CZA) prepared by a co-precipitation method were investigated for water-gas shift
(WGS) reaction. The Cu/Zn atomic ratio during the co-precipitation method affected the catalytic activity of the CZA
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Rheological and morphological properties of nano calcium carbonate added poly (vinyl) alcohol-starch
composites
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Reverse osmosis with polyamide spiral wound membranes is used to concentrate milk to reduce its mass before
transport to processing facilities. The apparent fouling of membranes was tested on a flat-sheet cross-flow laboratory
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Problems with low temperature CO2 capture from IGCC flue gases
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Surface-modified alumina (AO) with poly(isobutyl vinyl ether) (PIBVE) (AO-graft-PIBVE) was produced by ball milling of
AO with isobutyl vinyl ether (IBVE) in vacuo under counterion-free conditions. AO mechanocations (AO+) on the
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Designing of new fluidity regulators for abnormal oil of South-Torgay oil fields
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Incorporation of various types of amines into the porous structures of nan-clays has been attempted to increase the
affinity of CO2 toward the physical adsorbents. Physical characterization such as BET and FTIR analysis has
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Supporting professional skills development in chemical engineering students
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The blast furnace is a large counter-current chemical reactor that produces liquid iron by reduction of coke/ferrous
materials. The radial distribution of granular feed materials significantly affects the gas flow distribution and burden
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Helical fibers of in micor/nanoscale have been of increasing interest because of their unique characteristics. In this
study, we report the fabrication of micor/nanoscale helical fibers via electrospinning and melt blowing techniques. A
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Dynamic binding capacity (DBC) of model proteins on ion-exchange chromatography gels was analysed based on a
simplified pore diffusion model in order to develop a simple and fast method for designing a capture chromatography
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Smouldering combustion is a novel solution for sustainable treatment of waste. This is a low cost, off-grid and self-
sustaining technology, that has been recently applied for soil remediation. Due to the high energy efficiency and the
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experimentally. Fluid exchange among stable vortices would not be remarkable and each vortex could be regarded
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