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Abstract

Porous flat sheet membranes were prepared with a commercial grade of cyclic olefin
polymer (COP) for CO, capture using membrane contactor (MC). The membranes were prepared via
non-solvent induced phase separation technique using different types of additives, namely,
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG400) and sorbitan monooleate (Span
80), and coagulants (acetone and 70/30 wt% acetone/water mixture) were investigated. The
prepared membranes were characterized in terms of the thickness (70 - 85 um), porosity (50 -
80%), mean pore size (158 - 265 nm), bubble pore size (~ 0.6 - 12 um), liquid entry pressure
(1.67- 4.55 bar), water contact angle (~ 94° - 111°), monoethanolamine (MEA) contact angle
(~ 67°-73° and mechanical properties (tensile strength: 4.53 — 5.15 MPa, elongation at break:
4 — 8% and Young’s modulus: 190 — 232 MPa). The thermodynamic study of COP membranes
proved that a fast phase inversion of the proposed system resulted in a more porous structure.
The addition of PEG400 and Span 80 caused delayed demixing and influenced the
morphological structure and MC performance. The structural and topographical characteristics
of the membranes were also studied. The CO2 absorption test performed at 27 °C showed that
the maximum CO:z absorption flux was around 16x10° mol/m?.s using 1M MEA aqueous
solution as absorbent with fixed liquid and gas flow rates at 150 L/h and 8.4 L/h, respectively.
It was found that the considered additives enhanced the MC performance and affected the CO2

absorption flux.

Keywords: Cyclic Olefin Polymer (COP); membrane contactor; porous flat-sheet membrane;

non-solvent induced phase separation; CO: absorption.
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1. Introduction

Global warming and climate change, which arise from carbon dioxide (COz2) emission as
the most predominant greenhouse gas, have driven world’s attention to CO2 capture. The
conventional gas absorption methods including packed tower, spray tower, bubble column,
etc., possess some drawbacks including low gas loading capacity, large equipment size, high
energy consumption and initial investment cost. Liquid absorption allocates more than 90% of
the market among the different methods of CO2 capture and accordingly amine-based CO2
absorption column has been extensively used at industrial scale. However, foaming and liquid
channeling are two major operating problems in solvent absorption columns [1].

Membrane contactor (MC) technology, as a well-understood and promising alternative
technology to conventional gas-liquid contactors, provides an attractive possibility to capture
COz2 via combined chemical absorption and membrane processes. This technology involves
mass transfer of CO2 through a porous and non-selective membrane, which serves as an
interfacial barrier, and finally is chemically absorbed into the liquid absorbent. In addition, MC
technology offers relatively some advantages including high gas-liquid interfacial area per unit
volume, less energy consumption, flexible operation, low cost, independent control of gas and
liquid flow rates, easy installation, scale up and simple maintenance [2, 3].

The membrane as the main component for MC application should fulfill some essential
requirements such as a high surface porosity (high permeable membrane) to increase the
contact area between gas and liquid phases, high hydrophobicity with small pore size to
minimize wetting, low mass transfer resistance, and excellent chemical resistance to various
liquid absorbents [4]. Additionally, it was expressed that a membrane with low surface porosity
and small pore size is more stable to wetting than a membrane with high porosity and large

pore size [5].
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The most common traditional membrane materials for MC membrane engineering are
inherently hydrophobic polymers including polyethylene (PE), polypropylene (PP),
polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF) as well as the co-polymer
poly (vinylidene fluoride-co-hexafluropropylene) (PVDF-HFP). Since PP and PE are
inexpensive and their modules are commercially available, they have often been used in MC.
However, they suffer from wetting by some low interfacial tension absorbents and are only
made by thermal methods since they are not soluble in most solvents. Fluorine-containing
polymeric membranes like P\VDF and PTFE membranes are more hydrophobic and show better
gas absorption performance compared to PP and PE, but they are expensive [6]. Many attempts
were also reported in testing different membrane materials including polyetherimide (PEI) [7],
polysulfone (PSf) [8], poly (phenylene oxide) (PPO) [9], polyacrylonitrile (PAN) [10], poly
(vinyl chloride) (PVC) [11] and polyether ether ketone (PEEK) [12] in different MC
applications. In this regard, the development and/or selection of an appropriate membrane
material for MC membrane formation seems to be necessary.

Cyclic olefin polymers (COP) are promising groups of polymers for MC membrane
engineering because of their inherent properties and appropriate processability. After the
discovery of the cyclic olefin polymer synthesized from ring-opening polymerization, they
were commercialized as ZEONEX®, marketed in 1991, and ZEONOR®, marketed in 1998.
Cyclic olefin polymer is an amorphous polyolefin with a bulky ring structure in the main chain,
synthesized from Norbornene (Fig. 1) [13]. This has a rigid bridged-ring structure that prevents
crystallization. The combination of their relatively low price, high transparency, low water
absorption (< 0.01%) even in high humidity environment, biocompatibility, good mechanical
strength, high chemical resistance to hydrolysis by acids and alkaline agents as well as to polar
solvents make them an ideal candidate for various fields including packaging, optics and

medical equipment. In addition, COP shows outstanding properties including high heat
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resistance, low specific gravity, viscosity and thermal conductivity coefficient (0.12-0.15

W/m.K), and very good melt processability [14,15].
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Fig. 1. Cyclic olefin polymer synthesis from norbornene [13].

It is worth quoting that there are few documentations about COP application in membrane
technology. Hu et al. [16] investigated for the first time the gas transport and sorption
properties of the cyclic olefin copolymer (COC), the copolymer of ethylene and norbornene,
with different norbornene contents. The performance of dense COC membranes was strongly
affected by the norbornene content in the polymer matrix (i.e. more norbornene content resulted
in more fractional free volume and increase of gas solubility and permeability). Based on their
results, the sorption level of CO2 was higher than Oz and N2 and attractive CO2 permeability
and O2/N: ideal selectivity values were achieved [16]. Dogu and Ercan [17] prepared COC
composite membranes by melt processing method using a twin screw extruder and various
types of graphite nano-sheets as additives. It was reported that introducing low amounts of two-
dimensional (2D) graphitic nano-sheet into the thermoplastic matrix resulted in high
performance membranes with enhanced H2/CO2 and H2/CHa selectivities compared to other
conventional mixed matrix membranes and the current permeability/selectivity tradeoff
(Robeson's 2008 upper bound) was also surpassed for H2/CO2 [17]. Shutova et al. [18]
synthesized a novel highly permeable glassy polynorbornene to form a dense membrane. The
desorption of CO2 from a typical absorption liquid (30 wt% diethanolamine (DEA) in water)

containing dissolved CO2 was conducted under a high-pressure/temperature gas-liquid
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membrane contactor at 100 °C. Apart from the good chemical stability and the high barrier
properties for a number of alkanolmines, this membrane exhibited high gas permeability as a
result of its high fractional free volume. A stable performance of this dense membrane in
membrane contactor was confirmed [18]. In our previous study, porous COP membranes were
successfully prepared for membrane distillation (MD) application [19]. It is to be noted that
both MD and MC membranes share common characteristics such as their high porosity, liquid
entry pressure (LEP) and water contact angle with narrow pore size distributions in the range
of few hundred nanometers. In addition, some superior properties of COP polymer such as its
low water absorption and high chemical resistance seem to be very useful in membrane
contactor (MC) applications. The structure of norbornene causes a reasonably high free volume
in membrane structure that may affect the CO2 permeability [18]. To the best of our knowledge
there is no publication concerning the development of porous COP membranes for MC
applications.

