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Résumé

Dans ce projet de doctorat, des membranes microporeuses (fibres creuses) et
hautement hydrophobes a base de polyéthyléne basse densité (LDPE) pour utilisation dans
la capture du CO, dans des contacteurs gaz-liquide a membrane (GLMC), ont été
fabriquées en utilisant une nouvelle méthode simple, sans solvant ou diluants, autant
¢cologique qu’économique, et qui ne nécessite aucun post-traitement mécanique ou
thermique. Pour produire des fibres creuses et contrdler leur porosité, on combine deux
techniques, 1’extrusion et le lavage de sel. Un mélange de LDPE et de particules de NaCl
de différentes concentrations en sel conduit a la production des fibres (par extrusion) qui
sont ensuite immergées dans I’eau pour éliminer le sel emprisonné dans le polymére et
obtenir autant une structure microporeuse qu’une surface rugueuse hautement hydrophobe.
La nouvelle méthode constitue une alternative trés prometteuse aux méthodes actuellement
utilisées pour la fabrication des membranes hydrophobes, principalement basées sur un
processus d'inversion de phase qui implique des solvants toxiques et colteux.

Les membranes fabriquées ont été caractérisées en termes de morphologie, densité,
porosité et distribution de taille des pores, hydrophobicité, pression de percée et propriétés
mécaniques. Comme le phénomene de mouillage des membranes en contact avec les
solutions absorbantes est la cause principale de la réduction de I’efficacité des GLMC a
long terme, une étude approfondie sur la compatibilité membrane/liquide absorbant a été
réalisée. La stabilité morphologique, chimique et thermique des membranes en contact
avec différentes solutions aqueuses d'alcanolamines a base de monoéthanolamine (MEA)
et 2-amino-2-hydroxyméthyl-1,3-propanediol (AHPD), ainsi que des mélanges MEA/PZ
(pipérazine) et AHPD/PZ, a été investiguée en détail.
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Abstract

In this work, highly hydrophobic low density polyethylene (LDPE) hollow fiber
membranes aiming to be used for CO; capture in gas-liquid membrane contactors (GLMC)
were fabricated using a simple, novel method, without solvent or diluents, economic and
environmentally friendly, which does not require any mechanical or thermal post-
treatments. In order to produce hollow fibers and control their porosity, the process
combines melt extrusion and template-leaching techniques. A mixture of LDPE and NaCl
particles first produce blends with different salt contents. A microporous structure and a
rough highly hydrophobic surface can then be produced by leaching the salt particles from
the hollow fiber matrix via immersion in water. The new method represents a very
promising alternative to conventional membrane fabrication approaches which are mainly
based on phase inversion process that involves toxic and expensive solvents.

The fabricated membranes were characterized in terms of morphology, density,
porosity and pore size distribution, hydrophobicity, breakthrough pressure and mechanical
properties. Since the phenomenon of membrane wetting by liquid absorbents is the major
cause of the reduction of long-term efficiency of GLMC, a comprehensive study on the
compatibility between membrane and absorbent liquid was performed. Morphological,
chemical and thermal stability of LDPE membranes in contact with different aqueous
alkanolamine solutions including monoethanolamine (MEA) and 2-amino-2-
hydroxymethyl-1,3-propanediol (AHPD), as well as blends of MEA/PZ (piperazine) and
AHPD/PZ, was investigated in detail.
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Foreword
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direct relationship with the aim of this thesis (fabrication of highly hydrophobic polymeric
membranes). It also deals with membrane stability, another important parameter to be taken
into account in industrial applications. The effect of several parameters including the
properties of absorbents (operational conditions, flow rate, type and concentration) and
membranes (hydrophobicity, pore size and porosity) on wetting phenomenon, as well as
different methods to prevent membrane wetting, along with their advantages and
drawbacks are discussed in detail. This section is the subject of a review paper. The
Introduction chapter ends with Conclusions and Objectives of this work. Chapters 2-4
describe the hollow fiber membrane fabrication (as the main objective of this thesis) and
the investigation on the stability of the fabricated membranes in contact with alkanolamine
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Chapter 1

Introduction

1.1. Literature review
1.1.1. CO; capture and storage (CCS)

Carbon dioxide (CO,) is known to be the main greenhouse gas. Today, the important
CO; emissions are known to have an impact on global climate change. From continuous
monitoring, global concentrations of CO, in the atmosphere have increased from pre-
industrialisation levels (around 1860) of approximately 280 parts per million by volume
(ppmv) to approximately 316 ppmv in 1958 and rapidly increased to approximately
369 ppmv today (UNEP, 2005). The global CO, concentration is predicted to rise to levels
above 750 ppmv by 2100 if no action is taken to redress the current situation.

Power generation from fossil fuel-fired power plants (e.g. coal and natural gas) is the
single largest source of CO, emissions (Freund, 2003). However, fossil fuel fired power
plants play a vital role in meeting energy demands. For instance, coal-fired power plants
could be operated flexibly in meeting with varying demand. With growing concerns over
the increasing atmospheric concentration of anthropogenic greenhouse gases, effective CO,
emission abatement strategies such as Carbon Capture and Storage (CCS) are required to
combat this trend (Yang et al., 2008). CCS consists in the separation of CO, from industrial
and energy-related sources, transport to a storage location and long-term isolation from the
atmosphere (Wang et al., 2011). From this definition, CCS consists of three basic stages:
(a) separation of CO,; (b) transportation and (c) storage. As an alternative to storage, the
captured CO, can also find applications in different industrial processes, like catalytic
conversion in high-value products (CO, valorisation by chemical conversion) (Ma et al.,

2009).

1.1.2. CO;, Capture Strategies
The objective of CO; capture is to produce a concentrated stream, ready for use.

Depending on the concentration of CO; in the gas stream, the pressure of the gas stream

1
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and the fuel type (gas or solid), the potential pathways to sequestration are divided into

different categories as described next.

1.1.2.1. Pre-combustion

The pre-combustion process is essentially based on the decarbonization of
carbonaceous fuels. In this case, the primary fuel in a reactor is processed with controlled
oxygen or air to produce a mixture consisting of carbon monoxide and hydrogen (synthesis
gas). Subsequently, additional hydrogen, together with CO,, is produced through the water
gas shift reaction in a second reactor (shift reactor). The resulting mixture of H, and CO,
can then be separated into two purified gas streams (Pires et al., 2011). CO, can be used in
different industrial processes or stored, while hydrogen is a carbon-free energy carrier that
can be combusted to generate power and/or heat, as well as used in industrial processes
(like catalytic hydrogenation). Fuel conversion steps are more elaborated and costly
compared to the post-combustion systems. The high concentrations of CO, produced by the
shift reactor (typically 15 to 60% by volume on a dry basis) and the high pressures often
encountered in these applications are more favorable for CO, separation. Pre-combustion is
however an interesting process that can be used in power plants that employ integrated

gasification combined cycle (IGCC) technology.

1.1.2.2. Post Combustion

Post-combustion capture involves removal of CO, from flue gas, which comes for
example from the thermal power plant combustion chamber as shown in Fig.1.1. Existing
power plants use air for combustion and generate a flue gas at atmospheric pressure and
typically have a CO, concentration of less than 15% (Figueroa et al., 2008). Thus, the
thermodynamic driving force for CO, capture from flue gas is low creating a technical
challenge for the development of cost effective advanced capture processes (Figueroa et
al,, 2008). The low concentration of CO, in power-plant flue gas (13-15% for coal-fired
power plants, 7-8% for gas-fired power plants) implies handling of large volumes of gas,
which results in large equipment sizes and high capital costs. Technologies based on

chemical absorption appear to be best adapted to this separation. Other technologies like



adsorption, membranes, and cryogenic capture are less suitable for post-combustion capture
than pre-combustion capture, mainly for the following reasons (Mondal et al., 2012):

e A much lower partial pressure of CO, in post-combustion exhaust gases than in syngas
originating from a gasifier or a reformer.

e The presence of larger quantities of dusts, impurities such as SOx and NOx, and non-

condensable gases, particularly oxygen.

C02 to
power storage
T T Exhaust to
Fuel Power Flue gas CO, atmosphere
generation separation —— >
Air unit unit

Figure 1.1. Principle of post-combustion CO, capture.

1.1.2.3. Oxyfuel combustion

In these systems, fuel is combusted with pure oxygen instead of air to produce a flue
gas that mainly contains water vapor and CO,. This results in production of a flue gas with
high CO, concentrations (larger than 80% by volume) (IPCC, 2005). The water vapour is
then removed by cooling and compressing the gas stream. Oxyfuel combustion requires the
upstream separation of oxygen from air, with a purity of 95-99% oxygen assumed in most
current designs (IPCC, 2005). Further treatment of the flue gas may be needed to remove
air pollutants and non-condensed gases (such as nitrogen) from the flue gas before CO, is
sent to storage. As a method of CO, capture in boilers, oxyfuel combustion systems are still
in the demonstration phase. Oxyfuel systems are also being studied in gas turbine systems,

but conceptual designs for such applications are still in the research phase.

1.1.3. Post-combustion CO, Capture Techniques
In order to capture CO, different techniques have been developed which are

described in Fig. 1.2.
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Figure 1.2. CO; capture techniques.

1.1.3.1. Adsorption

Adsorption is a physical process that involves the attachment of a gas or liquid to a
solid surface. The properties of the adsorbed particles (molecular size, molecular weight
and polarity) and the adsorbent surface (polarity, pore size and spacing) determine the
adsorption quality (Pires et al., 2011). Since adsorption is an exothermic process, the
regeneration of the adsorbents through desorption can be performed by rising the
temperature (temperature swing adsorption, TSA), reducing the pressure (pressure swing
adsorption, PSA) or through passing a high voltage electricity (electric swing adsorption,
ESA). Adsorbents, which could be applied to CO, capture, include for example activated
carbon, alumina, metallic oxides and zeolites (IEA GHG, 1993; Zhao et al., 2007; Hedin et
al., 2013).

Adsorption presents lower energy requirements when compared to absorption
(Drage et al., 2009). However, current adsorption systems may not be suitable for
application in large-scale power plant flue gas treatment. At such scale, the low adsorption
capacity of most available adsorbents may pose significant challenges. In addition, the flue
gas streams to be treated must have high CO, concentrations because of the generally low
selectivity of most available adsorbents. For instance, zeolites have a stronger affinity for

water vapour (IEA, 2004; IEA, 2007; Zhao et al., 2007).
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1.1.3.2. Physical absorption

This process involves the absorption of CO, into a physical solvent, based on
Henry's law. Physical absorption takes place at low temperatures or high pressures.
Regeneration can be achieved using heat, pressure reduction or both. As such, the main
energy requirements originate from the flue gas pressurization. Physical absorption is
therefore not economical for flue gas streams with CO, concentration lower than 15 vol%
(Chakravati et al., 2001, IEA, 2004). Typical solvents are Selexol (dimethyl ethers of
polyethylene glycol) and Rectisol (methanol) (IEA GHG, 1993).

1.1.3.3. Chemical absorption

Chemical absorption involves the reaction of CO, with a chemical solvent to form a
weakly bonded intermediate compound which may be regenerated with the application of
heat, producing the original solvent and a CO, stream (IPCC, 2005). Since this process
involves chemical reactions between a chemical absorbent and CO,, it can be accelerated at
temperatures higher than room temperature. Among all CO, capture techniques, chemical
absorption in liquids (absorbent solutions) is the most well-established technology due to
its highest CO, removal efficiency (up to 90%) (Gabelman, 1999). The selectivity of this
form of separation, offered by the chemical absorbent, is relatively high. In addition, a
relatively pure CO, stream (around 98%) could be produced. These factors make chemical
absorption well suited for CO, capture for industrial flue gases. Commonly used chemical
absorbents are aqueous solutions of alkanolamines, especially monoethanolamine (MEA).
But alkanolamines like MEA can easily be degraded in the presence of oxygen (Davidson,
2007). Oxygen levels of less than 1 ppm in flue gas are recommended for use with MEA
when corrosion inhibitors are not employed (IEA GHG, 1993).

1.1.3.4.Cryogenic distillation

The cryogenic process concerns the separation of CO, from the flue gas stream by
condensation. At atmospheric pressure, CO, condenses at —56.6 °C (IEA GHG, 1993).
Considering its high refrigeration cost, this process is suitable for treating flue gas streams
with high CO, concentrations (Pires et al., 2011). Cryogenic distillation has the advantage

that it enables direct production of liquid CO,, which is more economical for transport by
5
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ships or pipelines. The most promising application for cryogenic distillation is the
separation of CO; from gases with high CO, partial pressures, such as in pre-combustion or

oxyfuel combustion (Wang et al., 2011).

1.1.3.5. Membrane separation

In membrane-based separation, selectivity is provided by the membranes
themselves. This process normally uses thin polymeric films. Permeation rates would differ
based on the relative sizes of the molecules or diffusion coefficients in the membrane
material. The driving force for the permeation is the difference in partial pressure of the
components at either sides of the membrane (Wang et al., 2011; Pires et al., 2011). The gas
permeation processes have advantages of applicability in industrial processes (air
separation, hydrogen recovery and carbon dioxide capture from natural gas); and high
packing density, which requires small installations (Bounaceur et al., 2006). However, the
selectivity of this separation process is low and thus only a fraction of the CO, is captured.
In addition, the purity of the captured CO; is low for the same reason (IEA, 2004; IEA
GHG, 1993). Multistage separation is employed to capture a higher proportion of CO,,
incurring extra capital and operating costs (Chakravati et al., 2001; IEA, 2004; IEA GHG,
1993).

1.1.4. Gas-Liquid Membrane Contactors (GLMC)

Although absorption columns have been of industrial interest for decades, an
important disadvantage of these systems arises from the direct contact of two fluid phases,
which can lead to operational difficulties such as foaming, emulsions, unloading and
flooding (Falk-Pedersen and Dannstrom, 1997; deMontigny et al., 2005). Non-dispersive
contact via a microporous membrane is an alternative technology that overcomes these
disadvantages. In addition, the main challenge of maximizing the mass transfer rate is to
produce as much interfacial area as possible (Li and Chen, 2005; Mansourizadeh and
Ismail, 2009). For packed columns, this requires a good selection of packing material and
uniform distribution of fluids, and for bubble columns the design challenge is how to
minimize the bubble or droplet size of the dispersed phase, which is very difficult. Gas

liquid membrane contactors (GLMC), using microporous membranes, offer substantially
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more interfacial area per unit volume than columns (Dindore et al., 2004, Pubby and Sastre,
2013). This advantage is much more notable when using hollow fiber membranes with
remarkably higher packing factor (interfacial area to the total volume of contactor). Falk-
Pedersen and Dannstrém (1997) reported 72% reduction in size and 66% reduction in

weight for membrane contactors compared with conventional columns (Table 1.1).

Table 1.1. Comparison of conventional absorber and membrane gas/liquid contactor (Falk-

Pedersen and Dannstrom, 1997).

Column Membrane contactor
Size (width, length, height) (m) 4.5%x45x%x21.8 4.5%x45%x5
Weight (tons) 70 24

Nishikawa et al. (1995) also showed that the overall volumetric mass transfer
coefficient of hollow-fiber gas-liquid contactors is more than 5 times larger than that of a
conventional packed bed, which suggests that using membrane contactors has the
advantage of making the absorber more compact. Compared with flat membranes, hollow
fiber membranes have attracted more attention, since they provide more interfacial area per
unit volume, typically 30 times more than the area achievable in conventional gas absorbers
(Gabelman and Hwang, 1999; Kosaraju et al., 2005). In addition to the mentioned
advantages, membrane contactors provide the following benefits: operational flexibility,
which arises from independent flow of gas and liquid which can then be manipulated
independently, economy, which is attributed to the impact nature of these devices which
makes them less energy consuming and ease of linear scaled-up (Li and Chen, 2005).

In a membrane contactor, the gas mixture and the liquid absorbent are fed to the
contactor in counter-current or co-current flows. Fig. 1.3 shows the scheme of a typical

membrane contactor with counter-current gas and liquid flows.
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Figure 1.3. Typical scheme of a hollow fiber membrane contactor (Gabelman and Hwang,
1999).

As shown in Fig. 1.4, gas molecules penetrate through the wall of the membranes
and meet the liquid absorbent on the other side. Membranes used in these systems act as an
interface between the gas and the liquid in order to prevent the dispersion of one phase in
the other. In addition, in membrane contactors the permeated gas is absorbed rapidly by the
liquid absorbent, thereby maintaining the concentration difference as the driving force on

both sides of the membrane.

[

Figure 1.4. Gas penetration through a membrane in a membrane contactor (Falk-Pedersen
and Dannstrom, 1997).
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1.1.5. Ciriteria for the selection of membrane and absorbent in membrane contactors

CO; absorption in membrane contactors have been studied in the literature using
different membrane materials, including polypropylene (PP) (Rangwala, 1996; Falk-
Pedersen and Dannstrom, 1997, Kumar et al, 2002; Lin et al, 2008),
polytetrafluoroethylene (PTFE) (Matsumoto et al., 1995; Kim and Yang, 2000; deMontigny
et al., 2006; Lu et al., 2010), polyvinylidene fluoride (PVDF) (Dindore et al., 2004; Zhang
et al., 2008; Rongwong et al., 2009) and polysulfone (PS) (Mansourizadeh and Ismail,
2010; Rahbari-Sisakht et al.,, 2012), as well as different absorbents, including
monoethanolamine (MEA) (Falk-Pedersen and Dannstrom, 1997; Kim and Yang, 2000;
Zhang et al., 2008; Lv et al., 2010; Chen et al., 2011), diethanolamine (DEA) (Rangwala,
1996, Kumar et al., 2002, Wang et al., 2004a), hindered amine solutions (Lin et al., 2008;
Bougie and Iliuta, 2010) and activated salts (Kumar et al., 2002; Yan et al., 2007; Lu et al.,
2009).

Membranes selected to be used in membrane contactors should have specific
properties including high porosity, small pore size (ideally around 0.1 um), low surface
energy (to minimize its wettability in contact with absorbents) and high chemical stability
(Dindore et al., 2004).

The selection of liquid absorbents should also be based on criteria including high
reactivity with CO, (Yang and Cussler, 1986), high surface tension to reduce its wetting
tendency in contact with membranes (Kruelen et al., 1993), chemical compatibility with the
membrane to prevent possible chemical reactions between the absorbent and membrane
(Barbe et al., 2000; Wang et al., 2004a), low vapor pressure (if the solvent is volatile, its
vapor can fill the membrane pores and even penetrate through the membrane into the gas
phase, which will increase the total mass-transfer resistance) (Kim and Yang, 2000), and

high thermal stability to avoid decomposition during regeneration (Li et al., 2005).

1.1.6. Hollow fiber membrane fabrication
Based on their structure, membranes are characterized as in Fig. 1.5. Gas
permeation through dense membranes occurs by solution diffusion. These kinds of

membranes are commercially desirable when they are cast as very thin films. Unlike



homogeneous microporous membranes, heterogeneous membranes have non-uniform pore
structures. Heterogeneous membranes, having a thin, dense top layer are called asymmetric
membranes. Heterogeneous membranes, having a dense top layer created in a separate step
(e.g. coating) are known as thin-film composite membranes. Generally, there are two main
techniques for membrane fabrication including melt-spinning and solution spinning which

will be discussed next.

Synthetic membranes
|

Homogeneous Heterogeneous

Dense  Microporous Asymmetric  Thin film composite

Figure 1.5. Membrane classification based on their different structures (Puri, 1990).

1.1.6.1. Melt spinning

This process uses either a single or twin-screw extruder to melt and transport the
polymer melt through a die (spinneret). The die used for melt-spinning of fibers typically
has the cross-section shown in Fig. 1.6. The polymer solution is pushed through the outside
annulus and the core gas is used to maintain and control the diameter of the extruded fiber

(Puri, 1990).

Figure 1.6. Cross-section of a typical hollow fiber membrane spinneret: 1) air, 2)
polymer melt (Puri 1990).
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Melt-spinning is a solvent-free method of membrane fabrication and leads to the
formation of homogeneous membranes with a dense structure. In order to form a
microporous structure, spinning should be coupled with another technique. The techniques

used for homogeneous microporous membrane fabrication are described here:

1.1.6.2. Melt-spinning and stretching (MS-S)

This process comprises the melt-spinning of a polymer, followed by a stretching step,
in which the micropores are formed due to the mechanical force (Kim et al., 1994). The
general hollow fiber membrane fabrication procedure via MS-S method is described in Fig.

1.7.

Polymer L Melt-spinning || Cooling_” Take up_Jl Annealing || Stretching || Reanealing

Figure 1.7. Microporous hollow fiber membrane preparation procedure via melt-spinning
and stretching.

The polymer goes through the spinning process to form dense membrane
precursors, which are then annealed at a temperature close to the polymer melting point to
develop their crystallinity. A simple scheme of a hollow fiber spinning apparatus typically
used is illustrated in Fig. 1.8. The dense precursors are stretched either in one (cold
stretching) or two (cold and hot stretching) steps to form a microporous structure. The
microporous membranes are then re-annealed to maintain their original dimensions and
avoid shrinkage (Kim et al., 1994).

Since melt-spinning and stretching does not employ any solvent or diluent, it is a
very clean and economical process. In addition, this process does not involve any phase
separation and therefore, is easy to handle. In addition, membranes prepared by this method
have quite high mechanical strength, due to the high degree of molecular orientation (Kim
et al., 1995). There are several reports in the literature concerning the fabrication of
microporous membranes, including PP (Kim et al., 1994, Kim et al., 1995, Mei et al.,

2002), PVDF (Du et al., 2007), PE (Kim et al., 2008, Xi et al., 2008, Shen et al., 2002),
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PVDF/PU (Hu et al., 2011), and PVDF/PU/PEG (Hu et al., 2010) using the MS-S

technique.
happer
metenng pump motor
barrel
*
spinneret
flowmeter SCreen ‘
N grm—- 14
=y =)
L ar quencher

guide .-/

rolle ,
T take=up winder

Figure 1.8. Hollow fiber spinning apparatus (Kim et al., 1994).

1.1.6.2.1. Micropore formation mechanism

MS-S method is applied to semi-crystalline polymers including an amorphous phase
as well as a crystalline one. Such polymers, under high stresses applied on the polymer melt
during extrusion, form a row lamellar structure which is developed during the annealing
process (Keller and Marchin, 1967; Shen et al., 2002). The highly oriented, row nucleated
lamellar structures usually have the unique properties of “hard elastic” polymers: high
orientation, high modulus, and high elastic recovery. The term “hard elastic” is commonly
used since its modulus of elasticity is much higher than those of classical elastic or rubbery
polymers with similar recovery properties at strains of less than 50% extension. This type
of hard elastic behavior has been reported in polyethylene, polypropylene,
polyoxymethylene, and nylon-6,6 when effectively annealed (Yu and Wilkes, 1996).
Afterwards, during stretching, the crystalline phase forms lamellae stacks, while the

amorphous phase forms micropores and microfibrils, acting as connections between

12



lamellae stacks (Kim et al., 2008). The morphology of PE hollow fiber membranes
fabricated via MS-S process, including micropores, lamellae stacks and microfibrils, is

depicted in Fig. 1.9.

Figure 1.9. a) Inner surface images of membrane prepared from annealed hollow fiber

precursors by hot stretching, b) (a) at higher resolution (Kim et al., 2008).

1.1.6.2.2. Effect of MS-S parameters
As defined in the literature, in the MS-S process, the membrane structure is affected by
spinning (extrusion) parameters including the melt-draw ratio, defined as the ratio of take
up speed and extrusion rate (extrusion rate is the volumetric flow rate of the spun fiber
coming out of the spinneret to the annular cross-sectional area of the spinneret), spinneret
temperature, which is the temperature of the die zone where the hollow fiber melt comes
out of the extruder and annealing temperature, as well as stretching parameters including
temperature, rate, and ratio (Kim et al., 1994, Kim et al., 1995, Kim et al., 2008, Du et al.,
2007, Xi et al., 2008)
The parameters studied in the literature as well as their impacts on membrane

structure are presented in Table 1.2.

—
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Table 1.2. Effect of melt-spinning and stretching on hollow fiber membranes structures.

Spin.T*

Melt-draw ratio Take up S"

Anneal. T¢  Stretch. R?

Stretch. ratio Stretch.T®

Ref.

Crystallinity

Direct Direct

Direct

Direct

Kim et al., 1994
Kim et al., 1995
Du et al., 2007
Kim, 2008

Bubble point pressure Direct

Reverse

Reverse

Reverse

Kim et al., 1994
Kim et al., 1995
Du et al., 2007

Pore size

Direct

Direct Direct

- Reverse

Direct

Kim et al., 1994
Kim et al., 1995
Du et al., 2007
Kim, 2008

Xi et al., 2008

Porosity

Direct Direct

- Direct

Direct -

Direct Direct

Kim et al., 1994
Kim et al., 1995
Du et al., 2007
Kim, 2008

Xi et al., 2008
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Table 1.2. Effect of melt-spinning and stretching on hollow fiber membranes structures (continued).

Spin.T* Melt-draw ratio Take up S Anneal. T° Stretch. R Stretch. ratio Stretch. T® Ref.

