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Recently, membrane technology has emerged as a competitive alternative process for CO2
separation from natural gas. Nevertheless, it continues to seek new, robust, and economic
membrane materials with superior separation performance in term of selectivity and
productivity. In this research, new carbon nanomaterials (titanium carbide-derived carbon
nanoparticles (CDCs)) were embedded into polyamide film to develop CDCs/Polyamide mixed
matrix membranes by interfacial polymerization reaction of piperazine (PIP) and isophthaloyl

chloride (IPC) supported on polysulfone (PSF) membrane. The fabricated membranes as well
as CDCs nanoparticles were characterized by SEM, FT-IR, TGA, and XRD. The
characterization results confirmed the successful incorporation of CDC nanoparticles into the rough
polyamide layer. Moreover, thermal stability of polyamide thin film membranes was

improved by adding CDCs nanoparticles. Gas permeation measurements of the fabricated
membranes demonstrated 78.08% and 49.89% enhancement in CO2 permeance and CO2/CH4
selectivity; respectively compared to neat polyamide membrane. CDC nanoparticles disrupted the
polyamide matrix which resulted in higher free volume for gas to transport. Furthermore, the high
surface area of CDCs offered more volume for gases to adsorb thereby improved separation
performance was observed for CDCs/polyamide MMMs. The gas permeation tests of layer by layer
MMMs revealed that building more than one selective layer on top of the polysulfone support
resulted in higher CO2/CH4 selectivity while CO2 permeance decreased. CDCs/polyamide MMMs
with 10 selective layers showed the best separation performance with CO2/CH4 selectivity of 24.08.

xvi

Finally, the effect of CDC nanoparticle loading, operating temperature, and feed pressure on the
separation performance were studied
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ملخص الرسالة
االسم الكامل:عبدالرحمن محمد الفاتح عوض بابكر
عنوان الرسالة :فصل غاز ثاني اوكسيد الكربون من الغاز الطبيعي باستخدام غشاء مختلط
التخصص :هندسة كيميائية
تاريخ الدرجة العلمية :مايو 2017
في اآلونة األخيرة ،ظهرت تكنولوجيا األغشية كعملية بديلة لمنافسه العمليات التقليديه المستخدمه في فصل غاز ثاني
أكسيد الكربون من الغاز الطبيعي .بالرغم من ذالك ،فإن تكنولوجيا االغشيه التزال تسعى الستخدام مواد جديدة ،قوية،
واقتصادية مع أداء عمليه االنفصال بصوره اكثر تفوقا في مجالي االنتقائية واإلنتاجية .في هذا العمل البحثي ،تم تحضير
أغشية بوليسولفون واستخدامها كداعم لتصنيع األغشية الرقيقة من مادة البولي أميد .عالوة على ذلك ،تم تضمين جزيئات
الكربون المستمدة من كربيد التيتانيوم في طبقه البولي أميد لتصنيع الغشاء المختلط لتطبيق فصل الغاز.تم استخدام
طريقة التحويل الجاف  /الرطب لتحضير الغشاء الداعم (بوليسولفون) .في حين تم تصنيع غشاء البولي أميد و الغشاء
المختلط من جزيئات الكربون  /بولي أميد باستخدام تفاعل البلمرة ..أخذت صوربواسطه مجهر الكتروني لدراسة شكل
االغشيه ( مورفولوجيا األغشية ) وأظهرت النتائج أن البوليسولفون الداعم لديه سطح أملس على نحو سلس وكان هذا
السطح مغطاة تماما بطبقة البولي أميد الخام ،كما أكدت الصور اللمجهريه عمليه دمج الجسيمات النانوية في طبقة البولي
أميد.باالضافه لذالك تمت دراسة التركيب الكيميائي لألغشيه باستخدام أطياف االشعه تحت الحمراء التي أكدت وجود
مجموعات وظيفية من مادة البولي أميد .وعالوة على ذلك ،كشف التحليل الحراري أن إضافة الجزيئات النانوية إلى
غشاء البولي أميد عززاالستقرار الحراري لألغشية البولي أميد .تمت دراسه النفاذيه وقابليه الفصل لالغشيه باستخدام
غازي ثاني اكسيد الكربون والميثان وأظهرت لنتائج أن بناء طبقة البولي أميد فوق غشاء بوليسولفون يعزز انتقائية
الغشاء لغاز ثاني اكسيد الكربون.وان االغشيه المختلطه لها نفاذيه اعلي بنسبه  %78.08مقارنه بغشاء البولي اميد من
غير جزيئات الكربون .باالضافه لذالك االغشيه لديها ايضا قابليه اعلي للفصل بنسبه  .%49.89وأخيرا ،تم دراسة
تأثيرتركيزالجسيمات المتناهية الصغرفي الغشاء ،درجة حرارة التشغيل ،ضغط الغاز،درجه الحراره ،وعدد الطبقات
االنتقائية على أداء الفصل لألغشية .
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1 CHAPTER 1