In the present study, COP membranes were prepared via non-solvent induced phase
separation (NIPS) method using different additives, polyvinylpyrrolidone (PVP), polyethylene
glycol (PEG400) and sorbitan monooleate (Span 80), and two coagulants, acetone and 70/30
wt% acetone/water mixture. The characteristics of the prepared membranes were compared
with those of membranes commonly used in MC. Finally, the performance of COP membranes
was examined in MC application for CO2 absorption using 1M monoethanolamine (MEA)

aqueous solution and the obtained results were compared with other MC membranes.

2. Experimental

2.1 Materials and membrane preparation

The used polymer, chemicals, solvent and non-solvent along with the corresponding

suppliers are listed in Table 1.



1 Table 1. The list of used polymer, chemicals and solvents.

No. Material Performance Supplier
1 COP (ZEONEX® 480R)" Zeon Europe GmbH
(Mw: 480000 g/mol) polymer (Germany)
2 ?&'r{ezg%";’)ﬁ]glg’co' (PEG) Hydrophilic additive Sigma-Aldrich
3 Z\‘;I'{v‘figé'g}gggig;’r:zggo PVP) " 1iydrophilic additive Fluka Chemie AG
4 (Ssoggri]tgrécr)r)]onooleate Nonionic surfactant Sigma-Aldrich
5  Chloroform Solvent Acros Organics
6  Acetone Non-solvent Acros Organics
7  POREFIL® Wetting liquid Porometer
8  Isopropyl alcohol (IPA) Wetting liquid Sigma-Aldrich
d Monoethanolamine (MEA) Liquid absorbent Sigma-Aldrich
10 CO2/ N2 gas mixture gases Air Liquide

“ COP properties (T4: 137°C, density: 1.01 g/cm®, Melt Flow Index (MFI); 21 g/10 min obtained
under a load of 2.16 kg at 280°C).

3 A constant amount of each additive (0.2 wt%) was mixed with the solvent (chloroform)
4  using a magnetic stirrer at 120 rpm at room temperature (22 °C) for about 1 h, followed by the
5 addition of 10 wt% of the polymer (COP) in the solution. For porous membrane preparation,
6 two commonly used additives (PVP and PEG400) along with the surfactant (Span 80) were
7  tested to evaluate their role as pore former and investigate the characteristics and the MC

8  performance. The polymer solution was placed in an orbital shaker at 40°C and 100 rpm until



1 ahomogeneous dope solution was achieved. The degassed polymer dope solution was cast on
2 aflat glass at room temperature via automatic film applicator (Elcometer 4340, Elcometer®)
3 while the knife gap and its velocity were set at 0.25 mm and 100 mm/s, respectively. The cast
4  film was immediately immersed in the non-solvent coagulation bath (acetone with/without
5 water) at room temperature and left overnight. After taking out and rinsing the flat-sheet
6 membrane with acetone/water to remove any residual solvent/non-solvent additives, the
7  membrane was air-dried for 24 h. The prepared membranes together with the corresponding
8 composition of the used dope solutions and the coagulants are presented in Table 2. The
9  membrane code M-X-Y means a COP membrane (M) prepared with 0.2 wt% additive X (NA
10  without additive, PVVP, PEG or Span) in the solvent chloroform and the coagulant Y (Acetone
11 A or acetone/water mixture A/W, 70/30 wt.%).
12 Table 2. Prepared membranes together with the corresponding dope solution compositions and
13 coagulants.
Membrane code additive Additive content Solvent content Coagulant
(Wt%) (Wt%)
M-NA-A No additive 90 Acetone
M-PVP-A/W PVP 0.2 89.8 Acetone/water?
M-PEG-A PEG 0.2 89.8 Acetone
M-PEG-A/W PEG 0.2 89.8 Acetone/water?
M-Span-A Span 80 0.2 89.8 Acetone

870/30 wt% in all experiments.
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2.2 Cloud point measurement

The ternary phase diagram of the used system (polymer/solvent/non-solvent) with and
without additives was studied to understand the thermodynamic behavior of the phase inversion
membrane formation process. For this study, polymer solutions with a polymer concentration
of 1, 3, 5, 7, and 10 wt% in the solvent were prepared without any additive. To study the effect
of the additive on the thermodynamic behavior of the polymer solution, two types of additives,
Span and PEG, were considered. The additive concentration in the polymer solution prepared
with 10 wt% polymer was maintained at 0.2 wt%. The cloud point was determined by the
turbidimetric titration method at the same temperature (35 °C). For this purpose, 20 uL of each
non-solvent (i.e. acetone or acetone/water) was added stepwise to the polymer solution under
a constant agitation. For high polymer concentrations where local precipitation occurred,
agitation was continued until the solution became homogenous again. Therefore, the necessary
quantity of non-solvent tuning the polymer solution permanently turbid was regarded as the

cloud point.

2.3 Membrane characterization

The surface and cross-section morphological structure of the COP membranes were
examined by a field emission scanning electron microscope (FE-SEM, MIRA3 TESCAN,
Czech Republic). The cross-section of the samples was obtained by fracturing the membrane
samples in liquid nitrogen. Both the surface and cross-section of the membrane samples were
sputter-coated by a thin gold layer of approximately 5 nm using a rotary-pumped sputter coater

(Q150R ES, Quorum, England) during 60 s under 20 mA.

The thickness of the membranes was measured using a micrometer equipped with a feeler
(ISL Isocontrol). The average value of 30 measured results at different spots of each sample

was reported.
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The void volume fraction (i.e. porosity, ¢) of the flat-sheet membranes was determined by
measuring the density of the polymer material (ppol) using isopropyl alcohol (IPA) and the
density of the membrane (pm) using distilled water as explained elsewhere [20]. The average
of three different measurements for each membrane was reported along with their standard
deviations.

The LEP of distilled water was measured using the experimental setup detailed elsewhere
[21]. The pressure was applied gradually by means of a nitrogen cylinder on the container filled
with distilled water. The minimum hydrostatic pressure applied on the flat-sheet membrane
before water penetrates inside the membrane pores was reported as the LEP. These
measurements were carried out using three different membrane samples from different batches
and the average values together with their standard deviations were reported.