Elastic recovery Direct direct Du et al., 2007
cte - Kim, 2008
Fiber inner diameter cte Kim et al., 1995
Reverse Du et al., 2007
Fiber thickness Reverse Kim et al., 1995
- Du et al., 2007
Contact angle Direct Xi et al., 2008

® Spinneret temperature, " Take up speed, ¢ Annealing temperature, ¢ Stretching rate, © Stretching temperature
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1.1.6.2.2.1. Effect of extrusion parameters

The influence of melt extrusion parameters including melt-draw ratio, annealing
temperature, and spinneret temperature on membrane properties has been investigated in
the literature (Kim et al., 1994; Chu et al., 2012). It was concluded that the melt-draw ratio
and spinneret temperature can influence the degree of orientation of the hollow fiber
membrane, while annealing temperature does not affect this property. Instead, crystallinity
is affected by the annealing temperature, as well as the take up speed. Fig. 1.10 shows that
birefringence increases with increasing melt-draw ratio due to higher stresses applied on the
hollow fiber passing through the spinneret. In addition, the viscosity and consequently the
stress of the polymer melt increases at lower temperature. Therefore, birefringence
increases with decreasing spinneret temperature (Fig 1.10), whereas birefringence (i.e.
molecular orientation of the hollow fiber membranes) was not influenced by annealing
temperature (Fig. 1.10g). Crystallinity of hollow fiber membranes was identified with
sample density. The density of the sample (i.e. crystallinity) increases with increasing melt-
draw ratio (Fig. 1.10b) and annealing temperature (Fig. 1.10b), while it is not affected by
the spinning temperature (Fig. 1.10e).

It was also concluded that the bubble point pressure (breakthrough pressure) was
dependant on melt-draw ratio, spinning temperature and annealing temperature as shown in
Fig. 1.10c and 1.10f and 1.101. As the melt-draw ratio increased, the bubble point pressure
decreased (due to the increase in dy.x (maximum pore diameter) in eq. 2.1), which is
attributed to the changes in morphology and crystalline order. Similarly, when the sample
was spun at lower temperature, it had a more ordered structure and consequently lower
bubble point pressure. The annealing step also helped the hollow fibers to have a more
ordered structure; i.e. smaller bubble point pressure via recrystallization and rearrangement

of the polymer chain.

16



1B

20
[ ]
s 1} (a) s (@
o m ] Qo
22 14 . o 6f
£ x " /-- g; 1af e .
- - - = - e
L
g E ] pud s: 12f \ o
m 10 @™~ 1ol e
LA
B T T T 8 T T T T
~ 0.915 ~ 0915}
£
8 Daro (b) P E, 0.810 (e)
»
E 0.905 PR S os0sf
§ 0.900 et " 2 osool ., o8
[}
2 o0.895 g 0.895
o 0.890 0.890 T
5 g
a \ 2 25t
E fomd -\ g
&E zof - £~ 20f ~
3] (c) e [ *
Ex \ 25 st ®. .+
g }? - LN T — -
- 1.0 5 - o E 1.0}
@ — x
a 2 osf
5 -1
@ 0.0 T T - T = 0.0 T T v T
0 200 400 600 800 1000 @ 160 180 200 220 %40 260
Melt-Draw Ratio Spinning Temperature {°C)
20
sl @
@
€2 16
2~
e x 14 F - [Cp—
= - —_— .
s S 12}
==
m 10}
8 . . : 3
= °95F  (h)
E 0.9%0
o - — B
£ o905} /
ey —_ -
= 0.900 - -
5
S 0.835f
0.890 T T T T T
[1]
% 2.5
2 . a0l (1
€95 1s5f ot
T = _H‘k."‘\-,__ []
o 2 10f —~
‘ el 3
g o5
E 0.0 T T T T T
@ 40 60 BO 100 120 140 160

Annealing Temperature (°C)

Figure 1.10. a), b) and ¢) effect of drawing ratio, d), e) and f) effect of spinneret
temperature and g), h) and 1) effect of annealing temperature on structure and properties of
PP hollow fiber membranes (Kim et al., 1994).
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1.1.6.2.2.2. Effect of stretching parameters
1.1.6.2.2.2.1. Effect of stretching temperature

Xi et al. (2008) proposed a two-step stretching process to produce polyethylene
hollow fiber membranes via a melt-spinning and stretching method. These steps are
composed of the cold stretching step at 40 C, followed by a hot stretching step at
temperatures higher than 55 C. They focused on the effect of stretching temperature, rate
and ratio on hollow fiber membrane structure. It was indicated that during the cold
stretching process, crystalline lamellae will be separated by the formation of a large number
of voids. As stretching continues at higher temperatures (hot stretching), the voids are
interconnected and micropores are formed. It was concluded that porosity of PE hollow
fiber membranes, as well as N, permeation, were induced by rising stretching temperature

(Fig. 1.11).
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Figure 1.11. Effect of stretching temperature on N, permeation flux and porosity of HDPE
hollow fiber membranes (Xi et al., 2008).
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Flexible molecular chains in the amorphous region of crystalline polymers have
almost no regular arrangement compared to those in the crystalline region, thus less
resistance improved the movement and orientation capability of molecular chains under
external force and temperature. Below the melting point of PE, molecular chains of PE
hollow fibers would be much easier to be drawn out from the amorphous region and orient
along the stretching direction at a relatively high temperature. Therefore, more
rearrangement of the amorphous region into fibrils which bridged the separated lamellae
resulted in high porosity in the hollow fiber wall. Meanwhile, the improved capability of
movement suppressed the evolution of microvoids into breaking. It had been concluded that
the introduction of the second stretching process with a proper temperature was necessary

to insure good mechanical properties (Xi et al., 2008).

1.1.6.2.2.2.2. Effect of stretching rate
It was reported that N, permeation flux was increased by increasing the stretching
rate of PE hollow fibers. However, the pore size decreased from 0.62 pm at a stretching

rate of 200 mm/min to 0.5 pm at 400 mm/min (Fig. 1.12) (Xi et al., 2008).
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Figure 1.12. Effect of stretching rate on pore size distributions of HDPE hollow fiber
membranes (Vs=stretching rate) (Xi et al., 2008).
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This observation was explained by the reduction in the amorphous phase proportion
under higher stress, resulting from higher stretching rates. While the amorphous region is
responsible for micropore creation after stretching, smaller pores were created at higher

stretching rates.

1.1.6.2.2.2.3. [Effect of stretching ratio

Stretching ratio is the ratio of the final length to the initial length of the produced
hollow fiber precursors. In the SEM photographs (Fig. 1.13) of PE hollow fiber membranes
having different elongations, it was observed that the fibrils were elongated obviously when

the stretching ratio increased.

N TIEYALL Y SEL R o A A4 M ] i * a2 M L pstap ey . LT TN S A

Figure 1.13. SEM photographs of the outer surface of HDPE hollow fiber membranes for
different extensions: (a) 135%, (b) 159%, (c) 190%, and (d) 228% (Xi et al., 2008).

As shown in Fig. 1.14, the N, permeation flux was increased by increasing the stretching

ratio and subsequently elongation.
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Figure 1.14. Effects of stretching ratio on N, permeation and porosity of HDPE hollow
fiber membranes (Xi et al., 2008).

It can also be concluded that the space between separated lamellar crystals was
enlarged by the external mechanical force. From the analysis of the results of a mercury
porosimeter, the pore size distributions in Fig. 1.15 demonstrate that the amount of pores
with a size smaller than 1 pm significantly increased when the stretching ratio increased
from 2.3 to 3.3 pm. This was attributed to the fact that the fibrils, bridging the separated
crystalline lamellae, may be broken under a high stretching ratio; at which point the stress

concentration promoted the formation of cracks from destroyed micropores.

1.1.6.3. Solution spinning

Solution spinning of polymers is the main method for membrane fabrication and is
based on the phase inversion process (Puri, 1990). This method uses polymer/organic
solvent solutions. The solvent has to be removed after the formation of membrane. The
pores are formed while evaporation of the solvent is taking place. However, these

techniques are complex due to the high number of parameters to be controlled and intensive

21



steps like several washing and drying procedures. In addition, increasing demands on cost
reduction and better environmental compatibility lead to the search for alternative solvent-

free processes (Matsuyama, 2003).
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Figure 1.15. Effect of stretching ratio on pore size distributions of HDPE hollow fiber
membranes (Rs=stretching ratio) (Xi et al., 2008).

1.1.6.4. Temperature induced phase separation method (TIPS) and non-solvent
induced phase separation (NIPS)

Traditionally, polymer membranes shaped as porous hollow fibers were prepared
using the diffusion induced phase separation technique or NIPS (Berghmans et al., 1996).
In this process, a polymer solution and a solvent are placed in contact with a non-solvent
for the polymer. Because of initial interdiffusion between the solvent and the non-solvent,
the concentration of the polymer solution changes up to a point where phase separation

occurs.
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Thermally induced phase separation, or TIPS, is an alternative technique used for
producing porous structures. In the TIPS process, a polymer is dissolved in a high boiling
low molecular weight diluent at elevated temperatures and, after forming the solution to the
desired shape (flat or hollow fiber membrane), it is cooled to induce phase separation. In
the final stage of the membrane fabrication, the diluent is extracted by another solvent and
then the solvent is removed to produce a membrane structure (Lloyd et al., 1991;
Berghmans et al., 1996). The process uses the spinning of the polymer as well as the
solvent through an extruder. In case of NIPS, a non-solvent is also added to the spinning
mixture in the extruder. After spinning the polymer/solution mixture out of the extruder, the
fibers are cooled via dry or wet-dry (air-gap) method. In dry cooling, the fiber is allowed to
cool into the open air by convection and solvent evaporation, while in the wet-dry method a
water bath is used (Berghmans et al., 1996). In the TIPS process, the spun sample is
composed of a polymer and a diluent which form a homogeneous melt above its melting
temperature, which undergoes a solid-liquid phase separation upon cooling. The sites
occupied by the diluent become micropores after removal of the diluent. In this method, the
pore size can be controlled by adjusting the cooling conditions and by selecting appropriate
diluents. (Rajabzadeh et al., 2008).

Using TIPS and NIPS methods, membranes made of several different materials
were reported to be fabricated, including PE (Matsuyama et al., 2004; Wang et al., 2010),
PVDF (Ji et al., 2008; Rajabzadeh, 2008; Ghasem et al., 2012, Rajabzadeh, 2012), IPP
(Yang et al., 2006; Yang et al., 2006), and PVDF/PMMA (Rajabzadeh, 2009).
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1.1.7. Wetting phenomenon in membrane contactors - Causes and preventions

Abstract

Gas-liquid membrane contactors are promising alternatives to conventional
absorption technologies. However, in spite of their important advantages, such systems
suffer from gradual wetting of porous membranes with liquid absorbents. This review
focuses on the wetting phenomenon, which is the main concern for long-term operation of
CO; absorption in membrane contactors and has therefore an important impact on industrial
applications. The impact of membrane wetting on mass transfer resistance and absorption
efficiency, the effect of influencing parameters including absorbent (operational conditions,
type and concentration) and membrane (hydrophobicity, pore size and porosity) properties
on wetting phenomenon, as well as different methods to prevent membrane wetting, along

with their advantages and drawbacks are discussed in detail.

1.1.7.1. Introduction

Capture of carbon dioxide (CO,), the major greenhouse gas responsible for climate
changes, has been a research focus in recent years (IPCC, 2005). A wide variety of CO,
capture techniques have been proposed, including absorption, adsorption, cryogenic
distillation and membrane techniques (Aaron et al., 2005; Lv et al., 2010; Luis et al., 2012).
Among these, absorption in liquids (absorbent solutions) is the most well-established
technology due to its highest CO, removal efficiency (up to 90%) (Gabelman and Hwang,
1999). However, absorption columns (bubble columns, packed columns and fluidized beds)
suffer from several disadvantages such as large space occupancy, high capital cost, high
tendency for corrosion and a variety of operational problems including liquid channeling,
flooding, entrainment and foaming (Falk-Pedersen and Dannstrom, 1997; deMontigny et
al., 2005; Karoor and Sirkar, 1993). To overcome the aforementioned problems, gas-liquid
membrane contactors (GLMC) have been proposed as a promising alternative. GLMCs
involve the transfer of CO, through a nonselective porous membrane, followed by its
absorption into a liquid absorbent. This technology is integrated to exploit the benefits of
both absorption (high selectivity) and membrane separation (modularity and compact

structure) (Franco et al.,, 2008), and offers several advantages such as: operational
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flexibility, independent gas and liquid flows, high surface area to volume ratio, compact
size, easy scale-up and modularity (Gabelman, 1999). On the negative side, membranes
introduce an additional resistance (the membrane resistance) to the overall mass transfer
process, which becomes more significant when membrane pores are wetted with liquid
absorbents (Dindore et al., 2004), leading to the deterioration of CO, absorption flux in
long-term operation. Kreulen and Smolders (1993) were the first to suggest that the wetting
of membrane pores significantly impacts mass transfer coefficients in the membrane
module, leading to a sharp increase in membrane resistance and a rapid decline of
absorption performance.

In order to have a good understanding of the wetting mechanism and its effects on
CO, capture efficiency, this paper presents a comprehensive review on wetting
phenomenon from two main aspects: 1) wetting causes and ii) wetting preventions. These
aspects embrace the wetting characteristics of membranes and the effect of influencing
parameters on wetting tendency of membranes in GLMC, as well as the approaches to

prevent membrane wetting.

1.1.7.2. Mass transfer resistance in GLMC and membrane wetting
According to the film theory, the overall mass transfer in a gas-liquid membrane

contactor consists of three resistances in series: the resistance of the gaseous phase

boundary layer (1/k_), the membrane resistance (1/k,) and the resistance of the liquid

the phase boundary layer (1/k,) (Fig. 1.16) (Rangwala, 1996; Khaisiri et al., 2009). The

overall mass transfer resistance, based on the gas phase (1/Kog) in a hollow fiber GLMC is

given by:
L _dy, dy 1 an
K oG kG di km dlm ka

where k. is the gas phase mass transfer coefficient (m/s); &, is the membrane mass transfer
coefficient (m/s); k, is the liquid phase mass transfer coefficient (m/s); d,is the outer
diameter of hollow fiber membrane (m); d, is the inner diameter of hollow fiber membrane
(m); d,,1s logarithmic mean diameter (m) and m is the distribution coefficient between gas
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and liquid phase (-). The individual mass transfer coefficients, k, and k,, are mainly

determined by the geometry and flow conditions in the membrane contactor and various
correlations are available in the literature to calculate them (Yang and Cussler, 1986;
Dindore et al., 2005).

The membrane mass transfer resistance, as an additional resistance, should be taken
into account, as it is significantly affected by wetting. Since convection in the membrane
pores can be neglected, the mass transfer resistance of the membrane is entirely determined
by solute diffusion in membrane pores that are filled with either gas or liquid. In ideal
conditions, membrane pores are filled only with gas and the membrane mass transfer
resistance of the gas-filled membrane pores can be estimated from (Kreulene and Smolders,
1993):

1 o
= ° 1.2
k D, ¢ (12)

mg
where k,, is the mass transfer coefficient through the gas-filled pores (m/s), while &, 7
and ¢ are the membrane thickness (which can also be assumed as the total pore length)

(m), tortuosity (-) and porosity (-), respectively.
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Figure 1.16. Operation modes and corresponding mass transfer resistances in a
hydrophobic microporous membrane: (a) non-wetting patterns, (b) overall wetting mode
and (c) partial-wetting mode.

D, is the overall diffusion coefficient through membrane pores and is given by:
26



Lo 3
D, D, D,

where D, and D, are diffusion coefficients respectively for molecular and Knudsen
diffusion through membrane pores (m”/s), and can be estimated using membrane and gas
properties (Dindore et al., 2004; Mansourizadeh and Ismail, 2009).

However, ideal conditions (gas-filled pores) never happen. In real conditions,
membrane pores are partially filled with liquid absorbent. In the worst case, i.e. when
membrane pores are thoroughly filled with liquid, Knudsen diffusion can be neglected,
owing to the higher density of molecules inside the pores. The membrane mass transfer
resistance is then given by (Dindore et al., 2004; Mavroudi et al., 2006):
kLz D% % (1.4)

ml

where £, 1s the mass transfer coefficient in liquid filled pores (m/s), D, is the diffusion

coefficient of the solute in the liquid phase. In this case, the solute has to diffuse through
the liquid-filled pores, resulting in a very low membrane mass transfer coefficient. Thus,
care must be taken to avoid membrane pores filling with the absorbent liquid.

However, in practice, none of the above mentioned conditions (gas-filled and
liquid-filled pores) happen in membrane contactors. In real conditions, membrane pores are
partially wetted by liquid absorbent and therefore, a parameter must be added in both gas-
filled and liquid-filled equations to show the partial penetration of liquid in pores. This
parameter is called the wetting ratio (x*) (Lin et al., 2008; Boributh et al., 2012). For
partially wetted pores, the membrane resistance comprises both gas-filled and liquid-filled

pores and can be expressed by (Mavroudi et al., 2006):

1 x 1-x
- =4
km

(1.5)

ml mg
where the wetting ratio (x") is the ratio of pore length wetted with liquid (x) to the overall

pore length (0), as shown schematically in Fig. 1.17.
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Figure 1.17. Membrane pore partial wetting by liquid.

Different parameters including membrane hydrophobicity, absorbent surface tension
and viscosity were reported in the literature to influence the wetting ratio (Li and Chen,
2005; Wang et al., 2005; Mansourizadeh et al., 2009). These parameters are discussed in
sections 1.1.7.4 and 1.1.7.5.

1.1.7.3. Wetting characteristics of membranes

Depending on membrane and absorbent properties, as well as operating conditions,
three modes of operation including non-wetted, fully wetted and partially wetted conditions
can occur in GLMC over prolonged periods of operation. For highly hydrophobic
membranes, the non-wetting mode where the membrane pores are completely filled with
gas can theoretically occur (Fig. 1.16a). For membranes presenting low hydrophobicity,
membrane pores become completely liquid-filled and overall-wetting conditions occur
(Fig. 1.16b) (Li and Chen, 2005; Wang et al.,, 2005; Zhang and Wang, 2005;
Mansourizadeh, 2009). As discussed in the previous section, the non-wetting mode of
operation is highly preferred, as it leads to minimal diffusion resistance in membrane pores
(Dindore et al., 2004; Mavroudi et al., 2006; Rangwala, 1996). However, this condition

cannot be achieved in practice. Even for hydrophobic membranes, aqueous solutions of
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organic absorbent (especially alkanolamines) can partially penetrate into membrane pores
and cause partial wetting (Fig. 1.16c) (Wang et al., 2005; Mansourizadeh et al., 2009).
Membrane pores become gradually wetted over prolonged periods of operation and the
membrane mass transfer resistance increases rapidly (Malek et al., 1997; Mavroudi et al.,
2003; Zhang et al., 2005). Malek et al. (2005) were the first to study the effect of membrane
wetting on the performance of a GLMC. It was concluded that partial wetting of the
membrane can reduce the overall mass transfer coefficient in the membrane gas absorption
process. Furthermore, the reduction of CO; capture performance in GLMC as a result of
wetting was reported several times in the literature, (Keshavarz et al., 2008; Mansourizadeh
et al., 2010; Mansourizadeh and Mousavian, 2013). like for example: (i) an important drop
of the overall mass transfer coefficient in the first hours of operation in a GLMC using
polypropylene (PP) membranes with monoethanolamine (MEA) absorbent (Falk-Pedersen
and Dannstrom, 1997); (ii) 26% reduction of the absorption flux after 10 h of operation in a
PVDF-DEA membrane contactor (Mansourizadeh and Mousavian, 2013).; (ii1) reduction of
30% and 23% of the CO, absorption flux in the case of physical (water) and chemical
(NaOH) absorption, respectively, after 150 hours of operation in a PVDF hollow fiber
membrane contactor (Mansourizadeh et al., 2010). In addition, both theoretical and
experimental results in the literature show a significant decrease in absorption flux as the
result of a small increase in wetting ratio (Keshavarz et al., 2008). However, the rate of
such a reduction was reported to be more important for low wetting ratios (x* ~ 0-1%). This
was attributed to the fact that a very fast reduction in flux for such small wetting fractions
causes lower CO; sequestration from the gas phase: the concentration of CO; in the gas
phase increased, which increases the overall driving force of the system and slows down
the future reduction of the absorption flux.

Various wetting mechanisms have been proposed in the literature (Lu et al., 2008;
Lv et al., 2010). For a given membrane material and structure, the degree of partial wetting
of membrane pores is quantified by the critical entry pressure (breakthrough pressure),
defined as the minimum pressure needed for the liquid to wet the membrane pores. A dry
membrane is brought into contact with a liquid and the liquid pressure is gradually

increased in order to determine the value at which the liquid penetrates into the pores,

29



which represents the breakthrough pressure. It can be measured by observing the formation
of the first liquid drop on the other side of the membrane (Kumar et al., 2002). For small

uniform pores with cylindrical geometry, the breakthrough pressure (AP) can be

determined by the Laplace-Young equation (Kim and Harriot, 1987):

M:M (1.6)

Ty

where 7, , @ and 7, represent the surface tension of the liquid (mN/m), the contact angle

between the liquid phase and the membrane (°) and the maximum membrane pore radius
(m), respectively. However, most membranes do not have cylindrical pores. To account for
irregular pore structures, Franken et al. (1987) introduced a geometric pore coefficient B in

the Laplace-Young equation as:

_ 2By, cost

Ty

AP, = (1.7)

where B =1 for cylindrical pores and 0 < B < 1 for non-cylindrical pores.

Kim and Harriott (1987) studied the critical entry pressure for liquids in
hydrophobic membranes with non-cylindrical pores. They assumed a doughnut type pore

structure and derived an equation similar to the Laplace-Young equation, in which the

contact angle € was replaced by the effective contact angle Heﬂ. Using this effective

contact angle, the mechanical equilibrium state of a gas-membrane-liquid system can be

described as:

7, €080, =y =7y (1.8)

where 7 is the surface tension and the subscripts L, S and SL refer to liquid-vapor, solid-

vapor and solid-liquid interfaces, respectively. For polar or hydrogen bonding liquids on
non-polar low energy surfaces, it can be assumed that only van der Waals dispersion forces
act between the liquid and solid phases. In this case, the interfacial tension between the
solid and liquid phase is approximately given by (Bargeman and Van Voorst Vader, 1973;

Franken et al., 1987; Dindore et al., 2004):
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Vo =Vs+7V =277, (1.9)

where y?and y; are the dispersion components of the surface tension for solid and liquid,

respectively. The term }/Sd}/Ld accounts for the dispersion component of the work of

adhesion of a liquid to a solid surface. Eqgs. (1.6)-(1.9) can be used to relate the liquid

critical entry pressure (4P,) to the surface tension terms as:

2(7L -2 7!’7[’)
AP - (1.10)

c r
p

The quantity J}/Sd 7," is constant for low surface tension liquids such as aqueous solutions

having high alcohol concentration. When ,/ ]/Sd 7, is equal to v, /2, the numerator of Eq.

(1.10) becomes zero and no additional pressure is required for wetting the membrane pores.

This value of surface tension is known as the critical surface tension (y., ). Thus, the

critical surface tension is the value of surface tension when critical entry pressure is zero,
and can be obtained by the x-axis intercept of the critical entry pressure versus surface

tension plot. Any solution, having a surface tension lower thany,, will therefore

spontaneously wet the membrane surface (Bargeman and Van Voorst Vader, 1973).

In order to prevent wetting in gas-liquid membrane contactors, it is suitable to
operate at a pressure lower than the breakthrough pressure. Since membrane wettability is
influenced by both membrane and liquid characteristics, these parameters will be further

discussed in detail.

1.1.7.4. Effect of the liquid phase characteristics on wetting

The absorbent plays an important role on membrane wetting in long-term operation.
The effects of liquid phase characteristics including liquid operating conditions (Lu et al.,
2008; Zheng et al., 2005; Boributh et al., 2011; Wang et al., 2004b; Rongwong et al., 2009;
Dindore et al., 2005; Zhang et al., 2008; Mansourizadeh et al., 2010; Boributh et al., 2012;
Lu et al., 2008), liquid type (Rangwala 1996; Dindore et al., 2004; Ma’mun et al., 2007;
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Yan et al., 2007; Zhang et al., 2008; Lu et al., 2008; Portugal et al., 2009; Lin et al., 2009;
Bougie and Iliuta 2009; Lu et al., 2010; Bougie and Iliuta, 2010, Bougie and Iliuta, 2010;
Chen et al.,, 2011; Bougie and Iliuta, 2011; Mosadegh-Sedghi et al., 2012a,b) and
concentration (Franken et al., 1987; Lu et al., 2008; Rongwong et al., 2009) have been

considered in the literature.

1.1.7.4.1. Effect of liquid operating conditions

Liquid phase operating conditions that affect the wetting phenomenon are the
absorbent flow rate and pressure. The influence of liquid flow rate on membrane wetting
during CO, absorption process has been considered by several authors (Mavroudi et al.,
2006, Zhang et al., 2008; Boributh, 2012). It was observed that pore wetting becomes much
more significant at high liquid flow rates than at low liquid flow rates. For example, an
increase in wetting ratio by a factor of approximately 8 was observed by increasing the
liquid velocity from 0.1 m/s to 0.4 m/s (Boributh, 2012). This increase in wetting by raising

liquid flow rates was reported to be attributed to a reduction in the liquid boundary
resistance (1/k,) with increasing liquid flow rate, which increases the contribution of the

resistance of the liquid inside the membrane pores (the resistance of the membrane with
partially wetted pores, Eq. 1.5) to the overall mass transfer resistance (Zheng et al., 2008).
Mavroudi et al. (2006) studied the time variation of overall mass transfer resistance (Fig.
1.18) and absorption flux (Fig. 1.19) in a CO,-water membrane contactor as a function of
liquid flow rate. They observed that the total mass transfer resistance rises rapidly with
time, leading to a significant drop in absorption flux during the operation period. However,
such deterioration becomes more significant at higher liquid flow rates. This behavior was
supposed to be caused by the inevitable increase in liquid pressure as a result of increasing
liquid flow rate, which results in higher trans-membrane pressure and consequently,
facilitates the liquid intrusion into membrane pores and increases membrane wetting. The
liquid penetrates initially into the largest pores of the membrane and, as the trans-

membrane pressure increases, smaller pores are then wetted at a lower rate.
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Figure 1.18. Variation of total resistance with time, at constant gas flow rate and different

liquid flow for water-PP hollow fiber membrane contactor (—) theoretical, (m) experimental,

(- - -) theoretical based on experimental liquid phase resistance at Q; = 12.0x107° m’/s
(Mavroudi, 2006).
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Figure 1.19. Variation of absorption flux with time, at constant gas flow rate and different
liquid flow rates: (Mavroudi, 2006).