INTRODUCTION

1.1

Background on natural gas:

As the global economy rises, the demand for clean energy supply is increasing
continuously. Nowadays, natural gas plays a significant strategic role in the energy
supply to provide a high-quality energy source that is economically viable, and
environmentally sustainable. In spite the fact that the energy content per volume in NG is
lower than other fossil fuels, natural gas is more efficient in energy conversion and has
higher hydrogen content [1]. In 2004, NG constituted almost 23.5% of energy source
around the world right after oil (constituted 35.3%). Recently, NG accounts for $22 billion
per year in the world market [2]. As the importance of natural gas is increasing, more
information and knowledge on natural gas processing and purification are required using
novel and robust techniques [2].
Natural gas is formed by decomposition of living organisms like plant, animal, and microorganism which have been living over a long time ago and have become an inanimate gas
mixture. Natural gas is classified as associated NG that is produced from oil wells and nonassociated NG. The constitution of natural gas is mainly methane (accounts for seventy to
ninety percent of the total components) and other light and heavier hydrocarbon as well as
other impurities such as CO2, N2, Hg, He, H2S. Actually, the composition of the gas
1

depends on the type of the gas and how deep is the location of the reservoirs. Table 1.1
represents the natural gas composition in different reservoirs around the world [3].
Table 1.1: The natural gas composition in different reservoirs around the world [3].

No doubt, natural gas has a wide range of applications including petrochemical feedstocks,
transportation for industry, commercial, residential usage, and electricity generation.
Figure 1.1 shows the proportion of these applications for the year 2009 [3].
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Figure 1.1: The proportion of different natural gas applications for the year 2009 [3]

Natural gas sweetening process:

In gas sweetening process impurities (such as CO2 and H2S) are removed from the natural
gas stream in order to meet the standard quality specification set by pipeline transmission
and distribution companies (see Table 1.2). Carbon dioxide in natural gas reduces the
calorific value of the gas and affects the selling price. Furthermore, in presence of water,
the gas stream becomes acidic and corrosive which damages pipelines and equipment [3].
Therefore, CO2 removal from natural gas has the synergistic effects of controlling the
greenhouse gas emissions (GHE) and economical beneficial of lower transportation cost
through possibilities of gas compression and volume reduction [2]. On the other hand, CO2
separation could produce a highly concentrated CO2 stream that can be used in enhanced
oil recovery (EOR) after its removal from natural gas stream and in other chemical
industries rather than direct release into the atmosphere [2]. Therefore, CO2/CH4 separation
using economical and more effective techniques as well as CO2 capture at a wide range of
3

concentration are attracting a great deal of interest in chemical engineering processes [1].
However, CO2 capture from natural gas using more efficient and robust technique is still
one of the challenges in gas separation application [3].
Table 1.2: Natural gas specifications for commercial applications [4].