To check the hydrophobic character and wetting resistance of the membranes, the water
contact angle (WCA) and MEA contact angle (MCA) were measured in static mode at room
temperature using a computerized optical system CAM100, equipped with a CCD camera,
frame grabber and image analysis software CAM200usb. More information can be found
elsewhere [20]. A Hamilton stainless steel needle was used to control the volume of the droplet
of distilled water and 1M MEA (~12 - 14 puL). Five images were recorded during
4 s for each droplet and at least 10 drops were considered for each membrane sample to
determine the average 6 value together with its standard deviation.

The bubble pore size, the mean pore size and the small pore size of the membranes were
determined via the wet/dry flow method using the gas-liquid displacement Porometer and its
corresponding computer software (POROLUX™ 100, Porometer). First, the flat-sheet
membrane was wetted by a wetting liquid (POREFIL®, surface tension of 16 mN/m) and then,
the S-shaped wet curve was obtained by plotting the air flow rate as a function of the applied

hydrostatic pressure difference (0 — 0.7 MPa) at room temperature (23 °C). Subsequently, the
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air flow rate at different hydrostatic pressures through the dry sample was measured to obtain
the dry curve. The mentioned parameters were calculated from the obtained cumulative filter
flow (CFF) and the differential filter flow (DFF) curves. For each membrane, at least three tests
were performed. The complete followed procedure was described elsewhere [21].

The mechanical properties of the membranes, including the tensile strength, the elongation
at break and the Young’s modulus were measured according to the ASTM D 882 specification
using an universal tensile tester (SANTAM STM20) equipped with a 6 N load cell at room
temperature and a crosshead speed of 5 mm/min with an initial length of 50 mm. The tensile
test of each membrane was repeated at least for five samples, and the final mechanical
characteristics are reported as the average of the performed measurements.

In order to investigate the surface topography and roughness parameters (Ra and Rq) of both
the top and bottom surfaces of the COP membranes, the atomic force microscopy (AFM) was
carried out using the AFM, Ara research, model: Full plus. The mean roughness (Ra) is the
arithmetic average of the absolute values of the surface height deviations measured from the
mean plane, while the root mean square roughness (Rq) is the standard deviation from the mean
surface plane. The AFM measurements were conducted at room temperature over a scanning

area of 5pumx5um.

2.4 CO2 absorption test

The CO:2 absorption test was carried out using the membrane contactor schematized in Fig.
2. A counter-current flow was used for the gas and liquid absorbent. Moreover, Fig. 3 shows
the structural diagram of the used plate-and-frame membrane module. The feed gas
composition was 15 % (v/v) of COz in Nz, circulating over a membrane with an effective area
of 32.6 cm? while the 1M monoethanolamine (MEA) aqueous solution was used as absorbent.

The liquid and gas flow rates measured by a rotameter and a bubble flowmeter were fixed at

11



150 L/h and 8.4 L/h, respectively. For all experiments, the hydrostatic transmembrane pressure
and temperature were set at 5 mbar and 27+1 °C, respectively. COz concentration in the effluent
was measured by a gas chromatograph (GC) (Perkin-Elmer Autosystem GC equipped with a
TCD). The membranes were tested in both sides (side A: top surface of the membrane sample
facing the liquid adsorbent while the bottom surface was brought into contact with the
sweeping gas, and side B: bottom surface facing the liquid absorbent while the top surface was

brought into contact with the sweeping gas).

Static ’ N\
O

Mixer @
A A Y
Flat sheet membrane
) ) 4

module < \
MCF MCF
K X ()
A Al
' ' Gas o Y
chromatograph /\ .
Co, N2 Aqueous

Solution

Fig. 2. Schematic of the MC experimental setup for membrane gas absorption.

12
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Fig. 3. Plate-and-frame membrane module.

3. Results and discussion

3.1 Thermodynamic properties of polymer solutions

The thermodynamic behavior of COP solution during phase inversion process was
represented in the isothermal ternary phase diagram (Fig. 4(a-c)). Generally, the precipitation
rate of the polymer solution is an important parameter affecting the membrane structure
formation. A faster precipitation rate results in more porous and anisotropic structure [22].
According to the cloud point curve (Fig. 4(a)), it was found that the precipitation rate of COP
solution is faster compared to PVDF, a common polymer for MC membrane formation [23],
provided that the obtained data points in Fig. 4(a) were very close to the COP-chloroform axis.
Therefore, a more porous structure was expected for COP phase inversion membrane
formation. By decreasing the polymer concentration from 10 to 1 wt%, the cloud point tended
to shift progressively away from the COP/solvent axis indicating that a larger amount of

acetone was required to induce polymer precipitation. In fact, the increase of COP

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

concentration reduced the thermodynamic stability of the polymer solution and consequently
favored the instantaneous liquid demixing. Taking into consideration that a highly porous
structure of COP membranes is favorable for MC applications, a COP concentration of 10 wt%
showing a faster precipitation rate and consequently more porosity was selected for further
experiments and membrane formation.

The impact of different additives (Span and PEG) on the miscibility area of the studied
system and precipitation rate of the polymer solution is shown in Fig. 4(b). Taking into account
the turbid solution containing PVP, the system used for M-PVP-A/W membrane formation was
not investigated in terms of its cloud point. It is known that the addition of some additives
reduces the miscibility area, promotes phase separation and increases the precipitation rate of
the polymer solution tending to form a finger-like structure. However, the addition of additives
(PEG and Span) to COP polymer solution shifted the cloud point data toward the non-solvent
corner (Fig. 4 (b)). It means that a larger quantity of acetone was needed for COP precipitation
indicating delayed phase inversion process and consequently the suppression of finger-like
structure may be observed. This result also agrees with the Rusp calculated in our previous
study [19], which indicated better affinity of PEG to solvent than to non-solvent and finally the
delayed phase inversion and suppression of macrovoids occurred. Span had less affinity to
solvent than to acetone compared to PEG. Therefore, its corresponding cloud point data shifted
only slightly toward the non-solvent corner than that corresponding to PEG.

The addition of 30 wt% of water to acetone exerted a significant effect on the thermodynamic
behavior of the phase inversion process as shown in Fig. 4(c). The cloud point of the polymer
solution with PEG as additive shifted towards the COP/solvent axis indicating that less non-
solvent was required to precipitate the polymer solution. Therefore, an instantaneous phase
separation occurred compared to COP solution without additive Finally, the finger-like

structure may be expected using acetone/water as non-solvent.