In addition to the flow rate, liquid side operating pressures can influence pore

wetting and membrane phase mass transfer resistance (Lu et al., 2008; Zheng et al., 2005;
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Boributh et al., 2011; Wang et al., 2004b). It is accepted that even fully-wetted condition
can be transformed to partially wetted mode (or to non-wetted mode, in case of highly
hydrophobic membranes) by reducing the liquid phase pressure below the critical entry
pressure (Zheng et al., 2005). It was reported several times in the literature that the wetting
ratio increases as the absorbent pressure rises (Boributh et al., 2011; Wang et al., 2004b,
Rongwong et al., 2009). Lu et al. (2008) specified that, since the gas side operating
pressure is constant, the increase in liquid inlet pressures would lead to an increase in trans-
membrane pressures. Therefore, pore wetness increased in terms of the Laplace equation

(Eq. 1.6), resulting in a deterioration in absorption flux.

1.1.7.4.2. Effect of absorbent type

For a given membrane material and operation conditions, the absorbent properties,
including surface tension and viscosity, are the controlling parameters in membrane
wetting. As indicated in Eq. 1.6, liquids with higher surface tensions have relatively little
wetting potential in comparison to those with lower surface tensions. It was observed that
when liquid surface tension decreased from about 33 mN/m to 30 mN/m, the potential of
membrane wetting increased rapidly (Dindore et al., 2004). Commonly used absorbents for
CO; capture are aqueous solutions of alkanolamines, which are weak bases which can react
with CO; to form complexes having weak chemical bonds. These chemical bonds are easily
broken upon mild heating, leading to absorbent regeneration. However, it has been reported
that aqueous solutions of single (Rangwala, 1996; Dindore et al., 2004; Wang et al., 2004a;
Zhang et al., 2008) and mixed (Rongwong et al., 2009) alkanolamine solutions have high
wetting potential since their surface tensions are lower than that of water (Table 1.3). For
example, the wetting potential of absorbents including MEA, DEA, MDEA (methyl
diethanolamine) and DMEA (dimethylethanolamine) were investigated via measuring their
surface tensions (Kumar et al., 2002). It was observed that from primary to tertiary amines,
the surface tension of absorbents progressively decreases. Among tertiary amines, the
surface tension of aqueous MDEA solution is higher than that of aqueous DMEA solution,
due to the presence of an additional polar OH group in MDEA. The lower the surface

tension of the solution, the lower is its contact angle with the membrane surface. This
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indicates that solutions with lower surface tensions have a higher tendency to wet
membranes (Dindore et al., 2004; Li and Chen, 2005; Lin et al., 2008).

On the other hand, absorbents with lower viscosity can penetrate more easily into
membrane pores (Lin et al., 2008). Therefore, the wetting potential of an absorbent arises
from the simultaneous effect of its surface tension and viscosity. The influence of different
types of amine solutions used as liquid absorbent on CO; long-term absorption flux was
investigated using 1 mol/l aqueous solutions of MEA, DEA, and AMP (2-amino-2-methyl-
1-propanol) and water (for comparison) during 12 days of operation in GLMC (Rongwong
et al., 2009). It was found that when pure water was used as absorbent, the CO, flux
remained almost constant during the entire operating period. However, the CO, absorption

flux continuously declined for amine solutions (Fig. 1.20).
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Figure 1.20. Effects of various types of amine solutions on long-term performance of
membrane contacting process (Rongwong et al., 2009).

It was observed that the reduction in the absorption flux varied in the following
order: DEA > AMP > MEA. This behavior was explained on the basis of the combined

effect of absorbent surface tension and viscosity (Table 1.3).
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Table 1.3. Properties of single and mixed CO, amine absorbents and contact angle
corresponding to PVDF membranes at 20°C (Kumar et al., 2002).

Absorbent Sur?::; 7:3;1)si0n \E:Isl;o:lst)y Conta(?); angle
Water 71.0 0.91 91.8
MEA 0.25 mol/l 64.3 0.95 -
MEA 0.5 mol/l 64.0 1.00 91.3
MEA 1 mol/l 61.5 1.11 90.1
MEA 0.1 mol/l 70.6 0.92 91.5
DEA 1 mol/l 59.1 1.22 87.9
AMP 1 mol/l 58.8 1.42 86.9
MEA 0.25 mol/l + AMP 0.25 mol/l 61.0 1.05 87.6
MEA 0.25 mol/l + DEA 0.25 mol/l 62.0 1.04 89.6
DEA 0.25 mol/l + AMP 0.25 mol/l 58.3 1.11 85.2

The decrease in CO, flux for MEA was the lowest, since it has the highest surface
tension among the studied amine solutions. However, the reduction of CO; flux for DEA
was higher than that for AMP. Nevertheless, the measured surface tension and contact
angle of AMP were slightly lower than DEA. The result may be explained by the viscosity
effect. The viscosity of 1 mol/l AMP is about 0.2 mPa-s higher than that of 1 mol/l DEA
and therefore, it is more difficult for AMP to penetrate into the membrane pores, leading to
less membrane wetting. Aiming to reduce membrane wetting problems encountered by the
use of alkanolamine solutions, the challenge is to propose alternative absorbents with lower
wetting tendency. Several reports introduced amino acid salts as good alternatives to
alkanolamines (Kumar et al., 2002; Ma’mun et al., 2007; Lu et al., 2008; Portugal et al.,
2009; Lu et al., 2010). The investigations show that the breakthrough pressure of aqueous
amino acid salt solutions are about 2-6 kPa higher than that of water and unlike aqueous
alkanolamines solutions, the surface tension and consequently the breakthrough pressure
increase with increasing salt concentration (Kumar et al., 2002). A pilot-scale hollow fiber
membrane contactor including PP membranes in contact with potassium glycinate (PG)

absorbent successfully operated over 40 h, while maintaining a CO, removal efficiency of
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about 80% in this period (Fig. 1.21) (Yan et al., 2007). In addition, it was observed that PG
acted as an inactive substance and the surface tension of aqueous PG solution increases
with PG concentration, decreasing therefore the wetting tendency.
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Figure 1.21. Long-term performance of the PP hollow fiber membrane contactor over 40 h
at ambient temperature using PG as CO, absorbent (Yan et al., 2007).

Mixed piperazine (PZ)/amine absorbents have also been considered as alternatives
to pure alkanolamine solutions (Lin et al., 2009a; Lin et al., 2009b; Chen et al., 2011;
Bougie and Iliuta, 2009; Bougie and Iliuta, 2010; Bougie and Iliuta, 2010; Bougie and
[liuta, 2011; Mosadegh-Sedghi et al., 2012a). It was found that increasing PZ
concentration, in mixed AMP/PZ absorbent, increases absorbent viscosity, leading to a
decrease in membrane wetting ratio (Lin et al., 2009a). Besides the influence of viscosity,
the reduced wetting potential of PZ containing absorbents arised from the fact that in this
case, PZ acts as a surface inactive substance, increasing therefore the solution mixture

surface tension and inhibiting pore intrusion by the liquid meniscus (Mosadegh-Sedghi et
al., 2012a).

38



The mixed aqueous absorbent containing MEA and triethanolamine (TEA) was
reported by Yeon et al. (2005) as another alternative to single alkanolamine solutions. In
addition to the high absorption efficiency, the use of this mixed solution in a PVDF hollow

fiber membrane contactor showed stable absorption flux during 80 hours of operation.

1.1.7.4.3. Effect of absorbent concentration

In addition to the absorbent type, membrane wettability is also influenced by
absorbent concentration (Franken et al., 1987; Lin et al., 2008; Lu et al., 2008; Rongwong
et al, 2009; Boributh et al., 2012). Depending on the absorbent type, the increase in
absorbent concentration can either raise or reduce the surface tension of the absorbent
solution, resulting in changes in the absorbent wetting potential. If the absorbent contains
organic compounds, its surface tension drops rapidly with increasing concentration of the
organic compound, leading to enhanced membrane wetting (Franken et al., 1987).
Moreover, when the concentration of the organic compound exceeds a critical value, the
contact angle between membrane and absorbent decreases below 90°. Consequently, the
liquid will wet the membrane surface and penetrate into the pores. The concentration of the
organic component at which this occurs is called the “maximum allowable concentration”
(MAC) and can be determined by the penetration drop method. At this concentration, the

liquid surface tension is equal to its critical surface tension y. and the breakthrough

pressure equals zero (Franken et al., 1987).

Rongwong et al. (2009) studied the effect of MEA concentration on CO; flux
during 12 days of operation using PVDF hollow fiber membranes. It was found that the
decline in CO; flux increased with increasing MEA concentration. The CO, flux
continuously decreased when using MEA aqueous solution of 0.25, 0.5, and 1 mol/l, by
about 19, 23, and 26% of the initial flux, respectively. This reflects the increase in
membrane mass transfer resistance due to membrane wetting (Fig. 1.22).

The absorbent/membrane contact angle and absorbent surface tension decreases
with increasing MEA concentration (Table 1.3). Lu et al. (2008) also reported that
membrane wetting was higher for 1 M MEA than for 0.5 M MEA. Boributh et al. (2012)

estimated the wetting ratio as a function of absorbent concentration and velocity. The
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wetting ratio increases with liquid velocity as well as with MEA concentration (Fig. 1.23).
The increase in MEA concentration leads to a significant reduction in solution surface

tension and can increase membrane wetting.
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Figure 1.22. Effect of MEA concentration on long-performance of the membrane
contacting process (Rongwong et al., 2009).
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Figure 1.23. Simulation results of the effect of liquid velocity and MEA concentration on
wetting ratio of PTFE hollow fiber membrane (Boributh, 2012).
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1.1.7.5. Effect of membrane characteristics on wetting

For a given absorbent, the wetting tendency of a membrane is influenced by
membrane characteristics, including chemical properties of the membrane surface
(membrane surface energy) and membrane structure (pore size and porosity). Generally,
membranes having lower surface energies have less wettability than those having higher
surface energies. Membrane surface energy is closely associated with its surface
hydrophobicity. The level of surface hydrophobicity can be predicted via the contact angle
formed by a liquid drop on the membrane surface. An angle greater than 90° indicates that
the liquid tends to shrink away from the solid surface and exhibits non-wetting tendencies.
On the contrary, an angle smaller than 90° corresponds to a high membrane wettability.

In addition to surface hydrophobicity, membrane wettability is influenced by pore
size and porosity. As indicated by Eq. 1-6, critical entry pressures for membranes with
smaller pores are higher than those for membranes with larger pores. Several reports in the
literature indicate that pore wetting occurs more easily in membranes with bigger pore
sizes and high porosities (Malek et al., 1997; Keshavarz et al., 2008; Zheng et al., 2008;
Mansourizadeh et al., 2012). However, in order to characterize the wettability of a
membrane, surface pore size, porosity and hydrophobicity must be taken into account.

One can assume a membrane with ultra-hydrophobic properties, while it can be
subjected to the pore intrusion by absorbents at low liquid pressures. For example, based
on contact angle measurements, Khaisiri et al. (2009) reported the following order of
membrane wettability: PTFE > PP > PVDF, while, based on the breakthrough pressure
measurements, Yeon et al. (2003) reported that PVDF membranes have higher wetting
resistance compared to PTFE membranes. On the other hand, some reports indicated that
PVDF membranes are wetted after several hours of operation in membrane contactors
(Zhang et al., 2008; Atchariyawut et al., 2009, Chen et al., 2009). These contradictory
results can be seen in Table 1.4.

Recently, Rahbari-Sisakht (2012) analyzed two kinds of PVDF membranes,
fabricated (i) using pure PVDF and (i1) via the addition of a surface modifying
macromolecule (SMM) to the PVDF during extrusion. During the phase inversion, SMM

migrates to the membrane surface and acts as both a pore former and surface modifier to
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increase membrane surface hydrophobicity. The authors observed that in comparison to
pure PVDF membrane, the PVDF/SMM membrane shows higher contact angle, but lower
critical entry pressure due to its larger pore diameters. However, during 150 h operation in
a CO,-water membrane contactor, the PVDF/SMM membranes were reported to have
much higher wetting resistances than those of pure PVDF.

In case of a definite absorbent, unlike the contact angle, which is affected only by
membrane surface properties, membrane breakthrough pressure is also influenced by bulk
properties (Kumar et al., 2002). Therefore, in order to have a good understanding of
membrane wettability, a comprehensive study comprising contact angle and breakthrough

measurements, as well as long-term operation in membrane contactors, should be

performed.
Table 1.4. Wettability of commonly used membranes.
Membrane Absorbent Operation Wettability2 Reference
time'
PTFE MEA 6600 h - Nishikawa et al., 1995
AMP - - Kim and Yang, 2000
MEA - -
MDEA - -
NaOH - - Matsumoto et al., 1995
MEA - -
MEA >7 days - Falk-Pedersen and
Dannstrom, 1997
MEA/AMP/PZ 60 h - Chen et al., 2011
MEA 40 h - deMontigny et al.,
MEA - + Marzouk et al., 2012
DEA - +
DETA - +
PP NaOH - + Rangwala, 1999
DEA ) n
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Table 1.4. Wettability of commonly used membranes (Continued).

Membrane Absorbent Operation time' Wettability2 Reference
MEA )
DEA . + Kumar et al., 2002
MDEA } i
Activated amino ) -
acid salts
NaOH - + Matsumoto et al.,
MEA ) n
Actlva}ted amino 40 h - Yan et al., 2007
acid salts
MEA A few hours + Falk Pedersen and
Dannstrom, 1997
Propylene - + Dindore et al., 2004
carbonate
Water _ -
Water - - Zhang et al., 2008
DEA } i
Activa}ted amino ) - Lu et al., 2009
acid salts
MEA - + Lv etal., 2010
MDEA } i
MEA 40 h + deMontigny et al.,
MEA 6600 h + Nishikawa et al.,
PEAF NaOH - -
MEA - -
PP+F Alkanolamine/PZ 30 days -
PEAF NaOH - -
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Table 1.4. Wettability of commonly used membranes (Continued).

Absorbent Operation Wettability2 Reference
time'
PVDF Water 40h Zhang et al., 2008
DEA 40h "
Water - - Dindore et al., 2004
AMP ] " Lin et al., 2008
AMP/PZ ) N
MDEA ] N
MDEA/PZ ) N
MEA 12 days + Rongwong et al., 2009
MEA/SG ) )
MEA/NacCl ) )
PP/PDMS MEA 6 days + Falk-Pedersen and
Dannstrom, 1997
PFA MEA - - Marzouk et al., 2012
DEA ] ]
DETA

" either the operating time was not indicated, or the absorption operation was not performed; * + :

wetted, - : non-wetted;

In addition, in order to compare the wettability of different membranes, only one

parameter should be modified at a time; i.e. either membranes with the same structure (pore

size and porosity) and different level of hydrophobicity, or membranes with the same

hydrophobicity and different structures should be studied. Such systematic studies have not

been reported in the literature yet.

1.1.7.6. Membrane stability and its effect on wetting

Long-term deterioration in membrane stability can strongly affect their performance

and efficiency, mainly due to morphological and chemical changes on the membrane
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surface that can affect membranes wettability. Reduction in membrane stability, which can

be either morphological or chemical, has been reported in several investigations.

1.1.7.6.1. Morphological changes

Membrane morphological changes were first reported by Kamo et al. (1992). PP
hollow fiber membranes were immersed for 30 min in different liquids and then
characterized in terms of their pore shape and porosity. SEM micrographs before and after
the solvent treatment showed that the slit-like pores apparently changed to an elliptical
shape by this treatment and consequently, the width between the adjacent microfibrils
expanded and the pore size enlarged. It was mentioned that the solvent forms a liquid
bridge between two microfibrils during the evaporation process and makes the pore
enlargement irreversible. Similar morphological changes were reported by Barbe et al.
(2000). The authors reported surface morphological changes of microporous polypropylene
(PP) membranes after 72 h contact with water. The results showed an increase in the size of
larger pores and a decrease in the size of the smaller ones. The authors suggested that this
behavior can be attributed to the effect of pore intrusion by the liquid meniscus. In the case
of large pores, the fibrils that link the crystalline lamellae and form boundaries between
pores are forced apart as the result of water intrusion below the membrane surface. This
pushes away the fibrils at the boundary of small pores, causing smaller pores to decrease in
size, while larger ones increase. In addition, it was reported that PP membrane surface
morphologies suffered from significant changes when fibers were immersed in MEA
solution (Lv et al., 2010). Some slit-like membrane pores in the fresh sample (blank PP
membrane) shrank longitudinally and became elliptical or even circular (Fig. 1.24). The
calculated equivalent diameter distribution of membrane pores showed that, with an
increase in immersion time, the distribution profile flattens and moves towards the larger
pore side. The same observation was recently reported in the case of PP hollow fiber
membranes used for stripping CO, from MEA via a vacuum regeneration process (Fang et
al., 2012). After 480 h operation, it was observed that some slit-like pores shrank

longitudinally and became elliptical after long term running. The pore equivalent diameter
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shifted from 0.082 um for fresh membranes to 0.105 pm after 480 h use in CO; stripping in
the GLMC.

There are several reports in the literature showing that morphological changes
strongly depend on liquid surface tension and become more significant with the decrease in
liquid surface tension. Barbe et al. (2000) observed no morphological change for PP
membranes after 72 h contact with 30 wt% CaCl, solution whose surface tension is higher
than that of water. In addition, it was reported that when PP membranes are immersed in 30
wt% DEA solutions with 4 wt% CO; loading, pore deformation becomes less significant as
compared to PP membranes immersed in 30 wt% DEA solutions without CO, loading.
Since the surface tension of a 30 wt% DEA solution with 4 wt% CO, loading is higher
(65.6 mN/m) than that of a 30 wt% DEA solution (63.7 mN/m), the loaded amine solution
tends to spread less on the material surface as compared to the corresponding pure amine
aqueous solution (Wang et al., 2004). Mosadegh-Sedghi et al. (2012) studied the
morphological degradation of low density polyethylene (LDPE) hollow fibers in contact
with different amine solutions including 30 wt% MEA, 11 wt% 2-amino-2-hydroxymethyl-
1,3- propanediol (AHPD), 25 wt% MEA + 5 wt% PZ and 10.11 wt% AHPD + 0.89 wt%
PZ. They reported that the structural stability of membrane pores (morphological stability)
is strongly associated with the surface tension of the contact solution (absorbent). Solutions
with lower surface tension can penetrate more easily into the pores. Therefore, pore
enlargement became more significant after 30 days immersion in 30 wt% MEA, which had
the lowest surface tension among the studied solutions (64 mN/m), and pore enlargement
was less significant after 30 days immersion in the AHPD + PZ solution which had the

highest surface tension (72 mN/m).
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Figure 1.24. Field emission scanning electron micrographs (magnification: 20,000) for: (a)
non-immersed PP fibers, PP fibers immersed in (b) 30 wt% MEA for 10 days, (c) 30 wt%
MEA for 30 days, (d) 30 wt% MEA for 60 days, () 30 wt% MEA for 90 days, (f)
deionized water for 60 days, and (g) 30 wt% MDEA for 60 days (Lv et al., 2010).
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Morphological degradation of membranes, attributed to membrane pore
enlargement, can affect the membrane wettability. According to Eq. 1.6, the increase in
membrane pore size leads to a decrease in membrane breakthrough pressure, which results
in an increase in membrane wetting tendency. The effect of immersion time of PP hollow
fiber membrane in MEA solution on the membrane breakthrough pressure was investigated
by Lv et al. (2010). For PP fibers immersed in 30 wt% MEA at different immersion times,
the increase in immersion time from 0 to 90 days led to an increase in pore diameter and a
decrease in breakthrough pressure (Fig. 1.25). For example, for a pore diameter of 0.1 pm,
the breakthrough pressure decreased from 2500 kPa to around 125 kPa after 90 days
immersion in 30 wt% MEA. A PP hollow fiber GLMC is therefore expected to be wetted
during the CO, capture process due to the dramatic decrease in membrane breakthrough
pressure. Kamo et al. (1992) also reported a decrease in breakthrough pressure of PE
hollow fiber membranes after 30 min immersion in several liquids. The breakthrough
pressure was reduced from 216 kPa (before immersion) to 186 kPa, 156 kPa and 137 kPa,
respectively, after immersion in ethyl alcohol, p-xylene and dimethylformamide (DMF).

This reduction in breakthrough pressure was attributed to membrane pore enlargement.

1.1.7.6.2. Chemical changes

In addition to morphological changes, some chemical changes also occur on the
membrane surface due to oxidative degradation of membrane material or chemical
reactions of membrane material with alkanolamine solutions. Franco et al. (2008) reported
the possibility of oxidation of PP hollow fiber membranes after 68 h use in CO, absorption
process in the presence of 20 wt% MEA solution as the chemical absorbent. X-ray
photoelectron spectroscopy (XPS) analysis of the inside surface of both fresh and used PP
hollow fibers showed an increase in elemental oxygen on the surface from 0.78 to 1.49%,

which was proposed to be related to the oxidation of the PP membrane (Table 1.5).
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Figure 1.25. Breakthrough pressures of PP membranes as a function of pore equivalent
diameter for fibers immersed in 30 wt% MEA for different periods (Lv et al., 2010).

Table 1.5. XPS results for surface elemental composition of PP hollow fiber membranes
(Franco et al., 2008).

Atom PP PP-used’
0 0.78 1.49
C 99.22 98.51

'PP subjected to CO, absorption experiments with 20 wt% MEA solution for 68 hours

Massey et al. (2007) reported that the oxidative degradation of polyolefins was
promoted in the presence of water. The mechanism proposed for this hydrolytic
degradation involves the formation of alcohol (C-OH) and ketone (C=O) functions (Fig.
1.26). The authors observed that such degradation was slightly slowed down by adding to
the polymer a small amount (4 wt%) of hindered amine light stabilizers (HALS).
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Figure 1.26. Proposed mechanisms for the hydrolytic degradation of LDPE (Massey et al.,
2007).

The origin of the above mentioned chemical degradations lies in the auto-oxidation
of membrane material. Polyolefins, like PP and PE, can undergo auto-oxidation through the

following pathway (Rychly et al., 1997).

2PEOOH —— PE" + PEOO" + aV (1.11)
PEOO' + PE — PEOOH + PE’ (1.12)
PE" +0, - PEOO (1.13)
2PEOO’ — ketones, acids, aldehydes (1.14)

where PEOOH , PEOO™ and PE'represent, polyethylene hydroperoxide, polyethylene
peroxy radical, and polyethylene alkyl radical, respectively. e and ¥V represent,
respectively, the number and type of volatile species generated by PEOOH decomposition.
Carbonyl group (C=0) containing products (aldehydes, ketones and carboxylic acids) are
formed during termination reactions (Eq. 1.14). Auto-oxidation of polyolefins occurs in the
presence of air where oxygen exists in abundance and accelerates in the presence of water
(Massey et al., 2007) and basic media (Mosadegh-Sedghi et al., 2012).

Another possible cause for membrane surface property changes is a chemical
reaction between polymeric membranes and amines, as suggested by Wang et al. (2004).

The generation of new peaks possibly related to C-N bonds (XPS spectrum), observed after
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a 10 days contact of the PP membrane with a DEA solution showed possible chemical
interactions between the membrane and the alkanolamine solution. Based on XPS analysis,
the formation of such new peaks was also reported for a 10 day contact between PP
membranes and MEA solutions (Lv et al., 2010). In addition, Mosadegh Sedghi et al.
(2011,2012) performed a comprehensive investigation on chemical alteration of low
density polyethylene (LDPE) hollow fibers in contact with MEA and 2-amino-2-
hydroxymethyl-1,3-propanediol (AHPD) solutions by combining FT-IR spectroscopy, XPS
analysis, surface tension and contact angle measurements. A two-step mechanism of
membrane chemical degradation was proposed, comprising the auto-oxidation of
polyethylene (PE) material in aqueous solution of amines which generated carbonyl groups
(C=0), followed by the interaction between PE and amines which led to the formation of
amide groups (Mosadegh-Sedghi et al., 2011). Such degradation was shown to be hindered
to a great extent by the addition of PZ in amine solutions, due to the steric hindrance effect
of PZ (Mosadegh-Sedghi et al., 2012).

Despite the crucial role of membrane chemical stability on its wetting tendency,
very few investigations have been performed on this subject. Both types of membrane
chemical alteration (oxidative degradation and chemical reaction between membrane
material and amines) result in the formation of hydrophilic C-O, C=0 or C-N containing
products, including alcohols, aldehydes, ketones and amides, which cover the membrane
surface and therefore influence its wettability. Contact angle measurements were carried
out for PP membranes immersed in water, 30 wt% MEA and 30 wt% MDEA solutions for
periods up to 90 days (Lv et al., 2010). At the end of the immersion period, fibers were
rinsed several times with deionized water and dried in vacuum at 70 °C for 10 h to
completely remove the remaining amine solution on the fiber surface. It was observed that
the contact angle significantly decreased during this period. A 25% decrease (from 121.6°
to 90.8°) for PP immersed in 30 wt% MDEA for 60 days indicated that the membrane
surface hydrophobicity was significantly reduced due to the immersion in an alkanolamine
solution. Further increase in the immersion time to 90 days resulted in a smaller decrease in
contact angle (about 0.7%). Mosadegh-Sedghi et al. (2012) also reported that the contact
angle of PE hollow fiber membranes decreased from 128.4° to 112.2° for a 30 day
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immersion in 30 wt% MEA and to 118.6° for a 30 day immersion in 10.11 wt% AHPD
solution. However, the addition of 5 wt% PZ in the same amine solutions led to a smaller
decrease in contact angle to values of 116.5° and 121.4°, respectively. The smaller decrease
in contact angle after the addition of 5 wt% PZ to 30 wt% MEA and 0.89 wt% to 11 wt%
AHPD was attributed to the role of PZ as a surface inactive substance (it increases the
surface tension of MEA and AHPD solutions). PZ-containing amine solutions therefore
seem to be good alternatives to single amine solutions as absorbents in GLMC, due to their

effect in reduction of membrane wettability.