Owing to the abundance of CO2 in raw NG, it has attracted more research attention than
H2S [4]. CO2 removal from natural gas is commonly achieved using absorption, adsorption,
cryogenic or condensation, or membrane process [2]. Each of these processes has its own
advantages and drawbacks. Among which, amine absorption process is the most developed
commercial technology. Figure 1.2 shows the common technologies for natural gas
purification.In absorption process, gasses are placed in contact with a soluble liquid. This
process can be classified as: (1) physical absorption which is achieved based on the gasses
solubilities and mass transfer rates, and (2) chemical absorption that is based on the reaction
equilibria and kinetics. The drawback of this process is that the solvent for the absorption
in a process like amines leads to corrosion problem. The reaction between the solvent and
some corrosion inhibitors causes erosion problem, high foaming tendency, and solid
suspension which reduce the loading of CO2 gas and solvent. So, antifoaming agent
injection is required for surface tension reduction of the solvent in order to enhance
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CO2/solvent contact. Moreover, all solvent cannot be recycled to the column which causes
environmental hazards from the solvent disposal.

Figure 1.2: Common technologies for natural gas purification [5].

The adsorption process is the adhesion of selective component of the gas in contact with
the adsorbent surface. Adsorption process could be classified as physical adsorption and
chemisorption. Chemisorption is the chemical bond formation between the sorbate and
adsorbent that gives a much larger increase in adsorption volume. In physical adsorption
which is more common, the attractive force is weaker than the forces in chemisorption so
the heat of physical adsorption is lower hence, adsorbent regeneration is easier as no
covalent bond is formed [3]. In a cryogenic separation or low-temperature distillation, low
temperature (-73.30 oC) is used to purify gas mixtures. Cryogenic separations are used
commercially for liquefying and purifying CO2 at relatively high CO2 concentration.

5

Generally speaking, physical absorption and chemical absorption process by the reactive
solvent in packed towers and the other traditional processes have the advantages of high
separation performance and throughput. Nevertheless, the cost of required energy for
solvent regeneration, corrosion of the equipment and flow problems caused by a change in
viscosity are the drawbacks of these conventional processes. In addition, phase dispersion
during the process usually leads to flooding, excessive loading, weeping, foaming, and
entrainment [1]. Table 1.3 compares different natural gas sweetening processes.

6

Table 1.3 comparisons of natural gas sweetening processes [3].

Advantages

Process

Disadvantages
“1-Not economical as high partial

Absorption

Widely used technology for efficient

pressure is needed while using physical

(50-100) % removal of acid gases (CO2 and

solvents.

H2S).

2-Long time requirement for purifying
acid gas as low partial pressure is needed
while using chemical solvents.”

“1-High purity of products can be achieved.
2-Ease of adsorbent relocation to remote

1-Recovery of products is lower.

fields when equipment size becomes a

2- Relatively single pure product.

Adsorption

concern.”
“1-Simplicity, versatility, low capital
investment and operation.

1-Recompression of permeate.

2-Stability at high pressure.
Membrane

3-High recovery of products.

2-Moderate purity.

4-Good weight and space efficiency.
.5-Less environmental impact.”
“1-Highly energy intensive for

Cryogenic

“1-Relatively higher recovery compared to

regeneration.

other process.

2- Not economical to scale down to very

2- Relatively high purity products.”

small size.
3-Unease of operation under different
feed stream as it consists of highly
integrated, enclosed system.”

7

1.3

Membranes for CO2/CH4 separation:

Clearly, the aforementioned technologies for CO2 separation from natural gas have serious
disadvantages. Alternatively, membrane separation technology has shown enormous
potential for CO2/CH4 separation. Membranes have drawn a great attention in scientific
research area because of its energy efficiency since there is no need for phase
transformation like all other process technologies. Besides, the advantages of simple
“process equipment, ease of scale-up and module construction, and small footprint make
membranes a competitive alternative for the application of gas separation [1].
Consequently, and for long time membrane has been known to constitute mature
technologies that have been used in the application of processing natural gas [3].
The performance of the membranes is mainly characterized by two factors. Permeability
that measures the gas volume which the membrane could process and selectivity which
measures the ability of the membranes to separate different components. Permeability or
permeability coefficient (Pe) can be defined as the gas flux transported through the
membrane divided by a unit of driving force across the membrane (pressure difference).
One can increase the gas volume that the membrane can process by increasing the
permeability coefficient, the membrane area, and the pressure gradient across the
membrane, or by reducing the membrane thickness [4]. Figure 1.3 presents a Schematic
representation of membrane process for the CO2/CH4 separation”.
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Figure 1.3: “Schematic representation of membrane process for the CO 2/CH4 separation.” [5]