14
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3.2 Morphological structure of the membranes

The FESEM images of the top (polymer/air interface), bottom (membrane side facing the
glass plate), and cross section of the prepared COP membranes with different additives are
shown in Fig. 5. The first visual inspection of the membranes indicated that the membrane M-
NA-A prepared without any additive exhibited big macrovoids and all membranes had a top
porous structure and an asymmetric cross-section configuration including both finger-like and
sponge-like structures. It is worth mentioning that the final morphology of the membranes
depended on the domination of delayed or instantaneous demixing. As it was found from the
thermodynamic experiments, the precipitation rate of COP membranes (10 wt%) was fast
indicating an instantaneous demixing. The pores at the bottom surface of the membranes were
larger than those of the top surface due to the slower phase inversion occurred near the glass-
touching side of the membrane. The structure of the COP membranes depended on the phase
separation rate influenced by the complex correlation between the thermodynamic
enhancement and the rheological hindrance, which consequently caused either induced or
suppressed macrovoid formation through the cross-section of the membranes [24]. The
addition of the PVP additive induced the enhancement of demixing as a result of the
thermodynamic instability leading to the increase of finger-like macrovoids (b-series in Fig.
5). This observation was also suggested by Nabian et al. [25] indicating that the addition of
PVP in the polysulfone polymeric solution changed the membrane structure from sponge-like
to finger-like structure, in water coagulant, and consequently improved the CO:2 absorption
flux.

According to some studies, the general effect of PEG additive was the suppression of
macrovoids and the creation of a honeycomb structure together with free porous
interconnecting channels in a sponge-type matrix [26]. This has also been proved in this study

as can be seen in Fig. 4 (b) and 5 (c-1). According to thermodynamic experiments, the addition
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of PEG made the cloud point shift towards the COP/acetone axis indicating that more non-
solvent was required to induce the polymer precipitation. Thus, the domination of delayed
demixing caused the suppression of the macrovoids. The effect of the coagulant type on the
COP membrane structure was also studied when using the PEG additive (i.e. M-PEG-A and
M-PEG-A/W membranes, c-series and d-series in Fig. 5). With the addition of water to acetone,
big macrovoids appeared through the membrane cross-section and the porosity of the bottom
surface was increased (d-3 in Fig. 5). This difference may be explained by the solubility
parameters of the COP polymer and the coagulants. In fact, the solubility parameter difference
of acetone/water (26.4 MPa’®%) toward COP (18.3 MPa%®) is higher than that of acetone (19.9
MPa®®) toward COP. Therefore, acetone/water is a stronger non-solvent than acetone, causing
a rapid demixing (i.e. a fast phase separation) and macrovoids formation [27]. This result also
agrees with the obtained cloud point data (Fig. 4 (c)) in which the system used for the formation
of PEG containing membrane required less acetone/water coagulant to induce polymer
precipitation and promote a phase inversion process favorable for finger-like structure.

Span 80 with a hydrophile-lipophile value (HLB) of 4.3 and a greater hydrophobic
character than PEG and PVP was also considered as an additive for pore formation in COP
membrane matrix. As shown in Fig. 5 (e-series), a lot of macrovoids appeared across the COP
membrane structure along with short finger-like structure at the top membrane surface. On the
other hand, the porosity of the bottom surface of the membrane was decreased. As it was shown
in Fig. 4 (b), the addition of Span to the COP polymer solution resulted in a more stable casting
solution and consequently more acetone was required to disturb the system equilibrium
compared to the system used for M-NA-A membrane formation. As a result, a delayed phase
separation occurred inducing reduced lengths of the formed finger-like structure. In addition,
the formation of drop shape-like cavities in the sponge-like layer can also be associated to the

slow precipitation rate of the COP polymer solution. This result agrees with Ge et al. [28] who
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claimed that the addition of low HLB surfactant to the polymer solution caused a more stable

casting solution and decreased the phase separation rate. As a result, the finger-like structure

was decreased and the sponge-like structure showed bigger pores.

Cross section
(%1000 magnification)

Top surface
(x100,000 magnification)

M-NA-A

P s T

SEMHV: 100KV WO 7.45 mm
View finid: 138 pm Det: nBeam
SEMMAG;1.00 kx Doyl 10410

MIRA3 TESCAN|

Mashhad (MUMS)

M-PVP-A/W

IRAS TESCAN

Washnad (MUMS)

M-PEG-A

SEM HV: 10.0 KV WD 7.30 mm
View fieid: 138 pm Det: inBeam
SEM MAG: 1.00 kx| Dateimidy): 110419

MIRA3 TESCAN|

Hashnad (MUMS)

Mashhad (MUMS)

WO: 4.72mm MIRA3 TESCAN|

SEMHV:100kY |
WView field: 1.3¢ um | InBaam
SEM MAG: 100 Kx | Date(midry): 1012619

Mashhad (MUMS)

Bottom surface

(%1000 magnification)

SEMHV: 100 KV MIRAS TESCAN

View file: 138 im
SEM MAG: 1.00 kx| Dato{miay)

Mashhad (WUMS)

%
SEMHV: 100KV | WD:4.67 mm

View field: 138 pm Det: InBeam
SEM MAG:1.01 kx| Date(midiy): 102619

MIRAJ TESCAN|

Mashhad (MUMS)

o

.
MIRA3 TESCAN|

WD: 472 mm
Det mBeam 20pm
SEM MAG: 1000 X | Date(miay) 1026110

SEM HV: 10.0 kV
View fieid: 138 pm
Mashhad (MUMS)

18




M-PEG-A/W

SEM HV: 100KV WO 7.89 mm
View field: 138 m Det: inleam
SEM MAG: 1000 x  Date(midyk 110419

M-Span-A

SEM HV: 10.0 KV WD:7.27 mm MIRA3 TESCAN|
View fleld: 138 ym Det nBeam
SEM MAG: 1.00 kx| Date(midy): 11/04/19 Mashhad (MUMS)

(e-1)

% « =0 ! O A
Scan| SEM HV: 10.0 kv WD:4.76 mm 3 TESCAN|

View feld: 138 pm Dstmssam | z0um
Mashhad (MUMS) SEM MAG: 1.00 kx _ Dale{midy}: 10,2618 | Mashhad (MUMS)

SEM HVE 100 k. WO: 467 mm MIRA3 TESCAN|
View field: 138 pm | 20 pm
SEM MAG:1.00 kx| D

Mashhad (MUMS)

Mashhad (MUMS)

(e-2) (e-3)

10

11

Fig. 5. FESEM images of the prepared COP membranes with (PVP, PEG and Span) and without

additives using different coagulants (acetone and acetone/water mixture).