1.1.7.7. Wetting prevention

In order to avoid membrane wetting, different methods have been suggested in the
literature including: 1) effective selection of membrane-absorbent, ii) optimization of
operation conditions, iii) use of composites, iv) selection of asymmetric membranes, and v)

surface modification of membranes.

1.1.7.7.1. Membrane/absorbent compatibility

Compatibility between the membrane type (material) and the liquid absorbent in
membrane contactors is an effective parameter in wettability determination. Generally,
compatibility depends on absorbent surface tension as well as membrane surface energy
(Dindore et al., 2004; Bougie and Iliuta, 2013). Liquids with lower surface tension have
greater tendency to wet the surface, while membranes with higher surface energy are more
vulnerable to wetting. Molecular structure and composition have been found to strongly
influence the liquid surface tension. As example, AHPD, a sterically hindered alkanolamine
with 4 hydrophilic groups and a carbon number of 4, has remarkably higher surface
tension, compared with alkanolamines and seems, therefore, an appropriate absorbents to
be used in GLMC (Bougie and Iliuta, 2013). Wettability of commonly used membranes
with different liquid absorbents is summarized in Table 1.4. The only membrane material
which was recently reported to be more hydrophobic than PTFE is PFA
(poly(tetrafluoroethylene-co-perfluorinated alkyl vinyl ether)) (Marzouk et al., 2012).
Except for PFA, it can be seen that polytetrafluoroethylene (PTFE) is the most resistant

material to wetting by different aqueous solutions, owing to its relatively low surface
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energy (17-22 mN/m) (Fu et al., 2004; Shojaie and Gholamalipour, 2011) and thus, it has
been extensively used in GLMC systems. However, several important drawbacks (Lee et
al., 2004; deMontigny et al., 2006; Khaisiri et al., 2009) including: 1) complicated and high
cost of fabrication, ii) environmentally malignant method of fabrication, and ii1) small
specific interfacial area leading to a reduction in absorption efficiency and iv) non
recyclability, limit large scale use of PTFE materials. Table 1.6 presents the characteristics
(pore size and porosity) and price for commercial PTFE in comparison to commercial PP
and PVDF (hollow fiber membranes). The price of commercial PTFE hollow fiber
membranes are about 100-200 times higher than that of PP. In addition, PP hollow fiber
membranes provide higher surface area (deMontigny et al., 2006; Khaisiri et al., 2011).

Therefore, polyolefin based membranes represent a good alternative to PTFE.

Table 1.6. General properties of some types of commercial PP, PVDF and PTFE hollow
fiber membranes.

Description PP PVDF PTFE Reference
Mavx. available pore size (um) 0.25 0.03 1.0 Lee etal.,
2004
Khaisiri et al.,
75.2 82.2 70.1 2009
Max. void fraction (%)
) deMontigny
82.2 592 et al., 2006
2855 1488 1340 ~ Leeetal,
. _ 2004
Max. specific area (m”/m”)
) deMontigny
2752 429 et al., 2006
Cost (US $/m) ) deMontigny
0.01 23 et al., 2006
Khaisiri et al.,
0.01 0.36 11.5 2009
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However, as indicated in Table 1.4, they have large wettability and are wetted by
alkanolamine solutions in short term operation. Also, laminated membranes combining two
layers, one representing a typical porous membrane and the other being made of
microfibers used as support to stiffen the whole assembly to offer a better mechanical
resistance, can be another interesting alternative (Bougie and Iliuta, 2013). This can be
attributed to the fact that the lamination process seems to increase surface roughness,
leading to higher contact values. Moreover, the fabrication of laminated membranes, like
PP/PTFE, requires less amount of PTFE, which can reduces the cost (Bougie and Iliuta,
2010; Bougie and Iliuta, 2013).

1.1.7.7.2. Optimizing operating conditions

Operating conditions such as temperature and pressure can affect the wettability of
membranes in membrane contactors. As liquid surface tension decreases with increasing
temperature (Bougie and Iliuta, 2013), operating temperature should not exceed a certain
value, so that absorbent surface tension remains above the critical value. This critical
surface tension can be determined by a Zisman Plot (Fox and Zisman, 2006). For a specific
membrane this value is equivalent to the surface energy of the membrane. The Zisman plot
for a low density polyethylene film is shown in Fig. 1.27. Only few investigations have
been reported for the effect of operating temperature on membrane wetting (Malek et al.,
1997, Garcia-Payo, 2000; Lu et al., 2008). Lu et al. (Lu et al., 2008) reported a reduction of
total mass transfer to about 59% with increasing operating temperature from 288 K to 308
K This was attributed to the alteration of both membrane and absorbent physical properties
(absorbent viscosity, absorbent surface tension, membrane surface energy and membrane-
absorbent contact angle) by temperature.

On the other hand, liquid side operating pressure plays a crucial role in long-term
absorption performance. The operating pressure of the liquid phase should be higher than
that of the gas phase in order to prevent bubble formation, which can result in significant
loss of valuable gas components and reduction in absorption efficiency (Kreulen and

Smolders, 1993). However, high liquid pressure can gradually cause liquid penetration into
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membrane pores, which leads to partial wetting of the membrane. It is therefore advisable

to work at pressures lower than the breakthrough pressure (Dindore et al., 2004).
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Figure 1.27. Zisman plot representing the critical surface tension of several liquids for
LDPE films (Fox and Zisman, 2006).

1.1.7.7.3. Composite membranes

Using composite membranes comprising a microporous support coated by a dense
top layer is another effective method for membrane wetting prevention (Nymeijer et al.,
2004). The dense top layer is in contact with the liquid phase and serves as a stabilization
layer, by not permitting the liquid to penetrate inside the pores. The material for this layer
should be highly permeable to the targeted gas components and hydrophobic enough to
prevent wetting. Chabanon et al. (2011a,b) studied the wetting resistance of a composite
membrane consisting of a PP porous membrane coated with a dense top layer of poly(1-
trimethylsilyl-1-propyne) (PTMSP), in a long period operation (10 h) in GLMC using MEA
and a blend of MDEA and triethylenetetramine (TETA) as absorbents. The system was

reported to operate without wetting problems, so that the CO, removal efficiency remained
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higher than 90% at the end of the operating period. Similar behaviour was reported by
Nguyen et al. (2011) in the case of a composite hollow fiber membrane with a thin top skin
of Teflon coated on a PP porous support. Fig. 1.28 shows a schematic representation of the
resistance of a gas-liquid membrane contactor with a composite membrane as interface

between gas and liquid phases. The overall mass transfer resistance (1/K,;) comprises

four consecutive resistances in series and can be written as:

L1 1 1 1 (1.15)
Koo k, k; k. mk,

0G g S c

where 1/k,, 1/kg, 1/k. and 1/k, represent resistances of the gas boundary layer, porous

support, dense coating layer and liquid phase boundary layer, respectively. The presence of
the dense layer introduces an additional resistance. This additional resistance can
sometimes be as high as 10* s/m, which is comparable to the resistance of liquid phase
boundary layer and 10” times higher than that of the gas boundary layer. It can therefore
become the limiting step in the absorption process (Nymeijer et al., 2004).

- R <—>" R
Gas Liquid
- phase phase =
> boundary boundary q'—;'
o layer layer
Support Coating
layer

Figure 1.28. Schematic presentation of the resistances of a gas-liquid membrane contactor
with a composite membrane as interface between gas and liquid phases (Nymeijer et al.,
2004).

1.1.7.7.4. Asymmetric membranes

Asymmetric membranes having a dense top layer (Fig. 1.29) are considered in the
literature for their lower wetting tendency (Kreulen and Smolders, 1993; Wang et al., 2000;
Ismail and Yaacob, 2006; Choi et al., 2010; Chen et al., 2011). Using wet-spinning method,

different porous asymmetric membranes such as PVDF (Wang et al., 2000; Choi et al.,

56



2010; Mansourizadeh et al.,, 2010; Mansourizadeh et al., 2012; Mansourizadeh and
Mousavian, 2013), polyimide (PI) (Kawakami et al., 1997; Mikawa et al., 2002),
polysolfune (PS) (Ismail et al, 2004; Torres-Trueba, et al., 2008) and polyamide (PA)
(Kazama and Sakashita et al., 2004) were fabricated in the literature. Chen et al. (2011)
studied the wetting resistance of both symmetric and asymmetric PTFE membranes in
contact with a mixed amine absorbent (AMP/MEA/PZ solution). They observed that the
asymmetric PTFE membrane shows lower wettability in comparison to the symmetric one,
mainly because the dense top layer of the asymmetric membrane, having small porosity and
pore diameters, hardly tends to be intruded by the absorbents. However, asymmetric
membranes introduce higher mass transfer resistance due to the existence of a dense skin on
the membrane surface, leading to a reduction in CO, absorption flux (Kreulen and

Smolders, 1993).
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Figure 1.29. Pore structures of asymmetric a) PVDF (Mansourizadeh et al., 2012) and b)
PSF (Ismail et al., 2004) hollow fiber membranes.
1.1.7.7.5. Surface modification
Several hydrophobic surface modification techniques have been developed to
reduce surface wettability of polymers. However, among such techniques, only a few were
employed to decrease wettability of porous polymeric membranes. The following section
reviews the approaches to hydrophobic surface modification of polymeric films, as well as

polymeric porous membranes.
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1.1.7.7.5.1. Hydrophobic surface modification of polymeric surfaces

Table 1.7 summarizes the methods developed for hydrophobic treatment of

polymeric surfaces including: i) roughening and ii) fluorination of the polymeric surfaces.

Most of the treatments have been performed to produce self-cleaning surfaces, without

focusing on a specific application. As indicated in Table 1.8, only few hydrophobic

treatments in the literature have been applied on membrane surfaces (Kim et al., 1994;

Franco et al., 2008; Kim et al., 2008; Lv et al., 2012).

Table 1.7. Summary of available hydrophobic surface modification methods performed on
polymeric surfaces.

Surface Water | Application
Method . contact in Reference
material o
angle (') | membrane
Surface. Template (nano PDMS 160 No Sun et al., 2005
roughening casting/replication)
HDPE 1591 No Lee and Park, 2007
PSF Al‘?; ' No Lee et al., 2004
Rec: 147 No
polyvinyl
alcohol 171 No Feng et al., 2003
(PVA)
perfluorop
olyether 152 No Leeetal., 2012
(PFPE)
Solution casting LDPE 173 No Lu et al., 2004
LLDPE 153 No Yuan et al., 2008
Poly-
styrene 154 No Fan et al., 2011
(PS)
PP 169 Yes Franco et al., 2008
PP 158 Yes Lv et al., 2012
PAMS 152 No Fan et al., 2011
LDPE 152 No Yuan et al., 2012
Stretching PTFE 171 Yes Xi et al., 2008
PE 131 Yes Lee et al., 2006
Fluorination | Etching  Laser PDMS 160 No Jin et al., 2005
Plasma PET 153 No Teshima et al., 2005
PS 170 No Shui et al., 2005
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Table 1.7. Summary of available hydrophobic surface modification methods performed on
polymeric surfaces (Continued).

Surface Water | Application
Method . contact in Reference
material ”

angle (°) | membrane

Fluorination Perarpanent PET 140 No Ramaratnam et al.,
grafting 2007
Boguslavsky et al.,
e 130 No 2011
Melt blending PP+F 130 No Ebbens and

Badyal., 2001
Puukilainen and

HDPE+PFPE 106 No Tapani, 2005
Plasma PP + CF, 143 Yes Lin et al., 2009a
fluorination —_—
PVDF + CF, 155 Yes Lin et al., 2009b
Poly-butadiene Woodward et al.,
+CF, 157 No 2003
LDPE + F, Adv:150 No Kirk et al., 2010
Rec:85
PTFE + SF4 145 No Rangel et al., 2003

! Adv: Advancing contact angle; Rec: Receding contact angle

1.1.7.7.5.1.1. Surface roughening
Superhydrophobic surfaces, having water contact angles over 150°, have attracted
much attention due to their high water repellence and self-cleaning properties. The most
known superhydrophobic surface in nature is the lotus plant leaf. Scanning electron
microscopy images show that lotus leaf surfaces are a combination of micro and nano-scale
hierarchical structures which make them extraordinarily water repellent and keep them
spotless (Fig. 1.30) (Cassie and Boxter, 1944; Feng et al., 2002; Ma and Hill, 2006). Water
cannot spread out on the leaves, but rolls as droplets and remove grime and soil as they
move. In order to obtain a superhydrophobic surface, a combination of a low surface energy
material and surface roughness is required.
According to the Cassie and Baxter theory (Cassie and Baxter, 1944), the contact
angle of a hydrophobic rough surface comprising solid and air can be determined using the

following relation:
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cosé. = f,cos@—f, (1.6)

where @ refers to the contact angle of the smooth surface, . defines the contact angle
of the rough surface, while f, and f, are the fractions of solid and air on the composite
surface, respectively. This equation predicts that increasing the fraction of air ( f,) would

lead to an increase in contact angle (the fraction of air increases by increasing the surface

roughness, leading therefore to an increase in contact angle).

Figure 1.30. SEM of the surface of a lotus leaf: a) large area, every epidermal cell forms a
papilla covered with a dense layer of paraffin wax; b) enlarged view of a single papilla
(Feng et al., 2002).

a’ .
e .

0. .

Figure 1.31. Effect of surface roughness on wetting behavior of solid substrates: a) smooth
surface, b) rough surface with micron structures, c¢) rough surface with micron and nano
structures in ideal condition and d) rough surface in real condition (Feng et al., 2002).

This remarkable rise of contact angles by increasing surface roughness is called the “lotus

effect”, which can be mimicked in artificial highly hydrophobic surfaces (Fig. 1.31) (Cassie
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and Baxter, 1944; Feng et al., 2002; Woodward et al., 2003; Erbil et al., 2003; Ma and Hill,
2006; Yan et al., 2008).

1.1.7.7.5.1.1.1. Permanent grafting

As an alternative to the above mentioned techniques, an interesting modification
technique was proposed by Ramaratnam et al. (2007), which eliminate the need for using
solvents and diluents. In this work, ultrahydrophobic textiles were fabricated via surface
roughening using permanent grafting of nanoparticles on polymeric surfaces. A primary
reactive layer was formed on the surface of a substrate using nanoparticles functionalized
by poly(glycidylmethacrylate) (PGMA), an epoxy containing polymer. Being highly
reactive, the formed layer can adhere to various kinds of polymers with different functional
groups (carboxyl, anhydride, hydroxyl). Using this technique, the authors fabricated a
superhydrophobic surface of poly(ethylene terephthalate) (PET) polyester fabric by grafting
functionalized silica nanoparticles, as shown in Fig. 1.32. First, PGMA and NaOH were
used to functionalize silica nanoparticles and PET surface, respectively. Then,
functionalized silica nanoparticles were grafted into the reactive surface of NaOH treated
PET substrate. Finally, a hydrophobic and reactive copolymer (styrene-ethylene-butadiene-
styrene, SEBS) was used to generate an ultra-thin hydrophobic coating on the PET surface,
roughened by functionalized silica nanoparticles. The resulting textile possesses
superhydrophobic properties (low surface energy and surface roughness), and shows water
contact angles higher than 150°. Using the same method, ultrahydrophobic PET surfaces
were also fabricated by grafting functionalized multi-walled carbon nanotubes (MWCNT)
on PET treated surfaces (Boguslavski et al., 2011). Although permanent grafting seems not
to be restricted to be applied on membrane surfaces, no report has been found in the

literature on the application of this technique on hydrophobic modification of membranes.

1.1.7.7.5.1.1.2. Template method

This method, also known as the replication or nanocasting method, is an efficient
technique for roughening flat surfaces during molding. Anodized aluminum oxide molds
are usually used as replication templates. This technique comprises three steps (Fig. 1.33):

1) photolithography, to form microstructure pattern on the Al surface, using UV irradiation,
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i1) Al etching, to generate hemispherical concaves (holes) on the Al surface, and iii)
anodization and polymer replication to form various nanostructures on the Al surface.
There are several reports in the literature concerning the fabrication of rough surfaces with
superhydrophobic characteristics using the template method (Table 1.7) (Lee et al., 2004;
Lu et al., 2004; Lee et al., 2007). It is obvious that this technique is effective for products
fabricated via injection molding, but cannot be applied to films or fibers that are

continuously produced through an extrusion process.
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Figure 1.32. Attachment of silica nanoparticles and hydrophobic polymer to
polyester fabric (Ramaratma, 2007).
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Figure 1.33. a) HDPE replicas with various shapes of nanometer- and micrometer-
structured surfaces prepared by template method: a) process steps and b) water contact
angles of HDPE replicas compared to that of the flat HDPE surface (Lee et al., 2007).
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1.1.7.7.5.1.1.3. Solution casting method

In this technique, the phase separation of a polymer solution is responsible for
roughness creation. The process consists of polymer dissolution in a proper solvent
followed by phase separation of the solution, which is triggered either by the addition of a
non-solvent (NIPS) or by decreasing the solution temperature (TIPS). Eventually, a spongy
coating with a rough structure (Fig. 1.34) is formed by casting of a few drops of polymer
solution on a substrate, followed by slow evaporation of the solvent (Choi et al., 2010).
This method has extensively been used in fabricating superhydrophobic coatings (Table
1.7) (Erbil et al., 2003; Jin et al., 2005; Yang et al., 2011; Lv et al., 2012; Yuan et al.,
2012). However, the need for using toxic and expensive solvents (mainly xylene) to form

polymer solutions restricts the large scale productivity of this technique.

Figure 1.34. Hierarchical structure on LDPE surface prepared by solvent-non solvent
method, b) enlarged view of a single floral structure (Lu et al., 2004).

1.1.7.7.5.1.2. Fluorination methods

Fluorinated polymer surfaces have widely been considered for their low surface
energies and subsequently, their lower wetting tendencies (Pike and Ho, 1996; Iyengar et
al., 1996). Most reported fluorination techniques in the literature include melt blending of

polymers with fluorochemicals and plasma surface treatments.
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1.1.7.7.5.1.2.1. Melt blending

Sargent and Alender (Sarget and Alender, 1996) proposed a straightforward
approach for surface fluorination of polymers, including mixing a small amount of fluorine-
containing material with a polymer melt through the injection molding process. The
segregation of the dopant towards the surface occurs during the film formation as a
consequence of its lower surface energy. Using this method, several fluorinated polymeric
surfaces were fabricated (Table 1-4). Since no solvent or diluent is used, this method is safe
and environmentally friendly, while its simplicity makes it practical and applicable to a

wide range of polymer/fluorochemical blends.

1.1.7.7.5.1.2.2. Plasma treatment

Plasma is a partially or fully ionized gas containing electrons, ions and neutral
atoms or molecules (Chang, 1998). Plasma-induced fluorination techniques are mostly used
to initiate surface fluorination via the excitation and dissociation of feed gases, including
CF4 (Cordeiro et al., 2008), SF¢ (Rangel et al., 2003), F, (Kirk et al., 2010) and XeF,
(Wheale et al., 2011). Fluor atoms produced in the plasma abstract hydrogen atoms from
hydrocarbons on polymeric surfaces and passivate the resulting alkyl sites to produce C-F,
sites (Yang et al., 2010). This technique targets only a thin layer of the surface and can thus
alter surface properties of the polymer, while bulk properties remain unchanged. Different
plasma processes such as plasma surface activation followed by grafting of functional
groups (Lin et al., 2009) and pulsed plasma (Khorasani et al., 2005) have been investigated
to deposit fluorochemicals on polymer surfaces. Since plasma surface treatments can be
performed near ambient temperature, they have low energy consumption. However,
operation cost is still high due to the necessity of having a vacuum environment during the

process.

1.1.7.7.5.2. Hydrophobic surface modification of membranes

Only few investigations have been performed in the literature concerning
hydrophobic surface modification of porous membranes (Occhiello et al., 1989; Iyengar et
al., 1996; Sargent and Alender, 1996; Pike and Ho, 1996; Chang, 1998; Kim et al., 2002;

Rangel et al., 2003; Khorasani et al., 2005; Franco et al., 2008; Jian et al., 2009; Lin et al.,
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2009; Kirk et al., 2010; Lv et al., 2010; Franco et al., 2011; Wheale et al., 2011; Yang et al.,
2011; Wei et al., 2012).

1.1.7.7.5.2.1. Solution casting

In this method, a rough and spongy coating is prepared by the solution casting
method and is deposited on a membrane surface. Using this method, superhydrophobic flat
(Franco et al., 2008) and hollow fiber (Lv et al., 2012) PP membranes were fabricated via
the deposition of a porous crystalline polypropylene coating on top of commercial PP
membranes. Rough coating layers were prepared by dissolving polypropylene granules in a
solvent (xylene) at high temperatures (about 120°C), followed by the addition of a few
droplets of a miscible liquid (non-solvent). Solutions were then cast on top of
polypropylene flat and hollow fiber membranes via spin coating. In this technique, the
surface roughness and porosity are influenced by the nature of the non-solvent and its
concentration. The commonly used non-solvents are methyl ethyl ketone (MEK) and
cyclohexanone. It was observed that, under the same conditions, the use of methyl ethyl
ketone (MEK) resulted in higher average water contact angle (138°) compared to
cyclohexanone (127°). However, cyclohexanone provides a higher number of spherulites of
small diameter, attributed to the more homogeneous surface formed by cyclohexanone
compared to that with MEK (Fig. 1.35) (Lv et al., 2012). By optimizing the non-solvent
nature and concentration, a high water contact angle of 169° was achieved. In comparison
to pure MEK and cyclohexanone, the MEK/cyclohexanone mixture combining both
advantages of homogeneity and high surface roughness, can be considered as a more
efficient non-solvent (Lv et al., 2010). In this case, by optimizing the MEK/cyclohexanone
mixture concentration, an average water contact angle of 158° was obtained for PP

membranes (Lv et al., 2012).
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Figure 1.35. SEM images depicting the change in surface morphology with the type of
non-solvent used which include (a) MEK at a magnification of 750x, (b) cyclohexanone at
a magnification of 750x and (c) the untreated polypropylene membrane at a magnification

of 1000x (Franco et al., 2008).

As shown in Fig. 1.36, for long-term CO, absorption using 1 mol/l MEA as
absorbent, it is clear that modified PP membranes show a higher wetting resistance than
untreated ones (Lv et al., 2012). Before 7 days, the reduction in absorption flux was not
notable. After 7 days, a slight decreased of about 14% was found, and the value remained

constant for 20 days.
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Figure 1.36. Influences of surface modification of the PP membrane, via the solution
casting technique on CO; mass transfer rate during long-time operation (Lv et al., 2012).
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However, as depicted in Fig. 1.37, CO, flux value of modified membranes was
lower than that of untreated membranes for the first 6 days. This was attributed to the fact
that, along with the desired hydrophobicity enhancement effect, the deposition of a coating
layer resulted in decreasing membrane porosity and increasing mass transfer resistance,

which are unfavorable for CO, absorption process.
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Figure 1.37. Comparison of CO; absorption fluxes of plasma modified and unmodified
membranes at long-term operation in a hollow fiber membrane contactor (Lin et al., 2009).

1.1.7.5.2.2. Plasma treatment

Hydrophobic plasma treatments have been employed for surface fluorination of
different membranes such as, PVDF (Jian et al., 2009), polysulfone (PSF) (Kim et al.,
2002), polycarbonate (PC) (Occhiello et al., 1989), polyethersulfone (PES) (Wei et al.,
2012) and PP (Lin et al., 2009; Franco et al., 2011). The influence of plasma treatment on
membrane wettability was studied in the case of CF4 plasma surface modification of PP
hollow fiber membranes (Lin et al., 2009; Franco et al., 2011). The CO, absorption
performance of the treated membrane was investigated in membrane contacting system
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using aqueous solutions of PZ/MDEA and PZ/AMP. Furthermore, the modified membranes
showed a remarkably higher wetting resistance during 20 h of operation compared to
untreated PP and PVDF membranes (Fig. 1.37). In addition, the effect of plasma sputtering
of PP flat membranes by PTFE on membrane wettability was investigated (Franco et al.,
2011). It was observed that the water contact angle and breakthrough pressure increased,
respectively, from 127° and 29 kPa for untreated PP membranes to 151° and 71 kPa after
PTFE sputtering, due to increasing membrane surface roughness and decreasing membrane
surface energy, as well as the decrease in membrane surface pore size after treatment.
Moreover, the estimated wetting degree after 25 days of CO, absorption was reduced from

100% for untreated PP membranes to 60% for treated ones.

1.1.7.7.5.2.3. Stretching method

Melt spinning of semi-crystalline polymers (comprising crystalline and amorphous
regions) results in the formation of a precursor with lamellar structure (Fig. 1.38a). These
precursors are then annealed to improve crystallinity (Keller and Marchin, 1967; Shen et
al., 2002). Afterwards, during the axial stretching process, such well-crystallized precursors
form a membrane structure comprising lamellae stacks (obtained from the crystalline
region), microvoids (formed in the amorphous region) and microfibrils (connecting
lamellae stacks), as shown in Fig. 1.38b,c (Zhang et al., 2004). Such a rough and porous
structure can result in a decrease in membrane surface energy (Xi et al., 2008).
Ultrahydrophobic HDPE hollow fiber membranes with a water contact angle of 131° was
fabricated by stretching HDPE hollow fiber precursors (Lee et al., 2006). Therefore,
stretching, as a post treatment process (performed on membrane precursors, fabricated via
the melt-spinning process (Lee et al., 2006; Xi et al., 2008; Mosadegh Sedghi et al., 2012b),

can simultaneously form a porous structure and improve membrane surface hydrophobicity.
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Figure 1.38. SEM images of a) inner surface of polyethylene hollow fiber precursors after
annealing, b) inner surface of membranes prepared from annealed hollow fiber precursors
by hot stretching and ¢) microfibrils and lamellar stacks of membranes prepared from
annealed hollow fiber precursors by hot stretching (Chen et al., 2011).