According to the materials that the membrane is made from, gas separation membrane can
be generally classified as a polymeric membrane, ceramic membrane, and mixed matrix
membrane. The commercial membrane technology employed in NG application is
predominantly nonporous polymeric membrane using the solution-diffusion mechanism to
separate components.
Polymeric membranes use the pressure difference across the membrane as a driving force
to selectively transport CO2 and not CH4. The transport mechanism in the polymeric
membrane is the solution-diffusion mechanism in which separation of the gas component
is based on the differences in the solubilities and /or the mobilities behaviors of the gasses
on the membrane”. The polymeric membrane could be also classified as rubbery polymer
membrane and glassy membrane. Glassy polymer membrane has a rigid structure which
separates gasses based on the difference in kinetic diameter of the gaseous and this type of
membrane operates below the glass transition temperature.Whereas, rubbery polymer
9

membrane with elastic and mobile polymer structure operates above the glass transition
temperature and hence, the performance of rubbery membranes is based on the differences
in the solubility of gaseous species in the polymer. In NG sweetening, glassy polymers
have better separation performance than rubbery polymers. Achieving higher permeability
without compromising the selectivity is a route to develop new membrane materials for the
gas separation application. Broadly speaking, modification of membranes structure in order
to increase permeability, unfortunately, results in a reduction of the selectivity (Figure
1.4). Which is a famous trade-off limit for the polymeric membrane. In 1991, Robeson
proposed an upper-bound limit for selectivity and permeability of different gasses above
which no materials have been recorded to exist. In 1999, Freeman suggested that one
should increase the membrane selectivity by interchain spacing and chain stiffness in order
to surpass the upper bound. Later on, and in 2008, Robeson again renewed the upper bound
with more data from the literature (Figure 1.4). Recently, the 1991 bound has been
surpassed by many polymeric materials while few polymers surpassed 2008 upper bound
some of them are the cross-linkable 6 FDA duren - DABA co-polyimide grafted with α, β
and ɤ cyclodextrin, polymers of intrinsic microporosity (PIM), thermally rearranged
aromatic

polyimides,

poly

benzoxazole,

microporous

polybenzimidazole

and

poly(benzoxazole-co-pyrrolone). Thus, the trade-off limitation is the main drawback of
polymeric membranes [2].
Porous inorganic membranes separate gasses based on molecular sieving or activated
transport mechanism. Recently, these membranes have drawn great attention in gas
separation because of the high thermal, mechanical and chemical stability, good erosion
resistance as well as a long operational life. Even though inorganic membranes overcome
10

the trade-off limitation of the polymeric membranes on the small scale, much larger costs
are required for manufacturing inorganic membranes. Moreover, reproducibility
improvement is needed for large-scale production of inorganic membranes [1].

Figure 1.4: Robeson’s upper bound curve for the CO2/CH4 system [30].

No doubt that the trade-off limitation (upper bound) between permeability and selectivity
is the major problem for the polymeric membranes. So, the research scientists have sought
to develop a new material and new technique that can push membrane performances to
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exceed current Robeson limits. One of the strategies to enhance polymeric membrane
performance is to incorporate inorganic material with high sorption capacity or the
molecular sieving capability into the continuous matrix (polymeric) phase to fabricate
mixed matrix membranes (see Figure 1.5). By combining the advantages of the polymeric
membrane (cheapness, simple preparation techniques) with the improved separation
characteristics of inorganic materials in a mixed matrix membrane, the separation
performance is considerably improved. Nevertheless, mixed matrix membranes synthesis
is not a simple task, since the dispersed and continuous phases must be compatible with
each other to avoid defects in the membrane and to achieve excellent separation
performance.