3.3 Characteristics and mechanical properties of COP membranes

Table 3 summarizes the measured characteristics (Thickness, &, porosity, & ; LEP; water

contact angle, WCA; MEA contact angle, MCA; mean and bubble pore size) and the

mechanical properties (tensile strength, o, ; elongation at break, &, ; and Young’s modulus, E))

of the prepared COP membranes. Based on the obtained results, the M-NA-A was the thickest

membrane while the M-PVP-A/W was the thinnest one. In general, taking into consideration

the obtained standard deviations, no significant difference could be detected between the

thickness of all prepared membranes.
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One of the important properties in MC application is membrane porosity, which dictates
the free space for mass diffusion. Generally, a higher porosity results in a higher membrane
mass transfer coefficient (i.e. a higher porosity facilitates the gas transport in MC [7]). Based
on the obtained results, the M-NA-A and the membranes prepared with PVP membranes were
highly porous (~80%) due to the much faster phase inversion mechanism compared to the other
prepared membranes. The addition of the two types of additives (PEG and Span) resulted in a
lower void volume fraction. This is attributed to the reduction or suppression of the macrovoids
observed through the cross-section of the mentioned membranes.

For PEG additive, the decrease of the porosity was more pronounced when the coagulant
was acetone/water mixture. As stated previously, acetone/water mixture is a stronger coagulant
for COP than acetone alone, so the initial solvent and non-solvent demixing creates a less
permeable layer that hindered an easy diffusion of the non-solvent into the polymer solution
during membrane formation, resulting in smaller membrane surface pores and lower porosity
[29,30]. The same result was obtained for the membrane M-Span-A showing a porosity of
50%. According to the Lin et al. [31], who investigated the effect of a wide range of surfactants
with various HLB values, surfactants with higher HLB values are more effective to
instantaneous demixing inducing macrovoids when a polar coagulant is used. Because acetone
is a polar coagulant, the low HLB surfactant may resulted in delayed demixing and
consequently suppression of macrovoids as proved previously in Section 3.1. Moreover, it is
known that the more thermodynamically stable polymer solution decreases the phase
separation rate and the membrane porosity [7]. Taking into consideration that Span caused a
delayed demixing (Fig. 4(b)), the decrease of the corresponding membrane porosity was also
expected.

The effect of the used additives on the hydrophobic character of the COP membranes was

investigated via the measurements of the static water contact angle (WCA). As the MEA
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solution was used as absorbent in MC, the static contact angle using 1M MEA solution (MCA)
was also measured. The results were also summarized in Table 4. The M-NA-A showed a good
surface hydrophobicity with a high water contact angle (111.0+3.2°). As it was expected, the
use of the additives, PVP and PEG reduced the WCA. Since PEG is a smaller molecule than
PVP, which is more hydrophilic, the WCA of the membrane M-PVP-A/W (93.5°) was less than
that of the two COP membranes prepared with PEG (102.9" and 103.8" for M-PEG-A and M-
PEG-A/W, respectively). The slightly greater WCA of the membrane M-PEG-A/W compared
to that of the membrane M-PEG-A may be due to its higher roughness parameters as it is shown
later on. Although the roughness parameters of the membrane M-Span-A was slightly higher
than that of the membrane M-NA-A, its WCA was lower. This observation may be attributed
to the hydrophilic part of the Span additive. The MCA of all COP membranes was considerably
smaller than the WCA due to the strong dependency of the contact angle to the surface tension
of the testing liquid. The surface tension of 1M MEA solution (~ 60 mN/m) is lower than that
of water (~ 72 mN/m) due to the presence of organic compounds. Therefore, a lower liquid
surface tension leads to a lower contact angle with the membrane surface. The same contact
angle reduction with MEA solution with respect to that of water was also observed for a PVDF
membrane [32]. In general, no significant difference was observed for MCA of COP
membranes (67° -73°) if the standard deviations are taken into account. It is worth mentioning
that the highest MCA value (~73°) corresponds to the membrane prepared with Span additive
compared to the other membranes. This result has a good agreement with the roughness
parameters as discussed later on.

It has been reported that membranes used in MC applications have pore sizes ranging from
few nanometers to a few hundred nanometers depending on the fabrication method [9, 33].
According to the obtained results shown in Table 3, the addition of PVP led to an increase of

the mean pore size compared to the membrane M-NA-A prepared without any additive (265
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nm vs. 211 nm, respectively, Table 3). As explained by Matsuyama et al. [34], this is due to
the hydrophilic character of PVVP that promotes pores enlargement through its easy leaching
out into the water coagulation bath favoring water inflow and increasing the quench depth
across the membrane. On the contrary, the PEG additive reduces the mean pore size (196 nm
and 158 for M-PEG-A and M-PEG-A/W, respectively). This can be explained through
thermodynamic experiments indicating that the domination of delayed demixing causes
suppression of macrovoids. This result was also proved by the structural morphological study
illustrated in Fig. 5 (c-1). When using acetone/water mixture as coagulant, the mean pore size
was reduced while the bubble pore size was increased (1560 nm for M-PEG-A/W vs. 1408 nm
for M-PEG-A, Table 3 and Fig. 5, d-1). According to the thermodynamic study (Fig. 4 (c)), a
stronger coagulant result in a rapid demixing and some macrovoids appeared in the membrane
structure (Fig. 5 (d-1)) increasing therefore the bubble pore size. On the other hand, the addition
of water to acetone increased the viscosity of the coagulant affecting the diffusion rate (i.e.
kinetic effect), suppressing macrovoids and finally reducing the mean pore size [35]. As
mentioned in the thermodynamic study, compared to the membrane M-NA-A, the finger-like
macrovoids of the membrane M-Span-A were reduced and its sponge-like structure in the
membrane sublayer was changed to big cavities across the membrane as a result of delayed
demixing. Therefore, a significant reduction of the bubble pore size of this membrane was
observed with the increase of the mean pore size (239 nm, Table 3).

The LEP is the minimum pressure needed to wet the maximum membrane pores by the
testing liquid, in this case distilled water. In general, LEP depends on the hydrophobic character
of the membrane, the surface tension of the used liquid, water or absorbent, the maximum pore
size and its structure. In MC application, the membrane should have an appropriate LEP to
prevent liquid penetration into its pores. According to the LEP data shown in Table 3, all the

prepared membranes have LEP values greater than 1.6 bar and are within the range of

22



10

11

12

13

14

15

16

17

18

19

20

21

22

membranes commonly used in MC [8,36]. Except for the membrane M-NA-A, all COP
membranes showed a gradual decrease of the LEP with the increase of the maximum pore size
(i.e. bubble pore size), and the membrane M-Span-A exhibited the highest LEP value (4.55+0.3
bar). Although the maximum pore size of the membrane M-NA-A is much higher than that of
the other membranes, the LEP of this membrane is reasonably high due to its greater
hydrophobicity.