1.1.7.7.5.2.4. Template leaching

Recently, a hybrid process combining melt extrusion and continuous template-
leaching techniques was proposed as a novel solvent-free method to improve membrane
surface hydrophobicity during fabrication (Nishikawa et al., 1995; Mosadegh-Sedghi et al.,
2013). This method provides effective roughness on membrane surface which can
significantly decrease membrane wettability. As a solvent-free method, melt-extrusion and
template leaching technique overcome the environmental impacts of the solution casting
method. In addition, unlike the stretching method which requires several annealing and
mechanical stretching treatments after the membrane fabrication, in this method no post-
treatments are employed and therefore, it is expected to be industrially applicable for
different kinds of polymers. Using this method, highly hydrophobic LDPE hollow fiber
membranes with water contact angle of 130° were produced. Fig. 1.39 reports scanning
electron images of the surface of these fibers, for which the surface roughness is clearly
seen.

Plasma treatment, stretching and template leaching method are solvent-free
techniques which are considered as clean and environmentally friendly membrane
hydrophobic modification methods. However, plasma required vacuum which is really
costly (Lin et al., 2009). Stretching method is considered as a post-treatment, which is

applied on membranes after fabrication and required several thermal and mechanical steps.
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Figure 1.39. SEM images of a) cross-section and b) outer surface of LDPE hollow fiber
membrane fabricated by template leaching method (Mosadegh-Sedghi et al., 2013).

On the other hands, this method is only applicable for semi-crystalline polymers
(Shen et al., 2002). Template leaching, as the only continuous solvent-free method which
does not employ any after-treatments, is considered as an attractive method. However,
membrane pore size is determined by salt particle size used to produce porous structure.
Therefore, since limited sizes of salt particles are commercially available, controlling pore

size is restricted in this technique (Mosadegh-Sedghi et al., 2013).

1.2. Conclusions

Microporous polymeric membranes used for gas separation in gas-liquid membrane
contactors are commonly prepared via phase inversion methods involving toxic and
expensive solvents and diluents. Even for hydrophobic membranes, the wetting
phenomenon of porous membranes by liquid absorbents, which leads to the increase in total
mass transfer resistance and thus, to a reduction in absorption efficiency, is still a major
problem in membrane contactors. The impacts of various parameters on membrane wetting
and the main approaches to prevent such phenomenon make the object of several articles in
the literature.

The type of liquid absorbent has a significant impact on membrane wetting. The
higher the absorbent surface tension and viscosity, the lower its tendency to wet the
membrane pores. In addition, liquid-side operating conditions have an important effect on
membrane wetting. Liquid pressure should be lower than membrane breakthrough pressure
to avoid wetting. The operating temperature influences the absorbent physical properties
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(viscosity and surface tension). Liquid surface tension and viscosity decrease with the

increase in temperature and therefore, in real conditions (absorption temperatures around

50-60°C), the absorbent has more facility to penetrate inside the membrane pores.

Table 1.8. Comparison of available hydrophobic surface modification methods performed

on porous polymeric membranes.

Method Advantages Disadvantages
Solution Uniform thickness of cast layer ¢ Environmentally malignant
casting e Uneconomical (expensive

Plasma treatment

Safe and environmentally friendly
Applicable at low temperatures

(near ambient temperature)

¢ High cost (vacuum
environment)
e Applicable only to flat

membranes (extremely

Stretching Environmentally friendly (solvent- e Restricted to semi-crystalline
method free method) polymers
¢ Limited applicability for
large scale production
Template Environmentally friendly (solvent- e Limited membrane pore size
leaching free method) control (depends on available

Applicable to all types of polymers

Merged with the fabrication process

particle template size)

PTFE is currently the most resistant material to wetting, mainly due to its high

hydrophobicity. However, its use for gas separation by GLMC in industrial large-scale

applications is limited due to several important drawbacks like high fabrication cost and

environmental impacts. Replacing PTFE with other kinds of polymeric membranes (like

PP) requires the use of suitable hydrophobic surface treatments to increase membrane

wetting resistance to values comparable to PTFE. Membrane surface roughening
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techniques, including the template method, solution casting and permanent grafting
methods, have been proposed to increase membrane surface hydrophobicity. Stretching
methods include several thermal and mechanical treatments and are only applicable to
semi-crystalline polymers. Solution casting methods use toxic and inflammable solvents
and diluents which are expensive and environmentally malignant. Membrane surface
fluorination technologies, an alternative to surface roughening, have a high cost and

potential environmental impacts.
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1.3. Objectives of work

Polymeric membranes used for gas separation in gas-liquid membrane contactors
are usually prepared via a phase inversion methods involving toxic and expensive solvents
and diluents, making the fabrication process uneconomic and environmentally malignant.
The melt-spinning and stretching method, the only solvent-free technique proposed to
produce hollow fiber membranes, requires several post-treatments which make the process
industrially non-applicable. The development of efficient solvent-free techniques for

membrane fabrication is still a challenge for industrial implementation of GLMC.

1.3.1. General objective

The main objective of the present doctoral project was to fabricate efficient
(microporous and highly hydrophobic) hollow fiber membranes for CO, separation in
GLMC via a solvent-free method, as a clean, economical, and environmentally friendly

alternative to the commonly used ones (namely, PTFE).

1.3.2. Specific objectives
To achieve this goal, the following specific objectives were defined:
e  Optimisation of operating conditions for membrane fabrication.
e Investigation of morphological, chemical and thermal stability of membranes in
contact with different absorbent solutions.
e Determination of membrane wetting behaviour in contact with different absorbent

solutions.
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The principal aim of this thesis was to develop highly hydrophobic microporous
membranes for CO, capture in GLMC, by an economic and environmentally friendly
method that does not require the use of solvents or diluents. In the first paper (Chapter 2),
a comprehensive description of the fabrication and characterisation of new LDPE hollow
fiber membranes is presented. LDPE was selected for its low price which makes the
fabrication process industrially economical, for its better chemical stability compared to

other polyolefins, as well as for the easiness of the fabrication process.
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Chapter 2

Highly hydrophobic microporous LDPE hollow fiber
membranes by melt-extrusion coupled with salt-leaching
technique

Résumé

Des membranes microporeuses et hautement hydrophobes a fibres creuses en
polyéthyléne de basse densité¢ (LDPE) ont été préparées par un procédé sans solvant, en
combinant les techniques d'extrusion et le lavage de sel. Des particules de NaCl (5 a 10 um)
ont ét¢ mélangées avec le LDPE pour produire un mélange contenant 35, 40, 50, 60, 65 et
68 wt% de sel. La structure microporeuse a été produite par le lavage des particules de sel
emprisonées dans la matrice polymére par immersion dans I'eau a 60°C. Les membranes
fabriquées ont été ensuite caractérisées en termes de morphologie, porosité et distribution
de la taille des pores, rugosité de la surface et hydrophobicité, ainsi que des propriétés
mécaniques. L'augmentation remarquable de 1’angle de contact eau/membrane de 98° pour
des fibres creuses fabriquées sans ajout de sel (échantillon témoin) a 130° pour les
membranes fabriquées avec une teneur en sel initiale de 68 wt% est essentiellement
attribuée a la structure rugeuse de la surface qui contient un grand nombre de micropapilles
produites par I’élimination du sel. L'augmentation de la rugosit¢ de la surface et de la
porosité des membranes avec I'augmentation de la teneur initiale en sel a été confirmée par
microscopie ¢lectronique a balayage (SEM) et force atomique (AFM).
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Abstract

Microporous and highly hydrophobic low density polyethylene (LDPE) hollow fiber
membranes were successfully prepared via a solvent-free method, combining melt
extrusion and salt-leaching techniques. NaCl particles with particle size of 5-10 um were
mixed with LDPE pellets to produce a blend of 35, 40, 50, 60, 65 and 68 wt% of salt. A
microporous structure was produced by leaching the salt particles from the hollow fiber
matrix via immersion in water at 60°C. The fabricated membranes were then characterized
in terms of morphology, porosity and pore size distribution, surface roughness and
hydrophobicity, as well as mechanical properties. The remarkable increase in the water
contact angles from 98° for LDPE hollow fibers fabricated without the addition of salt
(blank sample) to 130° for membranes fabricated with initial salt content of 68 wt% is
mainly attributed to the rough surface structure, comprising a large number of
micropapillas produced by removing the imbedded salt crystals. The increase in surface
roughness and porosity of hollow fiber membranes with increasing initial salt content was
confirmed by SEM and AFM microscopy.
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2.1. Introduction

Wetting of porous polymeric membranes by liquid absorbents has been considered as
the major problem in membrane gas liquid contactors (GLMC). In non-wetted conditions,
membrane pores are filled only with the gas. However, partial wetting of membrane pores
by the liquid absorbent can result in a significant increase in membrane mass transfer
resistance, a gradual reduction of the gas flux through the membranes, and therefore a
decrease in membrane efficiency and long-term performance of membrane contactors
(Nishikawa et al., 1995; Dindore et al., 2004).

The wetting tendency of a membrane by a specific liquid is determined by membrane
chemical and morphological properties and is related to its surface energy (hydrophobicity)
and pore size. In order to avoid wetting phenomena, highly hydrophobic membranes are
required. The wettability of commonly used polymeric membranes with different solutions
is summarized in Table 2.1. It can be seen that, due to its lowest surface energy,
polytetrafluoroethylene (PTFE) is the most resistant polymer to wetting and therefore, it
has been extensively used in GLMC systems, despite several serious drawbacks which limit
its large scale applicability (complex, costly, and environmentally malignant method of

fabrication, small specific interfacial area, difficult pore size control, non-recyclability).
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Table 2.1. Wettability of commonly used membranes

Reference Wettability Absorbent Membrane
Nishikawa et al. (1995) - MEA
Falk-Pedersen and - Amine solution
Dannstrom (1997) (AMP, MEA, MDEA)
Kim et al. (2000) -
PTFE
Matsumoto et al. (1995) - NaOH solution, MEA solution
deMontigny et al. (2006) - MEA, AMP
Khaisri et al. (2009) - Water, MEA
Rangwala (1996) + NaOH solution
Falk-Pedersen and + Alkanolamine solution
Dannstrom (1997)
Kumar et al. (2002) +
Kumar et al. (2002) - Amino acid salts
(Potassium taurate )
Matsumoto et al. (1995) + NaOH solution, MEA solution PP
Dindore et al. (2004) + Propylene carbonate
Khaisri et al. (2009) + Water, MEA
deMontigny et al. (2006) + MEA , AMP
Lu et al. (2009) - Activated absorbent
Matsumoto et al. (1995) + NaOH solution, MEA solution PE
Nishikawa et al. (1995) + MEA
Yeon et al. (2003) - 5% MEA +5% TEA
PVDF
Khaisri et al. (2009) + Water, MEA

General characteristics of some kinds of commercial polytetrafluoroethylene (PTFE),

polypropylene (PP) and polyvinylidene fluoride (PVDF) hollow fiber membranes are

presented in Table 2.2. Polypropylene, an inexpensive and frequently available alternative,

has been intensely studied in the literature. However, due to its higher surface energy

(around 35 mN/m) compared to PTFE (around 19 mN/m), PP has a large wettability and

consequently, it has been reported to be wetted by alkanolamine solutions (the most used
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absorbent in GLMC) during short term operation (Nishikawa et al., 1995). Polyethylene
(PE), having the same wetting tendency as PP, is also an alternative material but has been
little studied in this context. Nevertheless, it has several advantages including recyclability,
flexibility of operation, simplicity of transformation to flat and hollow fiber membranes
through different methods, good availability and low cost, and chemical stability higher
than that of PP (Xi et al., 2008). Methods used for hydrophobic treatment of polyolefins
such as laser etching (Jin et al., 2005), plasma treatment (Shui et al., 2004) and solution
casting (Lu et al., 2004) are mostly uneconomic or use toxic solvents. In addition, most of

them cannot be applied on non-flat surfaces and thus are not appropriate for hollow fiber

membranes.
Table 2.2. Commercial hollow fiber membrane characteristics.
Description PP PVDF PTFE Reference
Max. available pore size (um) 0.25 0.03 1.0 Lee et al. (2004)
75.2 82.2 70.1 Khaisri et al. (2009)
Max. void fraction (% i
(%) 222 i 509 deMontigny et al.
(2006)
2855 1488 1340 Lee et al. (2004)
Max. specific area (m?*/m”*) deMontign 1
} y et al.
2752 429 (2006)
0.01 i 3 deMontigny et al.
Cost (US $/m) (2006)
0.01 0.36 11.5 Khaisri et al. (2009)

It has been shown that effective roughening of a specific surface can significantly
increase its hydrophobicity (Lu et al., 2004; Lee et al., 2007; Franco et al., 2008; Yuan et
al., 2008). Many natural plant leaves have superhydrophobic properties due to their rough
structure (Blossey, 2003). There have been several reports in the literature on fabrication of
artificial superhydrophobic surfaces via roughening low surface energy materials (Ma et al.,
2005; Yuan et al., 2008). However, despite its important role in reduction of membrane

wettability, increasing the hydrophobicity of porous polymeric membranes via creating
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rough structures remains considerably untouched. To the best of our knowledge, the only
report was that of Lv et al. (2012), who performed a solvent-based treatment
(cyclohexanone and methyl ethyl ketone mixture) of polypropylene (PP) membrane fibers
by depositing a rough layer on the surface in order to improve its hydrophobicity and
consequently, to reduce the wetting phenomenon.

Porous polymeric membranes are usually fabricated via conventional wet-phase
inversion methods through thermally induced phase separation (TIPS) (Kim and Lloyd,
1991) or non-solvent induced phase separation (NIPS) (Pinnau and Koros, 1993) processes,
which involve the dissolution of polymer in toxic organic compounds. The porous structure
forms during phase separation, induced either by thermally cooling of polymer solution or
by adding a non-solvent. A serious drawback of these processes is the use of large amounts
of expensive, harmful and partly flammable compounds (solvents) which have to be
removed after membrane formation via several intense washing procedures, making the
process uneconomic and not environmentally benign. Besides the above mentioned
disadvantages, these processes suffer from low production rate due to the slow liquid-liquid
phase separation phenomenon (Krause et al., 2001).

Taking into consideration the drawbacks mentioned above, it seems worth using
solvent-free alternative methods for the fabrication of porous polymeric membranes. Only a
few solvent-free methods for preparation of porous polymeric membranes have been
proposed in the literature (Gore, 1976; Lin et al., 2009; Xi et al., 2008) the most important
of which is the melt-spinning and stretching method. It is based on the melt extrusion of
pure semi-crystalline polymers to form flat or hollow fiber precursors, followed by axial
stretching of such precursors to form a porous structure. This technique is only applicable
to semi-crystalline polymers, and in addition to the mechanical stretching process, it
requires several thermal post-treatments to promote crystallinity and avoid membrane
shrinkage (Kim et al., 1994).

There are few studies in the literature on the fabrication of open-cell foams containing
polymer/filler composites using leachable salts with PP (Chu et al., 2009)
polymethylmetacrylate (PMMA), polysulfone (PSF) and polystyrene (PS) (Narkis and
Joseph, 1978), LDPE (Dangtungee and Supapol, 2010) and polyurethane rigid (PU) foams
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(Verdolotti et al.,, 2011). Despite the importance of porous polymeric materials, little
attention was given to the use of open-cellular foams prepared via salt leaching from
polymer/salt composite matrix for membrane applications. However, the leaching process,
which is the most important part of this technique, still remains noticeably untouched. Long
leaching times (around 90 h) and batch-wise leaching process as post-treatment, make this
process industrially inapplicable. Moreover, none of the abovementioned studies
concentrate on the control of salt particle size, salt content and the final product shape (only
film products were prepared). On the other hand, inhomogeneity and large particle size of
salts (45-850 pm) make these foams inappropriate for membrane applications.

This work proposes to exploit a hybrid process which combines melt extrusion with
continuous template-leaching techniques, as a novel solvent-free method for hollow fiber
membrane fabrication (Mosadegh Sedghi et al., 2012b). In addition to a porous structure,
this method provides an effective roughness on membrane surface and therefore, a
significant decrease of membrane wettability. Compared to the methods mentioned above,
the proposed method is simple, does not require post treatments, and is cheap and gentle for
the environment. The fabricated membranes were characterized in terms of morphology,
porosity and pore size distribution, surface roughness and hydrophobicity, as well as

mechanical properties.

2.2. Experimental

2.2.1. Material

LDPE used in this work was Novapol LA 0219-A (Nova Chemicals) with a density
of 919 kg/m3 (ASTM D792) and a melt index of 2.3 g/10 min (ASTM D1238). NaCl
(SODA-LO 20) with particle size of 5-10 um was supplied by Main Street Ingredients.

2.2.2. LDPE hollow fiber fabrication

The melt-extrusion system used for LDPE hollow fibers fabrication is shown in Fig.
2.1 (detailed information about the extrusion process is given in Appendix A). LDPE
hollow fiber membranes were produced using a Haake Rheomix TW-100 co-rotating twin-

screw extruder. LDPE pellets were mixed thoroughly with NaCl particles to form blends
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containing 35, 40, 50, 60, 65 and 68 wt% salt. For comparison, a nonporous LDPE hollow
fiber sample (blank) was also prepared without the addition of salt. The mixture was then
fed into the extruder in two steps using a hopper. In the first step, the mixture was melt
blended above the melting temperature of LDPE to obtain a uniform polymer/salt blend.
The temperature profile was controlled at 115°C for zone 1, 135°C for zone 2 and 140°C
for zone 3 and the die zone (zone 4). After cooling down through a water bath at room
temperature, the extrudate was pelletized using a PELL 2 pelletizer supplied by Berlyn
Company (not shown). For the nonporous (blank) LDPE hollow fiber sample, the first
extrusion step was skipped. In the second step, the prepared pellets were fed into the
extruder using the hopper at a temperature of 115°C for zone 1, 135°C for zone 2 and
140°C for zones 3 and 4. The extruder was operated at a constant mass flow rate of 0.4 kg/h
and a screw speed of 60 rpm. To produce a stable hollow fiber structure, the inside air
pressure was controlled to prevent collapse. The extrudate was taken out of the hollow fiber
die with an inside and outside diameters of 5 and 7 mm, respectively, and cooled down
through a water bath fed by a fresh water spray and emptied by salt-rich water drains at
60°C. Finally, a take-up unit was used to control drawing speed at 250 cm/min. Detailed
specifications of microporous LDPE hollow fiber membranes fabricated by this method are

given in Table 2.3.

Motor drive

Drawing unit

Water bath

Salt-rich water drain

Figure 2.1. Melt-extrusion, cooling and drawing system for hollow fiber precursor
fabrication.
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Alternatively, in a batch-wise leaching process, 30 mm of prepared hollow fiber
samples were placed in small vials, fully filled with water. The vials were sealed
thoroughly and kept for 160 min in an oven at 60°C to enhance the leaching process. Water

was changed every 20 min to avoid saturation.

Table 2.3. General specifications of LDPE hollow fibers.

LDPE- LDPE- LDPE- LDPE- LDPE- LDPE-
IS5wt% 40wt% S0wt?% 60wt?% 65wt% 68 wt%
NaCl NaCl NaCl NaCl NaCl NaCl

Fiber Blank
characteristics LDPE

Outer diameter

2.66 2.75 2.79 2.62 2.45 2.62 2.60
(mm)
Inner diameter 1.90 2.05 2.05 2.11 1.88 2.01 1.99
(mm)
Thickness (mm)  0.38 0.34 0.37 0.25 0.28 0.30 0.30

2.2.3. Membrane characterization

2.2.3.1. Salt removal and formation of porous structure

The porous structure of the LDPE hollow fibers was formed by removal of salt
particles using a water leaching technique. The amount of salt removal was determined by
comparing the dry weight of each specimen before and after leaching, using a high-
resolution Mettler AE 240 digital balance. In addition, the content of salt remained
in/removed from LDPE hollow fiber membranes with different initial salt content was
confirmed by thermogravimetric analysis (TGA) of fresh fibers (before leaching) and fibers
leached with water for 160 min (after leaching), using a TA Instruments TGA model
Q5000 IR from ambient temperature to 950°C at a heating rate of 10°C/min under air.

The porosity of the hollow fiber membranes (P) was determined via density

measurements using Eq. (2.1):

2o

P(%)z[ —ﬂ}doo 2.1)

85



where p, is the density of the nonporous LDPE hollow fiber (blank) and p, is the
density of porous LDPE hollow fiber membranes with different initial salt contents. p, and
p, were calculated by measuring the volume and the weight of hollow fiber samples as (the
same relation is used for both p, and p,):

w

2L(R-P7) 22

P =

where W is the weight of the hollow fiber, R and r are the outer and inner radius,
respectively, and L is the length of the hollow fiber. The porous structure of hollow fiber
membranes was investigated using a scanning electron microscope (SEM) (JEOL Ltd.,
JSM-840a). Pore diameter distributions were calculated by digitizing and analyzing the

SEM images using Image-Pro Plus version 5.0 software (Media Cybernetics Inc.).

2.2.3.2. Roughness measurements
AFM studies were conducted in tapping mode on the interior surface of hollow fibers
using a Nanoscope III equipped with a 1553D scanner (Veeco Instruments Inc.). Samples
were prepared by cutting the membranes longitudinally in very narrow ribbons of less than
1 mm width and 5 mm length. Analysis was done on the membranes with 40 and 60 wt% of
initial salt content, as well as on nonporous LDPE hollow fiber (blank) for comparison.
Mean surface roughness (R,), maximum roughness (R,.,) and RMS values (R,) were

determined using the Veeco NanoScope Software (version 5.30). R, and R; are calculated

as:
N Z —Z 2
R, =\/ 2% 2) 23)
N
N 2
R = Zi:1|Zl _Zcp
* N

(2.4)

where N is the number of points in the measured surface area, Z; is the vertical scanner tip
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position at a given position of the image, Z,,. is the average Z value and Z, is the Z value

of the center plane.

2.2.3.3. Contact angle measurements

The optical contact angle analyzer (OCA15 EC Plus, DataPhysics) was used to
measure water contact angle of LDPE hollow fibers using the sessile drop method. The
system included a high resolution camera and specific software developed to capture and
analyze the contact angle on very small and curved surfaces. For very precise
measurements, water droplets of 0.15 ul were dispensed on both inner and outer surfaces of
hollow fiber samples via an ultra-thin needle with an internal diameter of 0.18 mm. For
each experimental condition, measurements were performed on at least three samples and
on three different portions of each sample in order to ensure the reproducibility of the

results. The reported contact angle data represent the average of three experimental values.

2.2.3.4. Mechanical properties

Mechanical properties of LDPE hollow fiber membranes including tensile strength,
Young’s modulus, and elongation at break were measured using a universal mechanical
analyzer from Instron model 5565. During the test, the hollow fiber membranes were
stretched at a constant rate of 50 mm/min until break-up. The data reported for each

property is the average of at least 4 measurements.

2.3. Results and discussion

2.3.1. Formation of porous structure

Fibers containing 35-68 wt% salt were produced using the system schematized in
Fig. 2.1. 35 wt% was selected as the lower limit of salt content because lower content did
not produce porous structures after salt leaching. On the other hand, 68 wt% was selected
as the upper limit because of operational restrictions; for higher salt content, the
mechanical/rheological properties were too weak for the fiber to be drawn via the drawing
system. Before the fiber fabrication process, an additional extrusion step was carried out to
assure good distribution of salt particles in the polymer melt. After fiber fabrication via the

second extrusion step, salt particles were leached either through batch-wise or via the
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continuous leaching process, as described before (§2.2). In order to accelerate the leaching,
the process was performed at around 60°C. With the increase of temperature, NaCl
solubility in water increases and the diffusion process is accelerated, reducing therefore the
leaching time. However, the leaching temperature is limited by the polymer deformation
that begins at around 85°C, as well as for economic considerations (energy required for
heating water, water losses by evaporation). 60°C was found sufficiently high to reduce
efficiently the leaching time and sufficiently far from causing modifications in the polymer
structure. Except for increasing the temperature, the leaching time can also be reduced by a
great extent by intensifying the mass transfer at the liquid/membrane interface, which can
be achieved by creating turbulence in the water bath via a shower-like water distribution
(Fig. 2.1).

Since the formation of a porous structure strongly depends on the amount of salt
removed from the fiber matrix, it is essential to determine the level of salt removed from
LDPE/salt fibers. The amount of salt removed from LDPE/salt hollow fibers was obtained
by comparing the dry weight of each sample before and after leaching in water. The amount

of salt removal (% salt removal) was calculated according to the following relation:

Yoweight loss

% salt removal =100

(2.5)

%initial salt content

Fig. 2.2 shows the amount of salt removed from LDPE hollow fibers for each of the
salt content used. The amount of salt removal was found to increase with increasing the
initial salt content from 35 to 68 wt%. The values vary from around 3 to 5% for samples
with initial salt contents of 35 and 40 wt% to about 100% for those containing 60 to 68
wt% NaCl. This can be attributed to the increasing number of pathways formed by the
interconnections of salt particles, as they get closer together with the increase of salt
content. These interconnecting pathways provide better access to water for leaching out the

salt particles.
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Figure 2.2. Amount of salt removal from hollow fiber membranes with different
initial salt contents.

TGA curves of LDPE hollow fiber membranes with various initial salt contents are
presented in Fig. 2.3. At a temperature range of around 300-500°C, a weight loss of about
70% was observed, due to the polymer thermal degradation.

After the complete degradation of the polymer matrix, the sample weight remains
constant and the weight in this region (500-750°C) is equivalent to the salt content in the
corresponding sample. The lower salt contents shown by TGA than those initially blended
with the polymer can be attributed to losses during fabrication (Table 2.4). The second loss

around 750°C can be associated to NaCl degradation.
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Figure 2.3. Thermogravimetric analysis (TGA) curves for a) pure LDPE and pure NaCl;

and LDPE hollow fiber membranes with initial salt content of: b) 68 wt%, c) 65 wt%, d) 60
wt%, €) 50 wt%, f) 40 wt% and g) 35 wt%.
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Table 2.4. Salt loss in the 1* and the 2™ extrusion steps.

0,

wt% salt before v;;t/eors;lsltt wt% salt after % salt loss % salt loss
extrusion (in extrusion 2" extrusion in the 1% in the 2"
polymer/salt ste step (fiber extrusion extrusion

blend) p fabrication) step step

(blending)

35 27 25 22 7.0

40 37 36 7.5 2.7

50 42 44 16 4.7

60 56 53 7.1 3.5

65 59 57 9.2 33

68 61 59 10.2 33

From the TGA analysis, several conclusions can be drawn. The real initial salt
content for all samples was found to be lower than that initially mixed with PE. This can
arise either from the loss of ultra-fine salt particles from the hopper or due to their sticking
inside the extruder. Moreover, for samples with an initial salt content lower than 60 wt%,
leaching was never complete, even after 160 min of continuous leaching. This demonstrates
that the amount of salt removal increases with increasing initial salt content and was
confirmed by comparing the SEM micrographs of LDPE hollow fibers with 0-68 wt%
initial NaCl content (Figs. 2.4 and 2.5). It can be clearly observed that the structure of
hollow fibers changed from dense and nonporous (Fig. 2.4), to porous and highly rough
with a large number of micropapillas on the surface, as the salt content increased up to a

maximum of 68% (Fig. 2.5).

1,800 1@vm WD12 BBSI)ISKU #1,0808 l@vm WD 8

B046. 15KV %1000 1dvm W2 8948 15KV X

Figure 2.4. SEM micrographs of blank LDPE hollow fiber: a) exterior surface, b) interior
surface and c¢) cross-sectional edge.
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Figure 2.5. SEM micrograph of cross-sectional (left side) and internal surfaces (right side)
of LDPE hollow fiber membranes with initial salt contents of: a) 35 wt%, b) 40 wt%, c) 50
wt%, d) 60 wt%, e) 65 wt% and f) 68 wt %.

In addition, the SEM micrographs of the hollow fiber cross-sections (Fig. 2.5) show
that the porous structure becomes more interconnected through the thickness, as the initial
salt content increases from 35 to 68 wt%. On the other hand, the cross-section images of
samples with initial salt contents of 35-50 wt% (Fig. 2.5a-c, left hand side), show square
NaCl crystals which are close to the fiber surface, but do not touch the crystals at the
surface and therefore, remained unleached even after 160 min of washing. The number of
crystals present on the fiber surface (Fig. 2.5a-c, right hand side) is much smaller than those
remaining in the center of the fiber (Fig. 2.5a-c, left hand side), which is probably related to
the higher interconnection needed to reach crystals in the center of the sample as compared

to those close to the surface. The remaining salt crystals amount decreases as the initial salt
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content increases from 35 to 50 wt% and becomes totally absent for initial salt content of
60-68 wt%.
Density and porosity of LDPE hollow fiber membranes are presented in Table 2.5.

Table 2.5. Density and porosity of LDPE hollow fiber membranes.

Fibers Density (g/cm3) Porosity (%)
Blank (neat) 0.92 -

35 wt% NaCl 1.17 9

40 wt% NaCl 1.04 13

50 wt% NaCl 0.93 26

60 wt% NaCl 0.72 49

65 wt% NaCl 0.72 49

68 wt% NaCl 0.70 51

In accordance with SEM micrographs, the porosity of hollow fiber samples
increases from 0% for blank LDPE hollow fibers to about 51% for LDPE hollow fiber
membranes with 68 wt% initial salt content. Furthermore, the density of hollow fiber
samples is inversely proportional to the initial salt content and fiber porosity.

Fig. 2.6 shows the pore size distribution of LDPE hollow fiber membranes after
complete salt removal (samples prepared using 60-68 wt% salt). For all membranes, the
maximum pore diameter is in the 2-5 pm range. In addition, the pore diameter slightly

decreases with increasing the initial salt content.
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Figure 2.6. Pore size distribution of LDPE hollow fiber membranes with different initial
salt contents (35-68 wt%).

2.3.2. Roughness
AFM micrographs of LDPE fibers and the roughness parameters are shown in Fig.

2.7 and Table 2.6 for blank LDPE hollow fibers and membranes with initial salt content of
40 and 60 wt%. The Z scanning scale corresponding to changes in sample height rises from
600 nm for the blank sample to 7.1 pm for the sample with initial salt content of 60 wt%
(Fig. 2.7). This important increase is due to the formation of micropapillas; it clearly shows

the significant increase of the surface roughness using this microporous membrane

manufacturing technique.
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Figure 2.7. AFM analysis of a) blank LDPE hollow fibers, b) LDPE hollow fiber
membrane with initial salt content of 40 wt% and c¢) LDPE hollow fiber membrane with
initial salt content of 60 wt%.

Moreover, the increase in the salt content leads to the formation of higher
micropapillas. In addition, as shown in Table 2.6, the mean roughness (R,) increases with

increasing the salt content, from 70.3 nm for the smooth surface of the blank LDPE hollow
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fiber to about 157 and 681.2 nm for membranes with 40 and 60 wt% initial salt content,

respectively.

Table 2.6. Roughness parameters of LDPE fibers (scan size =5 pm x 5 um).

Hollow fibers R, (nm) R, (nm) Ryox (Wm)

blank 70.3 99.0 1.4
40 wt% 157.0 195.3 1.5
60 wt% 681.2 825.1 6.1

2.3.3. Contact angle
The static water contact angle of LDPE hollow fiber samples is presented in Table
2.7. It can be clearly observed that the contact angles, for both inner and outer surfaces,

increase with increasing the initial salt content.

Table 2.7. Water contact angle of inner and outer surfaces of LDPE hollow fibers.

Contact angle (°) Uncertainty (°)

Membrane Inner Outer Inner  Outer
surface surface surface surface
Blank (neat) 98.6 98.2 0.6 0.5
35 wt% NacCl 100.0 98.6 0.6 0.9
40 wt% NaCl 100.9 98.6 0.7 1.2
50 wt% NaCl 105.1 100.3 1.2 0.8
60 wt% NaCl 120.2 117.1 2.4 1.3
65 wt% NaCl 128.5 120.0 1.0 1.2
68 wt% NaCl 129.9 121.4 1.9 0.9

In all cases, the contact angles of inner surfaces are higher than those for outer ones.
For the sample with 68 wt% initial salt content, the inner surface contact angle reaches to

about 130°. This is attributed to the higher surface roughness caused by the increase in the
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number of micropapillas and the high porosity membrane structure, as a result of the
increase of the initial salt content. The surface of microporous LDPE hollow fibers can be
considered as a composite comprising trapped air and rough LDPE. According to the
Cassie and Baxter theory (Cassie and Baxter, 1944), the contact angle of a hydrophobic

rough surface comprising solid and air can be determined using the following relation:

cos@. = f cos@— f, (2.6)

where 0 and 6, represent, respectively, the contact angle of smooth and rough surface, and f;
and f> are, respectively, the fractions of solid and air in the composite surface. This
equation predicts that increasing the fraction of air (f>) would lead to the increase in the
contact angle. Since roughness and porosity increase with increasing initial salt content,
more air can be trapped in the pores and surface valleys leading to higher contact angles.
This remarkable increase in contact angles with initial salt content can arise from the lower
tendency of the surface to wetting and is considered as the “lotus effect” which can be
mimicked in artificial highly hydrophobic surfaces (Lu et al., 2004, Franco et al., 2008;
Yuan et al.,, 2008). By increasing the initial salt content, much rougher surfaces are
obtained (Fig. 2.7 and Table 2.6), resulting in a lower contact between the sample surface

and the testing liquid.

2.3.4. Tensile properties

The tensile properties of LDPE hollow fiber samples (neat LDPE and fibers with 40-
68 wt% initial salt contents), in terms of Young’s modulus, tensile strength and elongation
at break are presented in Table 2.8. It can be seen that Young’s modulus increases with
increasing the initial salt content, reaches a maximum around 50 wt% salt and then
decreases. The increase of Young’s modulus from 135 MPa for neat LDPE to 154 and 164
MPa, respectively for samples with 40 and 50 wt% initial salt is attributed to the large
amount of salt remaining in the samples after leaching (Fig. 2.3e-f) which increases the
fiber rigidity. However, the reduction of modulus with further increase in initial salt content
is related to the formation of the porous structure. In this case, the porous fibers can be

considered as a composite material, comprising voids as the dispersed phase (trapped gas in
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the membrane pores) and the LDPE matrix as the continuous phase. By increasing the
initial salt content, the volume fraction of voids increases after leaching, leading to a lower
amount of material able to sustain the applied stresses. The same trend can be seen for the
tensile strength results. These results are in agreement with the micrographs presented in
Fig. 2.3e-f; the reduction of tensile strength with increasing the initial salt content can be
related to the combined effects of residual salt particles inside the LDPE structure and those
removed by leaching to form the porous LDPE structures (Dangtungee and Supapol, 2010).
The slight increase in the stress at break for the sample with 68 wt% initial salt content
compared to the one at 60 wt% could be attributed to a change in the volume fraction of
open/close pores as the porosity increases. This effect was observed earlier by Narkis et al.
(1978) Finally, elongation at break was found to drop sharply initially (0-50 wt% NaCl),
but less at higher salt contents (60-68 wt%) as the materials are already brittle (low
elongation at break). Such observations are in good agreement with tensile properties
reported in the literature for porous polymeric membranes and rigid particle filled
polymeric composites (Cassie and Baxter, 1994; Childress et al., 2005; Dangtungee and
Supapol., 2010; Verdolotti et al., 2011; Mosadegh Sedghi et al, 2012b).

Table 2.8. Tensile properties of LDPE hollow fibers with different initial salt
contents.

Salt Young’s Tensile Elongation

content modulus strength SD at break SD
(Wt%) Pa)y  MPA T ypyy  (MPa) (%) (Vo)
0 135.3 0.8 11.2 1.5 807.2 6.5
40 154.1 0.2 6.5 0.3 106.0 6.6
50 164.0 5.5 5.6 0.1 20.5 4.2
60 38.4 0.7 3.6 0.1 51.9 7.3
68 31.7 0.3 4.0 0.2 74.7 6.9

SD: standard deviation

2.4. Conclusions
Highly hydrophobic microporous LDPE hollow fiber membranes were prepared using

melt extrusion of LDPE/NaCl blends followed by salt leaching in water. Membrane
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porosity, which is strongly dependent on the amount of salt removed from the hollow fiber
structure, increased with increasing initial salt content. Due to the presence of
micropapillas, the roughness created on the membranes surface led in a remarkable increase
in hydrophobicity from 98° for neat LDPE to 130° for hollow fibers prepared with 68 wt%
NaCl. The mechanical properties reported (Young’s modulus, tensile strength and strain at
break) were shown to be highly dependent on initial salt content, but can be directly related

to the final structure of the hollow fiber through the porous structure produced.
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The compatibility between membranes and absorption solutions is crucial for efficient
application in gas separations using GLMC. The chemical stability of the membrane
material (LDPE) in contact with aqueous MEA solution (the most used absorbent for acid
gas separation in industry but also the most corrosive one), before and after the contact
with CO,, was first investigated in detail and is the object of the following paper (Chapter
3). To better understand whether LDPE undergoes chemical degradation in contact with
MEA and to eliminate the possible interference of pore structure, non-porous LDPE fibers

were used.
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Chapter 3

Chemical alteration of LDPE hollow fibers exposed to
monoethanolamine solutions used as absorbent for CO,
capture process

Résumé

L'effet de la monoéthanolamine (MEA) sur la surface des fibres non poreuses en
polyéthyléne de basse densité (LDPE), destinées a étre utilisées dans les contacteurs a
membrane, a été étudié. Les fibres creuses en LDPE ont été maintenues en contact avec une
solution de MEA (fraiche et apres absorption du CO;) pour des durées variant de 8 a 45
jours a différentes températures et pH de la solution. Les analyses d’angle de contact,
Spectroscopie Infrarouge a Transformée de Fourier (FT-IR) et Spectrométrie
Photo¢lectronique X (XPS) ont ét¢ effectuées afin de controler les changements chimiques
sur la surface de la membrane.

Apres contact entre les fibres et les solutions fraiches de MEA pendant une durée
prolongée (plus de 8 jours) suivi par le lavage des échantillons avec de I'eau, 1'analyse XPS
a montré une augmentation du contenu d'oxygene et d'azote dans les fibres. De plus, les
spectres FT-IR ont montré la présence de groupements carbonyle et amide a la surface de la
fibre. Ces groupements ont été trouvés en quantité plus importante a des températures plus
¢levées. Il est suggéré que les fibres creuses en LDPE subissent une dégradation oxydative.
La réaction entre la MEA et les groupements carbonyle générés par oxydation sur la surface
du LDPE peut conduire a la formation des groupements amide. D'autre part, les mesures
d'angles de contact ont montré que I'hydrophobicité des fibres creuses a diminuée suite a
'augmentation de leur énergie de surface, ce qui peut conduire a la réduction de la stabilité
a long terme des membranes dans les contacteurs a membrane. Toutefois, sur la base des
analyses FT-IR et des mesures d’angle de contact, la dégradation chimique du LDPE a été
moins importante en présence de CO, due a la réduction du pH des solutions de MEA suite
a I’absorption du CO,, ce qui a conduit a une altération beaucoup plus lente de
I’hydrophobicité de la membrane.
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Abstract

The effect of monoethanolamine (MEA) on the surface of non-porous low density
polyethylene (LDPE) hollow fibers aimed to be used in membrane contactors was
investigated. LDPE hollow fibers were kept in contact with MEA solution (fresh
(unloaded) or after CO; loading) for lengths of time varying from 8 to 45 days, at different
temperatures and solution pH. FT-IR, XPS and contact angle were performed in order to
monitor chemical changes on the membrane surface.

After keeping the fibers in contact with unloaded MEA solutions for prolonged time
(more than 8 days) and thoroughly washing the samples with water, XPS analysis showed
an increase in oxygen and nitrogen content of hollow fibers. In addition, FT-IR spectra
showed the presence of carbonyl and amide groups on the LDPE hollow fiber surface.
These groups were found to be in more significant quantity at higher temperatures. It is
suggested that the LDPE hollow fibers undergo oxidative degradation. The reaction
between MEA and carbonyl groups generated by oxidation on the LDPE surface might lead
to the formation of amide groups. On the other hand, contact angle measurements showed
that the hydrophobicity of hollow fibers decreased as the result of the increase in their
surface energy, which can reduce the long-term stability of membranes in membrane
contactors. However, based on both FT-IR and contact angle measurements, LDPE
chemical degradation was found to be less important in the presence of CO, due to the
reduction of the pH of loaded MEA solutions, leading to a much slower alteration of the
membrane hydrophobic properties.
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3.1. Introduction

Carbon dioxide (CO,) is one of the major greenhouse gases and thus is believed to
be the main responsible factor for increasing the earth’s surface temperature. CO; is mainly
produced in large amounts by different industrial processes connected to oil refineries,
cement works, and steel and iron production (IPCC, 2005). Conforming to the Canadian
Environmental Protection Act (CEPA, 1999), Canadian companies are pushed to reduce
their greenhouse gas emissions. Various separation processes for CO, removal have been
developed such as absorption, adsorption, membrane and cryogenics (Rao and Rubin,
2002). Among them, absorption (especially using amine-based absorbents) is the most
common industrial process mainly due to its highest CO, removal efficiency (Yang et al.,
2008). Conventionally, the gas absorption process is carried out in different units such as
bubble columns, sieve trays or packed towers. Due to the direct contact of the two fluid
phases (G and L), the use of conventional gas-liquid contactors often leads to several
technical problems such as foaming, emulsions, unloading and flooding. An alternative
technology that overcomes operational problem of conventional contactors and also offers
substantially more interfacial area than conventional approaches is non-dispersive contact
via a microporous membrane. The use of membrane contactors has various advantages over
the traditional gas absorption processes: (i) large contact area for promoting an efficient
gas-liquid mass transfer, (ii) high modularity and compatibility for an easy scale-up, (iii1)
the possibility of varying stream flow rates independently and without the occurrence of
loading or flooding (Gabelman, 1999; Li and Chen, 2005). The contact between the gas and
the liquid is made after the gas diffuses through the membrane pores. In non-wetting
conditions, the gas-liquid interface is then formed at the pore openings adjacent to the
liquid (Falk-Pedersen et al., 1997).

One of the potential problems associated with membrane contactors is the reduction
in membrane morphological and chemical stability, resulting in a decrease in their
performance and efficiency. Few works available in the open literature concern
morphological changes of polyolefin membranes in contact with different solutions. Barbe
et al. (2000) reported surface morphological changes of microporous polypropylene flat

membranes after 72 h contact with water, which was attributed to the effect of pore
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intrusion by the liquid meniscus. Similar behaviour was observed in the case of
polypropylene (PP), polyvinilydene fluoride (PVDF), polyethersulfone (PES) and
polystyrene (PS) membranes exposed to various liquid absorbents such as alkanolamine
solutions, selexol and dimethyl formamide (Kumar et al., 2002; Dindore et al., 2004; Wang
et al.,, 2004a). Porcheron and Drozds (2009) attributed the partial wetting of membrane
pores wetting to a possible plasticizing effect of CO, in membranes inside the contactors.
Chemical degradation of polyolefin materials was investigated by different groups
(Bevilacqua, 1964; George and Chaemy, 1991; Henry et al., 1992; Gugumus, 2001; Massey
et al., 2007). It was shown to be mainly due to the well-known auto-oxidation phenomenon
in air (Bevilacqua et al., 1964; George and Chaemy, 1991; Gugumus, 2001). Bevilacqua et
al. (1964) proposed a mechanism for polyethylene oxidation by nucleophilic attack of
peroxy anions on hydroperoxides. In this mechanism, acetic acid, formic acid and acetone
were reported to be the main polyethylene oxidation products. Messey et al. (2007) showed
that, at room temperature, LDPE oxidation is accelerated in the presence of water due to a
“hydrolytic degradation” mechanism, leading to the generation of ketone and alcohol
groups. In addition, the impact of carbonyl group (main polyolefin oxidation product)
concentration on oxidation rate of polyolefins in aqueous media was monitored by Henry et
al. (1992). The authors showed that alkaline and neutral aqueous environments accelerate
the thermal oxidation of polyolefins in comparison to that in air, whereas acidic solutions
can significantly retard this phenomenon.

To our knowledge, only few studies concern chemical degradation of polyolefin
based membranes (Wang et al., 2004a; Franco et al., 2008; Lv et al., 2010). Wang et al.
(2004a) studied the influence of diethanolamine (DEA) on polypropylene hollow fiber
membranes. Based on XPS analysis results, they reported the possibility of chemical
reaction between polypropylene and DEA, which may be responsible for the membranes
surface energy changes, leading to a deterioration of membrane hydrophobicity. Franco et
al. (2008) analysed the interaction between polypropylene hollow fiber membranes and
MEA solution after 68 h use for CO, capture in membrane contactors. The authors
observed an increase in elemental oxygen of polypropylene membrane surface from 0.78 to

1.49%, which could be attributed to the oxidation of polypropylene. Lv et al. (2010)
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investigated the changes in surface hydrophobicity of polypropylene hollow fiber
membranes in contact with amine solutions. The authors mentioned that improving surface
hydrophobicity of membranes may be an effective way of overcoming wetting problem.

In our laboratory, extensive studies concerning the CO, capture in membrane
contactors are in progress. As the performances of membrane contactors strongly depend
on the properties of both absorption liquid and membrane and on the compatibility between
them, the proper choice of the membrane/absorption liquid combination is a crucial step in
developing CO; absorption modules. The present study focuses on the chemical stability of
hollow fiber membranes fabricated from LDPE upon exposure to MEA aqueous solutions
used as absorbent for CO, capture in membrane contactors. MEA based absorbents have a
considerable interest in the CO, absorption process due to the fast reactivity with CO,
through the formation of stable carbamates. This work aims to shed light upon whether
LDPE membranes undergo chemical changes in presence of MEA solutions (with and
without CO, loading), and if so, how different parameters including temperature, contact
time, washing duration and solution pH can influence such changes. In order to provide a
better understanding of the chemical degradation in LDPE hollow fibers upon exposure to
MEA based absorbent in the absence and in the presence of absorbed CO,, a combination
of FT-IR spectroscopy, XPS analysis, surface tension and contact angle measurements was

considered. To our knowledge, no similar study is available in the open literature.

3.2. Experimental methods
3.2.1. Chemicals and materials

99% grade monoethanolamine (MEA) supplied by Sigma-Aldrich was dissolved in
deionized water to prepare a 30 wt% MEA aqueous solution, which is the usual industrial
operating concentration (Choi et al., 2009). CO, was of commercial grade with a minimum
purity of 99.9 % (Praxair). For the polymer matrix, low density polyethylene (LDPE) was
used: Novapol LA 0219-A (Nova Chemicals). This polymer has a density of 919 kg/m’
(ASTM D792) and a melt index of 2.3 g/10 min (ASTM D1238).
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3.2.2. Hollow fiber fabrication

The melt-extrusion system for LDPE hollow fibers fabrication is shown in Fig. 3.1.
LDPE hollow fibers were produced using a Haake Rheomix TW-100 co-rotating twin-
screw extruder with three heating elements in the extruder cylinder (zone 1-3) and more
heating elements around the die (zone 4). The temperature profile was controlled at 135,
150 and 160°C for zones 1, 2 and 3, respectively (from the feeder), and the die temperature
was fixed at 145°C. The die geometry has inside and outside diameters of 5 and 7 mm,
respectively. The extruder was operated at a total flow rate of 1.2 kg/h and the screw speed
was set at 85 rpm. To produce stable hollow fibers, inside air pressure was controlled to
prevent collapse. The extrudate was cooled down through a water bath at room
temperature. Finally, a take-up unit was used to control drawing speed (2.12 m/min) and
stretching. The detailed specifications of non-porous LDPE hollow fibers fabricated by this

method are given in Table 3.1.

Table 3.1. Specifications of fabricated LDPE non-porous hollow fibers.

Characteristics
Fiber outer diameter (um) 2100
Fiber inner diameter (um) 2000
. . 50
Fiber thickness (um)
30

Effective fiber length (mm)

3.2.3. CO; loading and pH monitoring

CO; loading in 30 wt% MEA was performed in a 300 ml Pyrex Erlenmeyer
connected to the CO; stream line. A calibrated glass pH meter probe (Mettler-Toledo S20
SevenEasy™) was immersed in the solution for pH measurements. The pH of the solution
was monitored during CO; loading under continuous stirring. When the desired pH value
was reached, the CO, flow was switched off and the solution was kept for about 10 minutes

under stirring to allow the system to reach equilibrium (constant pH).
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Zone 4 (Die zone)

Water bath

Figure 3.1. Melt-extrusion, cooling and drawing system for hollow fiber precursor
fabrication.

3.2.4. Hollow fiber immersion in MEA solutions

Vials containing samples of 30 mm long LDPE hollow fibers which were cut
longitudinally from the center line were completely filled with about 2 ml of MEA solution
(loaded or unloaded). Various samples taken randomly from the fabricated fibers were
completely immersed in the solution and the vials were sealed in order to prevent air
penetration into the vials. Since the entire surface of each sample was in contact with the
solution in well-defined conditions, each point on the surface was considered representative
of the whole fiber. The samples were kept either at room temperature or at 65°C, for
different periods: 1 hour, 8 days, 2 weeks and 1 month. After a specified period of time,
hollow fibers were first rinsed thoroughly in water and then kept in deionized water for 8
days. Water was daily changed to make sure that all molecules physically adsorbed on the
surface were removed by diffusion in water.

Five kinds of samples were prepared: (1) blank LDPE hollow fiber before contact
with solutions, (2) LDPE hollow fiber immersed in 30 wt% MEA solution without CO,
loading (pH 12), (3) LDPE hollow fiber immersed in 30 wt% MEA solution after CO,
loading to pH 10, (4) LDPE hollow fiber immersed in 30 wt% MEA solution after CO,
loading to pH 8, and (5) LDPE hollow fiber immersed in 30 wt% MEA solution after CO,
loading to pH 7. A sample of each type was also analyzed without rinsing and immersing in

water for comparison with those thoroughly rinsed.
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3.2.5. Fourier transformed infrared spectroscopy (FT-IR) analysis

External reflection spectra were recorded on a Nicolet Magna 850 FTIR
spectrometer, equipped with a Golden Gate single reflection diamond ATR sample holder
and a DTGS detector, with a resolution of 4 cm” and by the coaddition of 100
interferograms. Peak intensity determination was performed utilizing the Nicolet OMNIC
software and intensity data was normalized using the peak at 1450 cm™. For each
experimental condition, measurements were performed on at least three different samples
and on three different portions of each sample in order to ensure the reproducibility of the

results.

3.2.6. X-Ray Photoelectron Spectroscopy (XPS) analysis

In order to measure the amount of carbon, oxygen and nitrogen components on the
surface of LDPE hollow fibers before and after contact with amine solutions, XPS
measurements were carried out in a Kratos Axis-Ultra system where a UHV chamber is
equipped with an electrostatic-magnetic hybrid lens and a 300 W monochromatic Al Ka X-
ray source (20 mA, 15 kV). The analyzed surface was approximately 400 pm by 800 pm.
The angle of the X-ray beam was 60° with respect to the sample normal. The data analysis
was performed using the CasaXPS software. For each experimental condition,
measurements were performed on at least three samples and on three different portions of

each sample in order to ensure the reproducibility of the results.