The mechanical properties (tensile strength, o, elongation at break, &,, and Young’s

modulus, E) of the prepared COP membranes are also presented in Table 3. In general, since
the membranes fabricated by NIPS method have macrovoids, their mechanical strength is low
as these macrovoids act as stress centralized weak points under an applied force [37]. In this
case, the COP membranes showed a tensile strength in the range 4.5- 5.1 MPa, which is suitable
for the MC applications as low transmembrane hydrostatic pressures between gas and
absorbent phases are normally applied [38]. However, the elongation at break was found to be
quite low because of the plastic behavior of COP and its application below its Ty resulting more
brittle membranes. Up on the addition of the three additives, both the tensile strength and the
elongation at break were enhanced. It is worth quoting that the additives, PVP and PEG, both
affect the flexibility of the resultant membranes and consequently better mechanical properties
were achieved. Moreover, the reduction of deep cavities with the addition of Span and PEG
(Fig. 5) improved the mechanical strength. Young’s modulus was also increased except for the
membrane M-PVP-A/W due to its larger finger-like structure compared to the other COP
membranes. It can be seen that the membrane M-Span-A having the lowest porosity or void

volume fraction, possess the highest mechanical strength.
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Table 3. Thickness (0), porosity (&), LEP, water contact angle (WCA), MEA contact angle (MCA), mean and bubble pore size, and mechanical

2 properties (tensile strength, o, elongation at break, ¢,, and Young’s modulus, E) of the prepared COP membranes.
Membrane Bubb.le Mean pore size
code O (Um) ¢ (%) LEP (bar) WCA () MCA() poresize (nm) o, (MPa) &, (%0) E (MPa)
(nm)
M-NA-A 855 80.3£3.3 1.96+0.19 111.0£3.2 70.5£3.1 11934+141 21143 4.53£0.02 4.08 £1.40 20816
M-PVP-A/W 705 79.4+£1.5 1.67+0.18 93.5+2.6 66.7x1.6 1599452 26516 4.73%£0.32 6.76 £1.70 190+4
M-PEG-A 755 75.8t1.8 2.82+0.09 102.9£2.4 67.7£1.0 1408+20 196+8 4.82+0.19 5.44 £1.79 210.1+7
M-PEG-A/W 755 73.3x2.2 2.04+0.14 103.8+1.4 69.9+2.1 1560+35 15845 5.05+0.04 6.15£1.83 222.1+6
M-Span-A 805 50 1.7 4.55%0.34 100.0£2.2 72.6%5.1 636x10 23912 5.15+0.29 7.94 £0.98 232.1+5
3
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3.3 Membrane topography

The three-dimensional surface images and the surface roughness parameters (Ra and Rq) of
both the top and bottom surfaces of COP membranes are shown in Fig. 6 and Table 4,
respectively. In the topographic AFM images, the dark and bright parts represent the pores and
nodules, respectively. In general, the obtained images of the top surface of all membranes were
almost similar, except the membrane M-PVP-A/W, which exhibited the highest Rq roughness
parameter due to some intensified asperities. The COP membranes prepared with PEG additive
(M-PEG-A and M-PEG-A/W) exhibited smoother top surfaces than that of the other
membranes prepared with and without additive. This may be attributed partly to their smaller
pore size as discussed previously. For the COP membranes prepared with PEG additive, the
addition of water to acetone coagulant caused a small increase in roughness parameters (Fig. 6
and Table 4). This observation was also reported by Ahmad et al. [39] who investigated the
effect of solvent addition in the coagulation bath. It was also observed that the addition of more
solvent in the coagulation bath (>60 wt%) increased the solvent/non-solvent affinity and
resulted in a decrease of roughness parameters. It can also be seen that the AFM topography
images and roughness parameters (Fig. 6 and Table 4) of the membrane M-Span-A is almost
similar to those of the M-NA-A membrane prepared with additive, if the standard deviations
are taken into consideration.

For all membranes, the bottom surface was rougher than the top surface due to the effect
of the glass plate during membrane formation. In fact, from figures 5 and 6, it can be seen that
the size of the pores and nodules of the bottom surfaces were greater than those of the top
surfaces.

It is well known that membrane hydrophobicity determined by water contact angle
measurement is also related to the surface roughness. In the present study, the COP membrane

prepared without any additive showed high water and MEA contact angles (111° and 71°,
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respectively). However, their roughness parameters of the top membrane surface were found
to be quite similar to those of the membranes M-PVP-A/W and M-Span-A. According to the
contact angle data, the M-PVP-A/W membrane had the least water and MEA contact angles.
This indicates that the hydrophilic nature of the high molecular weight PVP was responsible
for the reduction of contact angles. The same observation is applied when comparing the
roughness parameters of the membranes M-Span-A and M-NA-A. Taking into account the
obtained standard deviation, the difference of the MCA of these membranes could be
considered insignificant. The lower water contact angle of the membrane M-Span-A may be
associated to the hydrophilic part of the additive Span. In addition, compared to the membranes
prepared with additives, the ones prepared with PEG membranes showed lower roughness
parameters of their top surfaces but higher water contact angles (Fig. 6). Because the PEG size
is smaller than the other used additives, this can be leached out easily during membrane
preparation. Therefore, higher water contact angles were observed for the membranes prepared
with PEG compared to M-PVP-A/W and M-Span-A membranes. Pezeshk et al. [38] reported
that the addition of PEG-200 to PVDF dope solution decrease the pore size and consequently
resulted in surface roughness decrease. The mean pore size of the PEG-modified COP

membranes (Table 3) was the least among other membranes.
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Fig. 6. 3D AFM images of the top and bottom surfaces of the prepared COP membranes.

Table 4. Roughness parameters, Ra and Rq, of the prepared COP membranes.

Bottom

Membrane

code Ra(nm) Rq(nm) Ra(nm) Rq(nm)
M-NA-A 106.4+3.8 126.745.0 108.1+0.5 132.1+4.0
M-PVP-A/W 105.9+10.0 131.4+18.9 237.5%7.2 258.445.2
M-PEG-A 81.4£2.0 94.7£2.5 237.2+2.4 278.0+5.3
M-PEG-A/W 990.8+14.0 116.7£12.7 248.8+11.2 298.3+17.5
M-Span-A 107.9+2.8 129.3+4.8 120.3+3.6 152.3+6.5
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3.4 CO2 absorption test

The measured CO2 absorption flux through the membrane contactor is presented in Fig. 7.
Since the morphology of both sides of the COP asymmetric membranes are quite different, this
test was carried out for both membrane configurations (Side A: top surface contacting the
absorbing liquid while the bottom surface was facing CO2; and side B: bottom surface
contacting the absorbing liquid while the top surface was brought into contact with CO2). The
results are plotted in Fig. 7. For the Side A configuration test, all COP membranes had almost
the same CO2 absorption flux except the membrane M-PVP-A/W, which showed a slightly
higher flux due to its higher mean pore size. In general, the predominant mass transfer
mechanism for membrane gas absorption process is governed by gas diffusion through the
membrane pores. Since the diffusion coefficient in large pores is significantly higher than in
small ones, larger pore size improves the CO2 flux in gas absorption application [41]. In
addition, Nabian et al. [25] also proved that the addition of PVP to polysulfone (PSF) casting
solution caused the formation of finger-like structure improving the porosity of the membrane
and enhancing both the gas-liquid contact area and the CO2 absorption flux. It can be stated
that both the pore size and porosity exerted a major effect on CO2 absorption flux of COP
membranes. For instance, the CO2 absorption flux of PEG-modified membranes having less
mean pore size and high porosity was comparable to that of the membrane M-Span-A having
a greater mean pore size but a lower porosity.