3.2.7. Contact angle and surface tension measurements

The optical contact angle analyzer (OCA 15 EC Plus, Dataphysics) was used to
measure water and MEA solution contact angles of LDPE hollow fibers using the sessile
drop method and the surface tension of MEA solutions was determined using the pendant
drop method. The system employed a high resolution camera and specific software
developed for OCA 15 EC Plus to capture and analyze the contact angle on very small and
curved surfaces. For each experimental condition, measurements were performed on at
least three samples and on three different portions of each sample in order to ensure the
reproducibility of the results. The reported data for contact angles is the average of three

obtained values. For very precise measurements, 0.15 pl testing liquid droplets were
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dispensed via an ultra-thin needle with the internal diameter of 0.18 mm. In order to
perform measurements at different temperatures, the apparatus was equipped with a
thermostated chamber controlled with a precision of 0.01 K using a refrigerated/heating
circulator with high precision external temperature control (Julabo F25-ME). Densities for
pure water and all studied solutions were either measured or taken from the literature

(Amundsen et al., 2009).

3.3. Results and discussion

3.3.1. FT-IR investigation

FT-IR analysis was used to study the effect of temperature, contact time, washing
duration and pH on LDPE chemical stability.

The effect of MEA on LDPE was first studied using reflectance FT-IR
spectroscopy. The samples were completely immersed in solutions, so the analysis could be
performed on any portion of the samples. However, since the morphology on both sides of
a hollow fiber can be different due to processing conditions, which in turn could cause
changes in degradation susceptibility, the analysis was only done on the interior side of
hollow fibers since it is the side intended to be in contact with the liquid absorbent in
membrane contactors. As the contact between the polymer and the aqueous amine solution
is liable to cause leaching of additives from the polymer, a blank sample (cleaned and dried
LDPE hollow fiber) was used for comparison.

Fig. 3.2 depicts the FT-IR spectra of LDPE hollow fiber samples immersed in 30
wt% MEA solution and rinsed with water. The spectral region was selected as 1800-950
cm’, since no significant changes were observed in the 4000-1800 cm™ spectral region (not
shown). The main observations in the 1800-950 cm™ spectral region are described as
follows. After 8 days, four low intensity peaks were appeared, centered at 1643, 1577,
1543, 1261 and 1017 cm™". Their intensity increased notably after 30 days immersion in the
same solution. The first peak is very large and often attributed to chemical functions
involved in hydrogen bonding. These peaks could be related to MEA, adsorbed at the
surface, or to new functional groups generated by LDPE degradation. In order to verify if

these peaks can be assigned to MEA adsorbed on the polymer surface, the spectrum of pure
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MEA is also reported in Fig. 3.2. As can be seen, newly observed peaks do not correspond
to ones existing in pure MEA and therefore, they cannot correspond to free amine residuals.
This confirms that the rinsing procedure was effective. It is worth noting that the position
of the above mentioned peaks (1643, 1577, 1543, 1261 and 1017 cm™), do not correspond
to those reported in previous works concerning PE auto-oxidation products, which were
located at 1760, 1692, 1675 and 1410 cm’! for HDPE oxidation in air at room temperature
(Pages et al., 1996), at 1699, 1714 and 1740 for HDPE oxidation in air at 120°C (Pages et
al., 1996; Yand et al., 2006) and at 1710-1720 cm™ for LDPE oxidation in water (Messey et
al., 2007). Therefore, the newly observed peaks in Fig. 3.2 might not correspond to the
LDPE auto-oxidation products. The appropriate assignment of these peaks requires more

attention.

pure MEA
—— 30 days in 30 % wt. MEA

--1017

— 8daysin 30 % wt. MEA

— blank

Normalized absorbance

1750 1650 1550 1450 1350 1250 1150 1050 950

Wavenumbers (cm'1)

Figure 3.2. FT-IR spectra of degraded LDPE hollow fibers in contact with MEA solution
at 25°C.

In order to verify the irreversibility of the above mentioned changes after 8 days

contact in 30 wt% MEA solution, samples were immersed in deionised water for various
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lengths of time. FT-IR spectra are reported in Fig. 3.3. It can be seen that the intensity of
the vibration at 1577 and 1543 cm™ rapidly decreases during the first 8 days of washing.
This indicates that these two peaks are partially attributed to chemical species which can be
removed from the surface by washing, either because they are not chemically bonded or
because they could react with water and redissolve. However, for washing durations longer
than 8 days, no change in the intensity of these peaks is observed, which clearly shows the
existence of chemical bonds on the surface. On the other hand, the intensity of the peaks
located at 1643 and 1017 cm™ does not reduce even after 40 days of washing, which
obviously indicates that these peaks do not correspond to physically adsorbed species, but
to those chemically bonded to the LDPE hollow fibers.

It is well known that oxidation can induce -COOH groups in PE, but this vibration,
if present in the form of the COO" salts, would appear at a frequency between 1730-1700
cm™ or around 1580 cm™ (Massey et al., 2007). Therefore, these newly observed bands
cannot be attributed to acid groups. According to the peak positions, a possible assignment
would be the amide II vibration for the 1543 c¢m™ band and C=0 valence vibration of
unsaturated ketones, aldehydes or acid groups for the 1577 cm™ vibration. In the case of the
1643 cm™ peak, on the basis of its position and width, our proposed assignment is the
secondary amide I vibration (C=O valence vibration of amide groups), which slightly shifts
in position when the amide group forms hydrogen bonds with different species. These
assignments clearly indicate that amide groups are present at the PE surface. These amide
groups could result from successive oxidation, which would introduce —-COOH groups,
followed by the reaction of —-COOH groups with the amine, leading to the formation of

secondary amide groups on the LDPE surface, according to the following scheme:
PE—-COO+NH,-CH, -CH, —OH — PE - CO - NH - CH,CH, — OH (3.1)

The second peak at 1017 cm™ that does not change in intensity with further
washing, is in a typical position of amine v(C-N) or alcohol v(C-O) valence stretching

vibrations and could be related to the C-N or C-O bonds of the MEA attached to the amide
group.
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Figure 3.3. FT-IR spectra of LDPE hollow fibers kept in contact with MEA solution at
25°C: Effect of washing duration.

According to the aforementioned peak assignments, it is proposed that the
mechanism of chemical alteration of LDPE hollow fibers in presence of amine solutions
can be represented by the following series of reactions:

1. First, PE undergoes an auto-oxidative degradation which is attributed to the

decomposition of hydroperoxides and is a self-initiating phenomenon (Chien and Wang,
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1975). The auto-oxidation mechanism of polyethylene has been represented using the

following equations (Rychly et al., 1997):

2PEOOH —— PE" + PEOO" +aV (3.2)
PEOO’ + PE — PEOOH + PE’ (3.3)
PE' +0, — PEOO’ (3.4)
2PEOO’ — ketones, acids, aldehydes (3.5)

where PEOOH , PEOO’ and PE'represent, polyethylene hydroperoxide, polyethylene
peroxy radicals, and polyethylene alkyl radical, respectively. a and JV represent,
respectively, the number and type of volatile species generated by PEOOH decomposition.
Carbonyl group (C=0) containing products (aldehydes, ketones and carboxylic acids) are
formed during termination reactions in this process.

2. The second step is the reaction between MEA and -COOH groups of LDPE
samples due to the auto-oxidative degradation to form CO-NH-CH,-CH,-OH.

Fig. 3.4 shows the effect of pH on chemical alteration of LDPE hollow fibers as
observed by FT-IR spectroscopy. The increase in CO, loading, which is accompanied by
the decrease in the solution pH from 12 to 7, leads to a decrease in the intensity of all
degradation peaks. The chemical degradation of LDPE is therefore remarkably suppressed
in presence of CO,. This can arise for two reasons. First, it has been shown (Gugumus,
2001) that an alkaline environment accelerates the auto-oxidation of polyolefins, while
acidic media retards this phenomenon, leading to a decrease in generation of C=0 groups in
polyolefins. Second, even if an auto- oxidation occurs in MEA loaded solution to form
C=0 groups on the LDPE surface, the reaction of MEA with these groups to form amide
groups seems to be less probable compared with the reaction of MEA with CO, (Masohan
et al., 2009).
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Figure 3.4. FT-IR spectra of LDPE hollow fibers kept in contact with MEA solution at
25°C: Effect of pH.

Fig. 3.5 illustrates the effect of temperature on the chemical degradation of LDPE
hollow fibers in contact with 30 wt% MEA solution. The samples were left in contact with
the amine solutions for 30 days to ensure that reactions were complete. As can be seen, in
addition to peaks appearing in Fig. 3.2, the 1724 cm” peak that was too close to
background noise to ascertain at room temperature, becomes clearly visible at 65°C. The
peaks at 1261, 1577 and 1543 cm™ are more intense at 65°C when compared to those at
25°C, indicating the accelerating effect of temperature on the chemical alteration of LDPE
hollow fibers. The 1261 cm™ band position is compatible with an amide III band (Bellamy,
1962) whereas, the 1724 cm™ band is clearly located in the carbonyl spectral region. The

existence of a peak at this position has already been reported for oxidation of PE in water.
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It was assigned to COO™ groups formed by treatment in water/buffer solution at pH 10
(Kumar et al., 2002). This could be due to acid groups (generated by oxidation) that did not
react with MEA to produce amide groups, probably due to the steric hindrance or because
they were not present on the surface but near the surface where MEA could not easily

diffuse and be available for reaction.

— 30days in 30% wt. MEA at 65°C

— 30 days in 30% wt. MEA at 25°C
— blank

Normalized absorbance

1750 1550 1350 1150 950

Wavenumbers (cm'l)

Figure 3.5. FT-IR spectra of LDPE hollow fibers kept in contact with MEA solution at 25
and 65°C: Effect of contact temperature.

3.3.2. XPS study on the change in surface elemental composition of LDPE hollow
fibers in contact with amine solutions
XPS is a surface-sensitive method providing a quantitative analysis of the surface

composition. It gives information on approximately the first 5 um of sample thickness.

115



Therefore, it is one of the most useful methods for surface analysis and can give
information on elemental compositions, as well as on chemical groups present at the
surface. XPS measurements were performed using LDPE samples kept in contact with
fresh MEA solutions at 25 and 65°C.

XPS elemental analysis was performed to determine the surface composition of
elemental oxygen and nitrogen in LDPE hollow fibers after 1 month contact with 30 wt%
MEA solutions at both temperatures. The results show an increase in oxygen and nitrogen
surface elemental composition of LDPE hollow fibers after 1 month contact with 30 wt%

MEA solutions at 25 and 65°C (Table 3.2 and Fig. 3.6).

Table 3.2. XPS elemental analysis of LDPE hollow fiber samples in contact with MEA
solutions at 25 and 65°C.

Blank LDPE immersed 30 days LDPE immersed 30 days
Atom LDPE hollow in 30 wt% MEA at 25°C in 30 wt% MEA at 65°C
fiber and 8 days in water and 8 days in water
O 2.52 % 4.55 % 5.71 %
N 0.15 % 0.9 % 1.84 %
C 96.25 % 93.44 % 91.55 %

As can be seen, an increase in surface oxygen from 2.52% (blank LDPE hollow
fiber) to 4.55% and 5.71% at 25 and 65°C, respectively, is observed for LDPE hollow
fibers after 1 month exposure to MEA. This increase indicates the higher rate of auto-
oxidation of LDPE at higher temperature and confirms the generation of the peak at 1724
cm™ at 65°C (Fig. 3.5) related to the formation of carbonyl groups. In addition, there is an
increase in surface elemental nitrogen from 0.15% (blank sample) to 0.9% and 1.4% at 25
and 65°C, respectively, after 1 month contact with 30 wt% MEA solutions. The increase in
surface elemental nitrogen from 25 and 65°C is in good agreement with the generation of a
new band at 65°C positioned at 1261 cm™, which was assigned as amide III (Fig. 3.5). This
can be explained by the fact that, at higher temperature, more carbonyl groups are available

to react with MEA to form amide groups (Fig. 3.5). It is worth noting that the extraction of
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the individual bond contribution was extremely difficult, and is therefore not reported,

since the total amount of carbon-oxygen bond intensities were very low.
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Figure 3.6. Cls XPS spectra of LDPE hollow fibers kept in contact with MEA solution at
25°C.

Table 3.3. Surface tension and CO, loading for the aqueous MEA solutions.

Solution CO; loading (mol of Surface tension
CO,/mol of MEA)1 (mN/m) at 25°C

Without CO; loading
30 wt.% MEA - 61.1£0.2
With CO; loading
pH 10 (CO; loaded 30 wt.%
MEA) 0.397 64.1£0.2
pH 8 (CO; loaded 30 wt.% MEA) 0.722 68.1+0.2
pH 7 (CO; loaded 30 wt.% MEA) 0.988 70.4+0.2

'CO, loading values are estimated based on the work by Park et al. (2003).
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3.3.2. Surface tension and contact angle analyses

MEA decreases the surface tension of water (72 mN/m at 25°C (Jasper, 1972))
(Table 3.3) and seems therefore to behave as a typical capillary active substance.

However, the addition of CO; in an aqueous MEA solution leads to an increase in
surface tension (Table 3.3). Similar results were reported in the literature for
diethanolamine (DEA) aqueous solutions (Henry, 1992). It is difficult to give a complete
explanation of this behavior because of the complexity of the loaded alkanolamine solution.
The reaction between MEA, a primary amine, and CO, in an aqueous solution leads to a
complex electrolyte system containing mainly free MEA, carbamate, and protonated MEA,
as well as small amounts of bicarbonate and carbonate ions. The concentration of these
species is a function of CO; loading (mole CO,/mole amine). Fan et al. (2009) recently
studied the speciation in aqueous MEA solution at different CO, loadings via nuclear
magnetic resonance (NMR) spectroscopy. As the CO; loading increased, the solution pH
decreased (Table 3.3) and, therefore, the concentration of free MEA decreased. The
concentration of protonated MEA gradually increased with increasing CO, loading and
became predominant after half-molar loading. The ratio of the carbamate increased steadily
and reached its maximum (ca. 41%) at half-molar loading. MEA is the only component of
this mixture whose influence on water surface tension is known (Table 3.3). Indeed, the
decrease of free MEA concentration in the loaded MEA solution leads to an increase in
solution surface tension. As the global effect of the addition of CO, in an aqueous MEA
solution is an increase in surface tension (Table 3.3), it is possible that the ionic species
present in the solution have (i) a capillary active tendency or (ii) a capillary inactive
tendency that must be less important than the capillary active behavior of free MEA in
water.

The wetting tendency of liquids on material surfaces is affected by liquid surface
tension and material surface energy. For a certain material (LDPE in this case), the lower
the liquid surface tension, the higher its tendency to wet the solid surface. Contact angle
measurements were carried out to compare the wettability of LDPE hollow fibers before
(blank sample) and after the contact with MEA solutions of various pH (treated sample).

Contact angle at the interface water/treated LDPE hollow fibers was also measured for
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comparison. The results are presented in Table 3.3. LDPE samples kept in contact with
aqueous MEA (pH 12) show a decrease in contact angle for both water (by 10%) and MEA
solution (by 30%), with respect to the blank sample. Moreover, for all samples, contact
angle for aqueous MEA solutions is significantly lower than the contact angle for water.
Finally, both water and MEA solutions contact angles increase slightly with decreasing
solution pH by CO, loading. These results correspond to the lower surface tension of MEA
with respect to water. The hydrophobic character of blank LDPE hollow fibers with respect
to water was shown to decrease significantly when the fibers were kept in contact with
MEA solutions, especially for prolonged time. However, this behavior seems to be slightly
attenuated by CO, absorption.

Since the LDPE hollow fibers used in this work were non-porous (precursors before
pore formation), they were not the subject of morphological degradation. The observed
behavior cannot therefore be related to pore enlargement as previously observed by Barbe
et al. (2000), but rather associated to chemical degradation of LDPE hollow fibers in MEA
solutions, in the presence or absence of CO,, as proved by FT-IR and XPS analysis (§3.3.1
and §3.3.2). The increase in water and MEA contact angles with increasing CO, loading is
consistent with the increase in the intensity of the peak positioned at 1724 cm™ observed
while the solution pH decreases (Table 3.4). LDPE chemical degradation seems therefore to
be less important in the presence of CO, due to the reduction of the pH of loaded MEA
solutions, which could lead to a much slower alteration of the membrane hydrophobic

properties while in use in membrane contactors.

3.4. Conclusions

In this paper, a detailed study on the chemical stability of LDPE hollow fibers upon
exposure to MEA solutions with and without CO, loading was performed on the basis of
XPS, FT-IR and contact angle measurements. The results led to the conclusion that LDPE
hollow fiber samples undergo a two step chemical degradation in the presence of MEA
aqueous solutions. First, carbonyl groups were observed, which was attributed to an auto-
oxidative degradation process of LDPE accelerated by the alkaline nature of MEA

solutions. Second, the formation of amide groups was proposed to be due to a chemical
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reaction between the acid groups of degraded LDPE and MEA. These chemical alterations
were found to be hindered by CO, absorption. Further attempts on polyolefin-based

stability enhancement are currently in progress in our laboratory.

Table 3.4. Water and amine interior contact angles of LDPE hollow fiber samples.

o
LDPE hollow fiber Water contact angle 30 wt% MEA contact angle

) )
samples at 25°C at 25°C

Without CO, loading!

Blank 99+1 69+1
pH 12 90+1 61+1
With CO, loading2

pH 10 94+1 63+1
pH 8 95+1 65+1
pH 7 96+1 67+1

'Contact angle measurements were carried out on LDPE hollow fibers after 10 days contact
with 30 wt% MEA solution followed by 8 days immersion in water.

*Contact angle measurements were carried out on LDPE hollow fibers after 10 days contact
with CO; loaded MEA 30 % followed by 8 days immersion in water.
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After studying the chemical degradation behavior of the membrane material (LDPE),
it is important to investigate the stability of microporous LDPE hollow fiber membranes in
contact with absorption solutions. A detailed study of morphological, chemical and thermal
stability of the fabricated membranes in contact with MEA and AHPD (a sterically
hindered alkanolamine) aqueous solutions with and without PZ addition was performed

and is the subject of the following paper (Chapter 4).
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Chapter 4

Morphological, Chemical and Thermal Stability of
Microporous LDPE Hollow Fiber Membranes in Contact
with Single and Mixed Amine Based CO, Absorbents

Résumé

La détérioration progressive de la stabilit¢ morphologique et chimique des
membranes dans un contacteur a membrane peut largement influencer leur mouillabilité, ce
qui conduit a la réduction de I'efficacité de I'absorption du CO,. Dans ce travail, la stabilité
morphologique, chimique et thermique des membranes microporeuses a fibres creuses en
polyéthyléne de basse densité (LDPE), destinées a 1’utilisation dans des contacteurs a
membrane, a été étudiée pour des membranes en contact avec des solutions d’une amine
primaire (monoéthanolamine, MEA) et d’'une amine a encombrement stérique (2-amino-2-
hydroxyméthyle-1,3-propanediol, AHPD). De plus, il a été étudié aussi l'effet d'une
diamine (pipérazine, PZ), présentant autant une capacité d’absoption importante qu’une
cinétique rapide d’absorption du CO,, sur la stabilisation de la membrane.

Les propriétés de la surface des membranes fraiches (avant le contact avec les
solutions aminées) et utilisées (apres le contact avec ces solutions) ont été analysées par
microscopie électronique a balayage (MEB), spectroscopie infrarouge a transformée de
Fourier (FTIR), analyse thermogravimétrique (TGA) et des mesures d'angle de contact.
Pour les membranes immergées dans des solutions d'amine de concentration généralement
utilisée en pratique (30% en masse MEA et 11% en masse AHPD), les résultats montrent
une dégradation morphologique des membranes due a I’intrusion de la solution dans les
pores, ainsi qu’une dégradation chimique par 1'auto-oxydation du LDPE. Cependant, 1’effet
est moins important en présence de la PZ. Un mécanisme en deux étapes a été proposé pour
expliquer l'effet stabilisateur de la PZ. Les solutions d'amines a base de PZ sont donc
considérées trés appropriées pour l'absorption du CO; dans les contacteurs a membrane,
due a leur efficacité autant dans I’absorption du CO, que dans la stabilisation des
membranes polyoléfiniques.
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Abstract

The gradual deterioration in the morphological and chemical stability of membranes
in membrane contactors can extensively influence the membrane wettability, leading to
reduction of CO, absorption efficiency. In the present work, morphological, chemical and
thermal stability of microporous low density polyethylene (LDPE) hollow fiber
membranes, intended to be used in membrane contactors, was studied in contact with
primary amine (monoethanolamine, MEA) and sterically hindered amine (2-amino-2-
hydroxymethyl-1,3-propanediol, AHPD) solutions. In addition, it was investigated the
effect of a diamine (piperazine, PZ) having the operational advantages of fast CO,
absorption rate and capacity, on membrane stabilization.

The surface properties of neat (before contact) and used (after contact with amine
solutions) membranes were analyzed using scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and contact
angle measurements. For membranes immersed in amine solutions of commonly used
concentrations (30 wt% MEA and 11 wt% AHPD), the results show morphological
degradation of membranes, caused by the intrusion of the solution into the pores, as well as
chemical degradation caused by the LDPE auto-oxidation. However, a less significant
effect was found by the addition of PZ. A two-step mechanism was proposed to explain the
stabilizing effect of PZ. PZ containing amine solutions are suggested as strong candidates
for CO, absorption in membrane contactors due to their efficient dual-function properties
(high CO; absorption efficiency and polyolefin membrane stabilization).
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4.1. Introduction

Carbon dioxide (CO,) is one of the major greenhouse gases and thus is believed to
be the main responsible factor for climatic changes. Various separation processes for CO,
capture have been developed. Among them, absorption using amine-based absorbents is the
most common industrial process mainly due to the high CO, removal efficiency (Yang et
al., 2008). However, due to the direct contact of the two fluid phases (G and L), the use of
conventional gas-liquid contactors (bubble columns, sieve trays or packed towers) often
leads to several technical problems such as foaming, emulsions, unloading and flooding. In
order to overcome such operational problems, gas/liquid membrane contactors (GLMC)
have been proposed as promising alternatives, offering several important advantages over
conventional gas/liquid absorption equipments (Scholes et al., 2010; Favre, 2011; Luis et
al., 2012).

Membrane stability during CO, absorption in GLMC is of great importance in
industrial applications. Membrane instability, which can be either chemical or
morphological, leads to an increase in mass transfer resistance, which can result in the
reduction of absorption efficiency (Zhang et al., 2008). Very few studies have been
reported in the open literature on the instability of porous membrane in contact with
different solutions. In the case of morphological stability, Barbe et al. (2000) reported
surface morphological changes of microporous polypropylene (PP) flat membranes after 72
h contact with water, due to pore intrusion by the liquid meniscus. Similar behavior was
observed in the case of polypropylene (PP), polyvinilydene fluoride (PVDF),
polyethersulfone (PES) and polystyrene (PS) membranes exposed to various liquid
absorbents such as alkanolamine solutions, Selexol™ (a mixture of dimethyl ethers of
polyethylene glycol) and dimethyl formamide (Dindore et al., 2004; Porcheron and Dozds,
2009; Rongwong et al., 2009). Concerning the chemical stability of membranes, some
authors reported the possibility of chemical reactions between membranes and amine
absorbents. Wang et al. (2004a) reported the possibility of chemical reaction between PP
and diethanolamine (DEA) after 30 days contact, resulting in the deterioration of membrane
hydrophobicity. Franco et al. (2008) attributed the increase in the elemental oxygen of PP

membrane surface from 0.78 to 1.49% to the oxidation of the membrane after 68 h use in
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the membrane contactor in contact with MEA. Lv et al. (2010) investigated the changes in
surface hydrophobicity of PP hollow fiber membranes in contact with amine solutions. The
authors mentioned that improving the surface hydrophobicity of membranes may be an
effective way of overcoming wetting problems.

In our previous work, a detailed study was performed on the chemical alteration of
non-porous low density polyethylene (LDPE) hollow fibers in contact with aqueous
solutions of monoethanolamine (MEA) (Mosadegh Sedghi et al., 2011). It was reported that
the instability of LDPE was mainly due to its auto-oxidation, which is enhanced in the
presence of aqueous MEA solutions. This auto-oxidative degradation results in the
generation of a functional layer on the fiber surface leading to the increase in the material
wettability which in turn affects the CO, absorption efficiency. Therefore, an efficient way
to inhibit the degradation of polyolefin based membranes in contact with amine solutions,
extensively used for CO, capture, is highly desirable.

Hindered amine light stabilizers (HALS, the amine derivatives of 2,2,6,6-
tetramethylpiperidine) are well-known industrial stabilizers for polymers (Klemchuk and
Gande, 1989; Klemchuck and Gande, 1990). Since the auto-oxidation of polyolefins
follows a series of radical reactions (Chien and Wang, 1975), these additives are added to
polymers during the fabrication process, mainly to terminate the auto-oxidation reactions
by the formation of nitroxide radicals (Step and Turro, 1994). The prohibiting effect of
HALS on the auto-oxidation of PP was discussed by Massey et al. (2007). However, in the
case of stabilizer-free polyolefin membranes for CO, absorption, it would be interesting to
verify whether the same stabilizing effect could be obtained by the addition of HALS
directly in the absorption liquid. The proper selection of the liquid absorbent could then
provide both efficient CO, absorption and membrane stability. Further, HALS content
would be stable, and therefore not deplete with time, leading to longer membrane stability.
This work aims to introduce such a dual-function absorbent for CO, capture in GLMC
using porous LDPE membranes. Since most of the commonly used stabilizers are
derivatives of piperidine (Pip), a possible choice for liquid absorbent is piperazine (PZ),

which has a molecular structure similar to that of piperidine (Fig. 4.1).
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Figure 4.1. Structure of piperazine (Pz), piperidine (Pip) and 2-amino-2-hydroxymethyl-
1,3-propanediol (AHPD).