For the side B configuration test, the CO2 absorption flux was improved significantly for
the membranes M-PEG-A/W and M-Span-A. For both membranes the enhancement of the CO2
absorption flux was about 100% (i.e. 16x107° mol/m?.s for both membranes) compared to side
A configuration test (7.8x10° and 7.9x10° mol/m?s for M-PEG-A/W and M-Span-A,
respectively). In contrast, the CO2 absorption flux of the other membranes was maintained

almost similar to that of the side A. These results can be explained as follows.
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In MC, the absorption flux depends on various factors including the morphological
structure of the membrane and the process parameters [42]. Based on the resistance-in-series
model, the overall mass transfer resistance for CO2 is the combination of COz transfer
resistance from the bulk gas phase to the gas-membrane interface, the resistance to mass
transport through the membrane pores, and the resistance from the membrane-liquid interface
to the bulk liquid phase [43]. The resistance to gas diffusion from the bulk gas to the membrane
interface can be ignored compared to the other resistances [44]. On the other hand, the liquid
phase mass transfer resistance is negligible due to the chemical reaction for absorption by the
alkaline solution [45]. Therefore, the membrane resistance has a predominant role in MC. In
fact, the membrane resistance depends on the morphological structure of the membrane, both
skin and sub-layers, together with their characteristics affecting considerably the membrane
mass transfer resistance. It was stated that the morphology of the sublayer affected more the
rate of mass transfer because the mass transfer through the membrane is solely diffusive
mechanism [7]. In the present study, the prepared COP membranes M-NA-A and M-PVP-A/W
have an asymmetric structure consisting of a dense top skin layer with a finger-like structure
near the top surface and a sponge-like structure near the bottom surface with open and larger
pores. It is generally accepted that the finger-like structure provides an easy channel for gas
diffusion while the sponge-like structure contributes to a higher mass transfer resistance [46].
Although the dense skin layer prevents liquid penetration into the pores, it decreases the contact
area between liquid and gas. On the other hand, the bottom side of the membrane (Side B
configuration test) having larger and more pores provides more contact area. Nevertheless, the
resistance caused by the sponge-like structure exerted more influence on mass transfer rate. As
a result, the orientation of the membrane has no considerable effect on the absorption flux of

these two membranes.
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Compared to the membranes M-NA-A and M-PVP-A/W, the membrane M-PEG-A has a
more homogenous structure (i.e. less finger-like structure and larger pores in the sponge-like
structure). As it can be seen in Fig. 7, the absorption flux of the membrane M-PEG-A was
almost similar to that of the membrane M-NA-A, but lower than that of the membrane M-PVP-
A/W (7.9x107° mol/m?.s for M-PEG-A vs. 8.6x10°and 10x10"° mol/m?.s for M-NA-A and M-
PVP-A, side A, respectively). It was mentioned that PEG suppressed macrovoids and resulted
in smaller pore sizes compared to the membrane M-PVP-A/W, but almost the same as the pore
size of the membrane M-NA-A. Besides, the membrane orientation had no effect on the
absorption flux due to the more homogenous cross section structure of the M-PEG-A
membrane.

The considerable enhancement of the CO2 absorption flux for the side B of the membranes
M-PEG-A/W and M-Span-A compared to that of side A may be related with the big
macrovoids observed through the cross-section of these two membranes. Moreover, the M-
PEG-A/W membrane had higher porosity and smaller mean pore size (73.3% and 158 nm,
respectively, Table 3) while the membrane M-Span-A was less porous with larger mean pore
size (50% and 239 nm, respectively, Table 3). It can be concluded that for COP membrane, the
morphology of the pores, the presence of big macrovoids in the cross section and the relative
disappearance of the sponge-like structure, are more important characteristics for better CO2
absorption flux than some membrane parameters like porosity and pore size. It is worth noting
also that larger pores induce a lower gas transport resistance and consequently a greater
permeate flux. Furthermore, in some research studies [33, 44] it was reported that a high
porosity made the process more efficient. However, the membrane M-Span-A having less
porosity showed better performance compared to the membranes M-NA-A, M-PVP-A/W and

M-PEG-A (side B, Fig. 7).

30



10

11

12

13

14

15

16

17

Wu et al. [38] also investigated the effect of membrane orientation on the membrane
contactor performance and claimed that the high CO2 absorption rate was achieved when the
bottom surface faced the water as absorbent due to the more open bottom structure. It was also
reported that when a rougher surface was faced the liquid absorbent, the anti-wetting properties
enhanced the efficiency of the absorption process. As stated earlier, the roughness parameters,
Ra and Rq, of the bottom surface of all COP membranes are greater than those of the top surface.
In addition, the bottom surface of the COP membranes showed more and bigger pores (Fig. 5
((a-3)-(e-3)) than those of the top surface. As a result, the particular sublayer morphology of
M-PEG-A/W and M-Span-A membranes along with these two positive effects resulted in an
enhancement of the CO2 absorption flux when the side B oriented membranes were used.

It is worth mentioning that a continuous test of 250 h was carried out for the two membranes
M-PEG-A/W and M-Span-A and no significant decline of the CO: absorption flux was
detected. The initial CO2 absorption flux was 1.6 x 10 mol/m2.s for both membranes, while
the final CO2 absorption flux was 1.3 x 10 mol/m?s and 1.5 x 10* mol/m?s for M-PEG-
A/W and M-Span-A membranes, respectively. This detected reduction was within the

registered experimental error.
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Fig. 7. CO; absorption flux of the prepared COP membranes placed in the MC considering the two

membrane orientations (Side A and Side B).

For sake of comparison, the MC performance together with some characteristics of
commercial and prepared membranes are summarized in Table 5. It is worth quoting that the
hollow fiber configuration is the most commonly used type of membrane for MC research
applications. Compared to the commercial and prepared MC membranes, the COP membranes
showed good features in terms of mean pore size, porosity, contact angle and LEP data. The
mean pore size of the COP membranes was in the range of 158-265 nm, which is in a good
agreement with the pore size of commercial membranes (~ 200 nm). Moreover, the porosity of
COP membranes was reasonably high (i.e. greater than 73%), except the membrane M-Span-
A, which had a porosity of 50%. As can be seen in Table 5, most of MC membranes had a
porosity about 40-50% and only few of them exhibited a porosity greater than 70%. Although
COP membranes had a good hydrophobic character, determined by water contact angle
(WCA), the hydrophobicity of the membranes presented in Table 5 were better than that of

COP membranes except the commercial PVDF membrane. Among all used materials in MC,
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PTFE has the lowest surface free energy and consequently not only hydrophobic but
superhydrophobic membranes were achieved. In general, the proposed COP membranes were
suitable in MC applications. The CO:2 absorption flux of the prepared COP membranes in this
study was within the range of the claimed values for commercial and developed MC

membranes.
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1 Table 5. Membrane characteristics and CO2 absorption flux of different types of commercial and prepared membranes for MC applications.

a .
Membrane material Module Hp € LEP WCA  Absorption flux Absorbent

M Test conditions Ref.
configuration  (nm) (%) ©) (mol/m?.s) liquid
. ) Agueous solutions  Feed: CO»/N, mixtures (15% vol. CO,) [47]
b c - ~ - - 4
Commercial PTFE HF 33 2.7<10 of MEA (30 wt.%) Gas velocity: 0.04m/s
Feed: CO2/N; mixtures (5-10% vol.
. ) COy) [48]
d _ _ 4 e
Commercial PTFE HF 450 50 2x10 1M AMP Gas flow rate:16-64 mL/min
Feed: COa/air (9% vol. COy) [49]
Commercial PTFEf HF - 50 - - 25x10 2M MEA Gas flow rate:425L/h
Liquid flow rate: ~0.006 m®h
Feed: CO,/N, mixtures (1-9.5% vol.) [50]
PTFE FSse 166 85 - 135.1 1.1x10* 0.06M MEA Liquid flow rate:250 mL/min
Gas flow rate:200 mL/min
Feed: CO2/N; mixtures (20% vol CO,) [51]
Commercial PVDF" HF 200 60 - - 3.5x10* 1M MEA Liquid velocity: 1m/s
Gas flow rate:200 mL/min
. Feed: biogas (CO,/ CH4: 40/60 vol%)
g_lf_p'):eErPydrophoblc HE i 45 i 158.4 5 6x10- 20 wt% K,CO3 Gas flow rate: 500 mL/min [52]
' ' solution Liquid flow rate:75 mL/min
P=1 bar
Feed: CO,/N, mixtures (1-15% vol.
. . . COy) [53]
j - 4
Commerical PVDF HF 200 50 96.3 1.3x10 1M MDEA Liquid flow rate: 200 mL/min
Gas flow rate: 200 mL/min
Feed: CO,/N, mixtures (1-15% vol.
. ) COy) [53]
k _ _ 4
Commerical PP HF 200 40 129.4 2x10 1M MDEA Liquid flow rate: 200 mL/min
Gas flow rate: 300 mL/min
. H 0
Commerical PP' HF 230 - ] 122 ~2.3x104 1M MEA Feedi_?clﬁé’\ﬁ;‘\j\;’;gg?slgzgqf /‘é?i'nCOZ) [54]
Superhydrophobic PP HF 200 - 158 ~1.8x10* 1M MEA g :

Gas flow rate: 200 mL/min
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Feed: CO2/N; mixtures (15% vol CO,)

Commerical PP™ HF 40 40 - - 6.1x10° ionic liquid” Liquid flow rate: 60 mL/min [55]
Gas flow rate: 100 mL/min
. Feed: CO2/N; mixtures (20% vol CO,)
Commerical PP° HE 200 65 : : ~0.a6x104  3ducons sotions Liquid flow rate: 100 mL/min [56]
(30% wr) Gas flow rate: 200 mL/min
Feed: pure CO; [57]
Coated PVDF-silica FS 78 76 6.2 120 2.84x10* 1M DEA Liquid flow rate: 100 mL/min
Gas flow rate: 100 mL/min
Feed: 15 % (v/v) of COz in N;
This study (M-Span-A) FS 239 50 4.55 100 1.6x10* 1M MEA Liquid flow rate: 150 L/h
Gas flow rate: 8.4 L/h
1 & mean pore size
2 b: fiber supplier: Polymem (Toulouse, France)
3 ¢ hollow Fiber
4 9 supplied by Sumitomo Denko Co., Ltd. (TB-21)
5  e:sterically hindered 2-amino-2-methyl-1-propanol
6 supplied by Sumitomo Electric Fine Polymer (Japan)
7 9: flat Sheet
8 h: supplied by Memcor Australia (South Windsor, New South Wales, Australia)
9 I PTFE hollow fiber membrane supplied by DD Water Group Co., Ltd, China
10  I: supported from Pall Co. (UMP-0047R)
11k supported from Pall Co. (LM2P16)
12 I supplied by Tianjin Blue Cross Membrane Technology Co., Ltd., China
13 m: mesoporous polypropylene hollow fiber membranes potted with polyurethane supplied by Liqui-Cel ™, USA.
14 ™ (1-ethyl-3-methylimidazolium ethylsulfate([emim][EtSO4]))
15 °: supplied by GDP Filter Indonesia membrane industry
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4 Conclusions

Porous flat-sheet membranes were prepared with a novel and cost effective engineering
polymer (COP) via NIPS technique using different additives (PVP, PEG400 and Span 80) and
coagulants (acetone with/without water). The study of thermodynamic behavior of COP
membranes during phase inversion confirmed the fast solidification process of COP
membranes inducing a more porous structure. The addition of PEG and Span resulted in a
delayed demixing, suppressing the finger-like structure observed in the membrane structure of
the COP membrane prepared without additive and the formation of some big voids. The
structural properties of COP membranes showed that the porosity and pore size of the
membranes were in the range of 50 - 80% and 158 - 265 nm, respectively. The hydrophobic
character of COP membranes was confirmed by the high water contact angle that achieved
111°. The contact angle of the prepared membranes using 1M MEA as a liquid absorbent was
found to be in the range 67-73° being the maximum value for the membrane M-Span-A. The
LEP data (1.67 - 4.55 bar) indicated that the prepared COP membranes can be used in MC
applications. The mechanical properties including tensile strength, elongation at break and
Young“s modulus lied between 4.53 - 5.15 MPa, 4.08 - 7.94% and 190 - 232 MPa, respectively.
These data are comparable with those of the membranes frequently used in MC. The MC
performance test carried out using 1M MEA solution as absorbent showed a maximum CO:2
absorption flux of 1.6x10* mol/m2.s for COP membranes prepared with PEG and Span 80
additives when the liquid absorbent was brought into contact with their bottom side. The effect
of the membrane orientation on CO2 absorption flux was also investigated and based on the
obtained results, the larger pores in contact with the absorbent liquid along with macrovoids in

the membrane cross section resulted in better MC performance.
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