The effect of PZ in the improvement of CO, absorption efficiency has already been
reported in the literature (Bishnoi and Rochelle, 2002; Cullinane et al., 2004; Cullinane et
al., 2006; Khalili et al., 2009). PZ, a diamine, has higher absorption capacity and reaction
rate compared to MEA, the most commonly used solvent in CO, capture technology
(Bishnoi and Rochelle, 2000). In addition, recent studies performed in our laboratory on
absorption kinetics, thermodynamics and regenerative capacity of CO, absorbents showed
that the AHPD-PZ aqueous mixture could be an interesting alternative to conventional
amine solutions (Bougie et al., 2009; Bougie and Iliuta, 2010a; Bougie and Iliuta 2010b). In
this context, the present paper investigates the stabilizing effect of PZ on LDPE hollow
fiber membranes intended to be used for CO; capture in GLMC, in contact with MEA
(primary amine) and AHPD (sterically hindered amine) (Fig. 4.1) aqueous solutions.
Morphological, chemical and thermal stability of the membranes in contact with the above

mentioned absorbents have been investigated.

4.2. Experimental
4.2.1. Chemicals and materials

MEA, AHPD and PZ with minimum purity of 99% were used to prepare aqueous
solutions of single and mixed amines. All chemicals (Laboratoire MAT, Canada) were used
without further purification. All single and mixed aqueous amine solutions used in this

work were prepared with deionized water. Microporous LDPE hollow fiber membranes
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were fabricated using a novel method (Mosadegh Sedghi et al., 2012b). General

characteristics of fabricated LDPE hollow fiber membranes are presented in Table 4.1.

Table 4.1. Characteristics of LDPE hollow fiber membrane.

Fiber inner diameter (mm) 1.8
Fiber outer diameter (mm) 2.5
Fiber density (g/cm’) 0.770
Fiber porosity (%) 48

4.2.2. Hollow fiber membrane immersion in amine solutions

The composition of the amine solutions is shown in Table 4.2. The total amine
concentration was kept constant (30 wt% for MEA and 11 wt% for AHPD solutions). 30
mm long LDPE hollow fiber membranes were completely immersed in the solutions,
loaded in small vials. The vials were sealed in order to prevent air penetration and placed in
an oven at 65°C (to enhance the interaction between the fiber surface and the liquid
absorbent) for 30 days. At the end of the contact period, hollow fibers were taken out of
solutions and rinsed thoroughly with deionized water. In order to remove all molecules
which were physically adsorbed on the surface, the membranes were immersed into
deionized water for an additional 2 days. Water was changed daily. Fibers were finally

dried overnight at 50°C.

Table 4.2. Density and surface tension of solutions at 25°C.

Density Surface tension

Liquid (g/em’) (mN/m)
Water 0.997 72.0 0.1
MEA 30 wt% 1.008 64.0+0.1
MEA 25 Wt% + PZ 5 wt% 1.010 64.8+0.1
AHPD 11 wt% 1.024 713 +0.1
AHPD 10.11 wt% + PZ 0.89 wt%  1.026 71.9+0.1
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4.2.3. Hollow fiber membrane characterization

Neat (before immersion in amine solutions) and used (after immersion in amine
solutions) LDPE hollow fiber membranes were characterized from different aspects to
analyze their morphological, chemical and thermal stability before and after contact with

amine solutions.

4.2.3.1. Scanning electron microscopy (SEM)
The structure of hollow fiber membranes was investigated using a scanning electron
microscope (SEM) (JEOL, JSM-840a). To calculate the pore diameter distribution, the

images were digitized and analyzed using Image-Pro-Plus Version 5.0 software.

4.2.3.2. Fourier transformed infrared spectroscopy (FTIR)

FTIR experiments were carried out to analyze the chemical composition of
membranes before and after contact with amine solutions. External reflection spectra were
recorded on a Nicolet Magna 850 FTIR spectrometer, equipped with a Golden Gate single
reflection diamond ATR sample holder and a DTGS detector, with a resolution of 4 cm’
and by coaddition of 100 interferograms. Band intensity determination was performed
using the Nicolet OMNIC software and intensity data was normalized using the band at
1450 cm™. For each experimental condition, measurements were performed on at least

three different portions of each sample in order to ensure the reproducibility of the results.

4.2.3.3. Thermogravimetry (TGA)

The thermal stability of hollow fiber membranes before and after contact with
amine solutions was analyzed by thermogravimetric analysis (TGA), using a TA
Instruments TGA, model Q5000 IR from ambient temperature to 950°C at a heating rate of

10 °C/min under air.

4.2.3.4. Contact angle and surface tension measurements

An optical contact angle analyzer (OCA 15 EC Plus, Dataphysics) was used to
measure contact angles of membrane with water and amine solutions using the sessile drop
method, as well as the surface tension of amine solutions using the pendant drop method.

The system employed a high resolution camera and specific software developed for OCA
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15 EC Plus to capture and analyze the contact angle on very small and curved surfaces. For
each experimental condition, measurements were performed on at least three samples in
order to ensure the reproducibility of the results. The reported data for contact angles is the
average of three obtained values. For very precise measurements, 0.15 pl testing liquid
droplets were dispensed via an ultra-thin needle with an internal diameter of 0.18 mm. The
apparatus was equipped with a thermostated chamber controlled with a precision of 0.01 K
using a refrigerated/heating circulator with high precision external temperature control
(Julabo F25-ME). Densities for pure water and all studied solutions were measured using a
calibrated pycnometer having a bulb volume of 1x107°> m® and a Mettler AE240 balance

with a precision of +1x107 g.

4.3. Results and discussion
4.3.1. Morphological stability

Since any alteration in the porous structure of membranes can directly affect the
CO, absorption efficiency in membrane contactors, morphological stability of the
membranes in contact with amine solutions was primarily investigated using SEM
microscopy to determine possible changes in the shape and size of the pores, as well as any
damages in cell walls. Fig. 4.2 shows SEM images of the porous structure of LDPE hollow
fiber membranes, before and after 30 days contact with amine solutions (MEA, AHPD,
MEA/PZ and AHPD/PZ). In the neat fiber (Fig. 4.2a), cell walls are relatively
homogeneous and small. In comparison, the membrane surface significantly underwent
morphological degradation after 30 days contact with MEA 30 wt% aqueous solution (Fig.
4.2b), after which membrane pores were remarkably enlarged. However, pore enlargement
was significantly reduced by the addition of small amount of PZ in MEA solutions (Fig.
4.2¢). The pore enlargement phenomenon was previously reported for porous membranes
in contact with liquids with low surface tension (Kamo et al., 1992; Porcheron and Dozds,
2009; Franco et al., 2011). Surface tensions of single and mixed aqueous amine solutions
are presented in Table 4.2. The values are in agreement with the degradation level observed
by SEM images, indicating that the structural stability of membrane pores (morphological

stability) is strongly associated with the surface tension of the contact solution (absorbent).
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Solutions with lower surface tension can penetrate more easily into the pores. Upon
diffusion, the liquid meniscus exerts an additional force onto the pore walls and pushes

them away. Depending on the surface tension of the solution, this process can continue

until the complete rupture of the wall.

Figure 4.2. SEM micrographs of LDPE hollow fiber membranes: a) neat; b) after 30 days
contact with 30 wt% MEA; c) after 30 days contact with MEA/PZ:25/5 wt%; d) after 30
days contact with 11 wt% AHPD; e) after 30 days contact with AHPD/PZ:10.11/0.89 wt%.

SEM images reveal that single MEA amine solutions can easily penetrate into the
LDPE membrane pores, swelling the pores and breaking the walls between the membrane
pores. However, the addition of PZ to MEA increases the surface tension of the solution,

reducing the solution diffusion into the pores and stabilizing the pore structures. In case of
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AHPD, however, the structural deformation is much less significant (Fig. 4.2d). Due to its
large molecular size, hindered structure (Fig. 4.1) and high surface tension (Table 4.2),
AHPD seems to have a lesser tendency to penetrate into the membrane pores, acting
therefore as a stabilizer.

Fig. 4.3 illustrates the pore size distribution of neat and used hollow fiber
membranes. For the neat membrane, more than 60% of pores were in the diameter range of
2-5 pum. However, this number decreased to about 12% and 35%, respectively, for
membranes kept in contact with MEA and AHPD solutions. Moreover, larger diameters of
16-25 pum, which were completely absent in the neat membrane occupy, respectively,
around 10% and 3% of pores for the membranes in contact with the above mentioned
solutions. The order of pore size distribution for the membranes in contact with amine
solutions, from the largest to the narrowest, is the following: MEA > AHPD > MEA/AHPD
> AHPD/PZ. This confirms the stabilizing effect of PZ in the structural deformation of

pores.
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Figure 4.3. Pore size distribution of LDPE hollow fiber membranes.
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4.3.2. Chemical stability

In our previous work, a detailed study was performed on the chemical effect of
MEA solutions on non-porous LDPE hollow fibers (Mosadegh Sedghi et al., 2013). The
formation of carbonyl (C=0), as well as the amide groups (N-C=0) on the hollow fiber
surfaces after contact with MEA solutions was confirmed using FTIR and XPS analysis. In
addition, a two-step mechanism for such chemical degradation was proposed. It was
concluded that the auto-oxidation of polyolefins is enhanced in the presence of amines. The
effect of PZ on retarding the auto-oxidation of LDPE in contact with MEA and AHPD is
now investigated by comparing the FTIR spectra of the neat and used microporous LDPE

membranes, with and without the addition of PZ in the aqueous solvent.
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Figure 4.4. FTIR spectra of LDPE hollow fiber membranes.

As seen in Fig. 4.4, for membranes immersed in MEA three absorption bands
around 1019, 1538 and 1573 cm™ are observed, which are absent in the IR spectra of the

neat membrane. Since the membranes were thoroughly washed with water, the above
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mentioned bands cannot correspond to free amine residuals on the surface and are
attributed to the chemical bonds generated by chemical interaction between the membrane
and MEA solution. It was observed that these bands become less intense for the membrane
in contact with AHPD indicating that LDPE membranes are more chemically compatible
with AHPD than with MEA solutions. Due to the higher surface tension of the aqueous
AHPD solution in respect to that of MEA (Table 4.2), the tendency of AHPD to diffuse
into the membrane pores is less significant than in the case of MEA, leading to less
interaction between the membranes and the AHPD solution.

A possible assignment for the above mentioned bands would be the amide vibration
for the 1538 cm™ band and C=O valence vibration of unsaturated ketones, aldehydes or
acid groups for the 1573 cm™ vibration (Rongwong et al., 2009). The 1019 cm™ band is in
a typical position for amine v(C-N) or alcohol v(C-O) valence stretching vibrations and
could be related to the C-N or C-O bonds of the MEA attached to the amide group. After
membrane immersion in PZ containing amine solutions, the intensity of all these bands
remarkably decrease with respect to those of LDPE, suggesting that PZ acts as a chemical
stabilizer for the membrane surface. This chemical stabilization effect could arise from two
aspects: PZ acts as a surface inactive substance, by increasing the solution surface tension
and inhibiting pore intrusion by the liquid meniscus. On the other hand, PZ is a symmetric
diamine with similar structure to that of commonly known HALS (derivatives of
piperidine) and could therefore be able to retard the membrane auto-oxidation. It is widely
accepted that the outstanding efficiency in polymer stabilizing technology is due to the
regenerative scavenging capability of HALS (Chmela et al., 1989; Scoponi et al., 2000;
Hodgson and Coote, 2010). These materials are especially characterized by the nitrogen
atom bonded to a six membered-ring (Fig. 4.1) and can protect polymer surfaces against
photo-oxidative damage via the formation of nitroxide radicals (Chmela et al., 1989;
Scoponi et al., 2000; Hodgson and Coote, 2010). Extensive investigations on HALS
stabilization mechanism reveal different radical reaction pathways, mostly including the
decomposition of hydroperoxides, peracids and ozone (Pospisil and NeSpurek, 1995). The
most essential part of HALS stabilization mechanism, the regenerative radical scavenging,

is best described in the so-called “Denisov cycle”, as shown in Fig. 4.5.
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Figure 4.5. Radical scavenging of HALS in Denisov cycle.

Besides the photo-oxidative degradation, HALS can also act as stabilizers for auto-
oxidative degradation of polyolefins. Massey et al. (2007) reported a remarkable
contribution of HALS in retarding the oxidative degradation of LDPE in water, through
scavenging of oxygen present at the polymer surface. Having a similar structure (nitrogen
atoms in a six-membered ring), PZ seems to behave in a similar manner through the
formation of nitroxide radicals. Based on the above mentioned explanation, a two-step
mechanism is proposed to explain the effect of PZ on auto-oxidation of porous LDPE
membranes in contact with amine based absorbents: PZ scavenges the oxygen present in
the bulk solution and around the membrane surface, to form nitroxide radicals. Once
formed, the nitroxide radicals can be involved in termination reactions by coupling with
amine molecules to form larger sized molecules. The formation of such large molecules can
create a steric hindrance (resistance) which decreases the interaction between membrane

and amine solution and hinders the auto-oxidative degradation of the membrane.

4.3.3. Wettability of hollow fiber membranes

Along with structural alterations, the intrusion of absorbent molecules in membrane
pores and their interaction with the polymer can significantly affect membrane
hydrophobicity. Hydrophobicity of membrane surface and pore resistance to wetting were
quantified by contact angle measurements. The wetting tendency of liquids on the

membrane surface is affected by liquid surface tension and membrane surface energy.
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The static contact angles of neat membrane with water, single amines and mixed
amine solutions are presented in Table 4.3. It can be observed that membrane wettability
increases as the liquid surface tension decreases. The highest water contact angle of 128.4°
shows the ultra-hydrophobic characteristics of the microporous LDPE hollow fiber
membranes used in the present study. Membrane contact with MEA and AHPD aqueous
solutions leads to a decrease in the contact angle to 111.7° and 118.1°, respectively. These
results are in good agreement with the surface tension of solutions, MEA and AHPD acting
as capillary active substances and decreasing the surface tension of water (Hodgson and
Coote, 2010). However, both MEA and AHPD contact angles rise upon addition of PZ, due
to the higher surface tension and the hindrance effect caused by the presence of PZ in MEA
and AHPD solutions (see §4.3.2.).

On the other hand, it can also be seen that water contact angles of membrane
immersed in MEA and AHPD solutions are significantly lower than water contact angle of
neat membrane, showing an increase in wettability of membrane surface after contact with
amine solutions (Table 4.3). This is mainly attributed to chemical alterations of membrane
surface, caused by auto-oxidation of LDPE enhanced in the presence of amines. These can
form hydrophilic functional groups like acids, alcohols, amides, ketones and aldehydes on
the membrane surface, thus decreasing the surface hydrophobicity, and consequently,
increasing membrane wettability (Rongwong et al., 2009). In addition to chemical
properties, the wettability of the surface is also influenced by its morphological structure
(Dindore et al., 2004). Therefore, the deformation of membrane pore structure (see §4.3.1)
is also responsible for the increase in membrane wettability. However, the increase in the
contact angles of both MEA and AHPD solutions after the addition of PZ confirms the
stabilizing effect of PZ in chemical and morphological alteration of membrane surface,
resulting in enhanced membrane surface hydrophobicity and reduced membrane

wettability.

136



Table 4.3. Static contact angle of neat and used hollow fiber membranes.

Neat
Average
Liquid contact angle
©)
Water 128+ 1
MEA 30 wt% 1111
MEA 25 wt% + PZ 5 wt% 116+ 1
AHPD 11 wt% 118+ 1
AHPD 10.11 wt% + PZ 0.89 wt% 121 +1
Used
.. Liquid in contact with membranes Average
Liquid . L contact angle
(immersion liquid) ©)
MEA 30 wt% 112+ 1
W MEA 25 wt% + PZ 5 wt% 116+ 1
t
T AHPD 11 wi% 118+ 1
AHPD 10.11 wt% + PZ 0.89 wt% 121+ 1

4.3.4. Thermal stability

TGA was used to study the influence of amines on membrane degradation and the
effect of Pz on thermal stabilization. Fig. 4.6 shows the TGA curves of neat and used
membranes in the temperature range of 200-600°C. Weight loss was observed at lower
temperatures for all used membranes in comparison to the neat one, showing that the
thermal resistance of the membrane is weakened by its immersion in the amine solutions.
However, it is restored to a great extent after the addition of PZ in MEA and AHPD
solutions. It is believed that Pz acts in a similar way as HALS molecules, which are well
known to enable thermal stabilization of polyolefins, in addition to its oxidative
stabilization effects (Gugumus, 1990; Zweifel, 2001).

Membrane stability can quantitatively be studied either by comparison of
temperatures at which membrane reach 50% of its initial weight, or by comparison of

membrane weight at a certain temperature. Thermal stability data and decomposition level
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of membranes are summarized in Table 4.4. Membrane decomposition level shows the
level of instability of used membranes at a certain temperature (Tsqe, of the neat membrane)
in comparison to that of the neat one. This data indicate that membrane stability varies in

the following order: Neat > MEA > AHPD > MEA/AHPD > AHPD/PZ.

Table 4.4. Membrane stability data and decomposition level.

Sample a;ri" I;Tﬁ 01;50% “Decomposition
CO CO °O level (%)
Neat 275 550 484 50
AHPD/PZ 247 535 446 75
AHPD 243 515 433 94
MEA/PZ 235 498 429 97
MEA 237 504 411 96

a) Initial decomposition temperature, b) Final decomposition temperature, ¢) Decomposition
temperature at 50% weight, d) Membrane weight at Ty, of the neat membrane (484°C).

4.4. Conclusions

The stability of microporous LDPE hollow fiber membranes intended to be used for
CO; capture in membrane contactors was studied in contact with 30 wt% MEA and 11 wt%
AHPD aqueous solutions with and without the addition of PZ. The surface of membranes
immersed in MEA and AHPD solutions underwent morphological, chemical and thermal
degradation. However, such instability was found to be restored to a great extent by the
addition of PZ. It was proposed that the stabilizing effect of PZ in amine solutions arises
from a two-step mechanism including the formation of nitroxide radicals, through the
oxidation of PZ, followed by the reaction between the oxidized PZ and amine molecules.
Resulting large size molecules are proposed to have a steric hindrance effect. For their
efficient dual-function properties (high CO, absorption efficiency and polyolefin membrane
stabilization) PZ containing amine solutions are therefore suggested as good candidates for

CO; absorption in membrane contactors.
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5. General conclusions and recommendations for future

works

Highly hydrophobic microporous LDPE hollow fiber membranes intended to be
used for CO, capture in GLMC were prepared using melt-extrusion of LDPE/NaCl blends
followed by salt leaching in water. Membrane porosity, which is strongly dependent on the
amount of salt removed from the hollow fiber structure, was shown to increase with
increasing initial salt content. It was observed that for samples with initial salt content
below 60 wt%, the leaching could not be completed and an important amount of salt
remained in the samples after 160 min leaching. However, for samples with salt content of
60 wt% and higher, the percentage of salt removal reached 100% after 160 min. SEM
micrographs revealed the roughness created on the surface of hollow fiber membranes due
to the formation of micropapillas formed by the addition of NaCl to the LDPE matrix.
Moreover, the surface roughness was shown to increase by the increase of the initial salt
content. The roughness created on the membrane surface led to a remarkable increase in
water contact angle (hydrophobicity) from 98° for neat LDPE to 130° for hollow fibers
prepared with 68 wt% NacCl.

The investigated mechanical properties (Young’s modulus, tensile strength, and
strain at break) were shown to be highly dependent on the initial salt content, but can be
directly related to the final structure of the hollow fibers through the porous structure
produced. Several important conclusions derived from mechanical properties analysis: 1)
Young’s modulus increased from the neat sample to the sample with initial salt content of
50 wt%, due to salt remained in the sample (unleached), which increased the material
rigidity; i1) with the increase of the initial salt content from 60 to 68 wt%, the Young’s
modulus decreased as a result of complete salt leaching and pore formation; iii) the stress at
break decreased with the increase of the initial salt content, due to the combined effects of
residual salts in LDPE structure and those removed by leaching; iv) the tensile stress
slightly increased for the sample prepared with 68 wt% initial salt content compared to the
one with 60 wt%, probably due to a change in the volume fraction of open/close pores with
the increase in material porosity; v) a sharp drop in elongation at break was observed for
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samples with initial salt contents of 0-50 wt%, followed by a slight increase from 50 wt%
to 60 wt%, since the material was already brittle; vi) a slight increase in elongation at break
was observed when the initial salt content increased from 60 to 68 wt%, due to the increase
in the volume of open cells which make the sample more deformable.

The investigation of chemical stability of non-porous LDPE fibers in contact with
aqueous MEA solutions revealed the auto-oxidation of LDPE material. This process was
found to be accelerated by the alkaline nature of the alkanolamine which leads to the
formation of C-O and C=0 containing groups (ketones, aldehydes and alcohols), followed
by chemical interaction of the oxidized LDPE with MEA. However, these chemical
alterations were found to be hindered by the addition of CO, to MEA solution. The
degradation process became less significant as CO, loading increased (pH of solution
decreased), due to the acidic nature of CO,.

In addition, the stability of microporous LDPE hollow fiber membranes in contact
with 30 wt% MEA aqueous solutions and 11 wt% AHPD aqueous solutions with and
without PZ addition was investigated. The surface of membranes immersed in MEA and
AHPD solutions was shown to undergo morphological, chemical and thermal degradations,
but they were more important in case of MEA. However, the degradation process was
found to be restored to a great extent by addition of PZ. It was proposed that the stabilizing
effect of PZ in MEA and AHPD solutions arises from a two-step mechanism including the
formation of nitroxide radicals, through the oxidation of PZ, followed by the reaction
between the oxidized PZ and alkanolamine molecules. Resulting large size molecules are
proposed to have a steric hindrance effect. For their efficient dual-function properties (high
CO, absorption efficiency and polyolefin membrane stabilization), PZ containing
alkanolamine solutions (especially AHPD/PZ) are therefore suggested as good candidates
for CO, absorption in membrane contactors.

The results of this project demonstrated that template-leaching is a solvent-free
method that can be used as a continuous membrane fabrication process and might be
applicable to a variety of polymers. Having much less environmental impacts, solvent-free
approaches for highly hydrophobic membrane fabrication are most desirable for preventing

wetting in GLMC. New research in this area would be very much welcome for making the
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gas separation process in GLMC attractive and competitive for industrial applications.
Further investigations on membrane fabrication through melt extrusion coupled with the
salt leaching technique can be directed towards reducing of the membrane pore size and
acceleration of the leaching time. In addition, since the fabricated membranes are aimed for
CO; absorption in GLMC, future investigations will have to evaluate the absorption
efficiency in different conditions (different absorbent solutions, gas concentrations and

temperatures) and membrane wettability in long term operation.
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Appendix A

Extrusion process for membrane fabrication

In this thesis, LDPE hollow fiber membranes were produced using Haake Rheomix
TW-100 co-rotating conical twin-screw extruder. LDPE pellets were mixed thoroughly
with NaCl particles to form blends containing 35, 40, 50, 60, 65 and 68 wt% salt. For
comparison, a nonporous LDPE hollow fiber sample (blank) was also prepared without the
addition of salt. The mixture was then fed into the extruder in two steps using a hopper. In
the first step, the mixture was melt blended above the melting temperature of LDPE (=
112°C) to obtain a uniform polymer/salt blend. The temperature profile was controlled at
115°C for zone 1, 135°C for zone 2 and 140°C for zone 3 and the die zone (zone 4). After
cooling down through a water bath at room temperature, the extrudate was pelletized using
a PELL 2 pelletizer supplied by Berlyn Company (not shown). For the nonporous (blank)
LDPE hollow fiber sample, the first extrusion step was skipped. In the second step, the
prepared pellets were fed into the extruder using the hopper at a temperature of 115°C for
zone 1, 135°C for zone 2 and 140°C for zones 3 and 4. The extruder was operated at a
constant mass flow rate of 0.4 kg/h and a screw speed of 60 rpm. To produce a stable
hollow fiber structure, the inside air pressure was controlled at 0.02 psig to prevent
collapse. The extrudate was taken out of the hollow fiber die with an inside and outside
diameters of 5 and 7 mm, respectively, and cooled down through a water bath fed by a
fresh water spray and emptied by salt-rich water drains at 60°C. Finally, a take-up unit was

used to control drawing speed at 250 cm/min.
Optimized extrusion conditions

- Temperature profile
In this thesis, the barrel temperature was selected as the normal temperature profile,
in which the temperature of the first zone (rear zone) was selected at 115°C, which is much
lower that that of the exit (die zone), in order to avoid sticking of the granules to the
entrance of the barrel. Then the temperatures were gradually increased to 135°C for the

second and third zones and to 140°C for the die zone. These temperatures were adjusted
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according to the following reasons: i) High viscosity of the polymer melt bellow such
temperatures, which makes the drawing of the fiber impossible, and ii) change in the colour
of the product from white to brown at temperatures higher that the above mentioned
temperatures, maybe due to the degradation of the material used for the surface

modification of the salt particles to avoid agglomeration.

- Screw speed

The screw speed was selected at 60 rpm. Speeds higher than 60 rpm made the
control of the structure of the final product difficult, while at speeds lower that 60 rpm salt
agglomeration increased because by reducing screw speed, the stress applied on the
polymer melt and salt mixture reduces, which makes it difficult for the salt particles to pass

through the barrel.

- Salt particle size

The smaller the pore size of the membrane, the higher is the breakthrough pressure
and therefore, the smaller is the wetting tendency of the membranes.The membranes pore
size decreases with reducing salt particle size. Besides, the leaching process accelerates
with the decrease of salt particle size (Table A.1). Therefore, NaCl particle size of 5-10 pym

was used (smallest size commercially available).

Table A.1. Effect of salt particle size on leaching time and salt removal percentage after
leaching.
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Particle size (um)

Leaching time (min)

Salt removal (%)

125-150 240 15
45-75 240 45
5-10 160 100
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