Figure 1.5: A schematic diagram of the mixed matrix with inorganic dispersed phase and continuous
polymeric phase [5].
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1.3

Thesis objectives:

The main objective of this study is to fabricate a new defect-free carbide-derived carbon
(CDCs) /Polyamide thin film nanocomposite membrane for the application of CO2 removal
from natural gas.
The specific objectives of this research are to:


Prepare a defect-free polyamide membrane using PSF membrane as a support.



Incorporate CDC nanoparticles into the polymeric film to fabricate the MMMs.



Characterize and investigate the separation performance of polyamide as well as
TFN membranes.



Study the effect of nanoparticles loading, temperature, pressure, and a number of
the selective layer on the separation performance.
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CHAPTER 2

LITERATURE REVIEW

2.1

Background on Mixed matrix membranes:

Mixed matrix membrane (MMM) is discovered by UOP research team and can be
considered as modified organic membranes. In which micro or nanoparticles of inorganic
fillers is embedded into an organic continuous matrix to form a heterogeneous membrane.
Powell and Qiao [4], reported that the incorporation of nanoparticles into the polymer
matrix could affect the permeability in three different ways:(1) molecular sieving effect to
change the permeability, (2) disrupt the membrane structures which results in higher
permeation coefficient and (3) they could as well decrease the permeability coefficient by
acting as a barrier [1]. Hence, in MMMs the shape selective nanoporous is combined with
the processable and mechanically stable organic materials [1]. The materials of dispersed
phase in MMMs own specified structures, surface property, and strength. These materials
are expected to enhance the polymer membranes performance, however, over the past three
decades, not so many attempts to enhance the separation performance of gasses using
MMM have been reported due to the difficulties of fabricating mixed matrix membranes.
For instance, the poor particles/ polymer adhesion and weak distribution of the inorganic
materials in the polymer phase.
MMMs morphology and separation properties are affected by both polymer and dispersed
phase. Consequently, selection of materials for the polymer phase and the inorganic fillers
are vitally important [5].
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The first reported mixed matrix membrane was fabricated by UOP research team. In which
silicalite materials were incorporated into cellulose acetate (CA) matrix. Their results
demonstrated that the selectivity of O2/N2 increased from 3 to 4.3. Moreover, in the mid1980s and at UOP LLC, CA/silicalite MMMs were fabricated for the application of CO2/H2
separation using a feed mixture of CO2/H2 (50/50 mol %) at a 50 psi differential pressure.
The results revealed that CO2/H2 selectivity increased from 0.77 to 5.15 by incorporating
the silicalite particles [6].

2.2

Polyamide membranes:

Polyamide membranes are thin film composite membrane prepared by interfacial
polymerization techniques. Interfacial polymerization can be defined as a type of stepgrowth polymerization, in which, the polymerization reaction occurs at an interface
between an aqueous solution containing one monomer (polyamines) and an organic
solution containing a second monomer (polyacyl halides) [19,5]. Interfacial polymerization
is widely used to develop commercial membrane for reverse osmosis [20,21],
nanofiltration [22,23], and pervaporation (PV) process.
Generally, the preparation of

thin film composite membrane using this method is

accomplished by saturation step of a porous support with a water soluble diamine, for
instance, meta-phenylene diamine and piperazine followed by a reaction step with an
organic diacid chloride solution (such as iso-phthaloyl chloride, trimesoyl chloride) or
Vice versa [8]. Figure 2.1 shows Schematic of film growth by the interfacial
polymerization reaction. Membranes fabricated using interfacial polymerization
techniques have the advantages of the possibility of producing ultrathin skin layer ( 0.1–
1.0 nm) on the porous support, the availability of a large number of monomers that can be
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used, and more importantly the defect-free nature and ease to scale-up to the commercial
modulus [24,5]. Membranes fabrication using IP for the application of gas separation still
lags behind and needs more studies [24,5].
CO2 removal using facilitated transport membranes has been recognized as one of the
routes to enhance the separation efficiency of the organic membranes in order to provide
efficient gas separation. CO2 transport mechanism in membranes containing (primary or
secondary) amine functional groups cab be expressed by the following equations [13]:
2RNH2 + 2CO2

RHNCOOH + RNH3 +

(1.2)

2R2NH + 2CO2

R2NCOOH + R2NH2 +

(2.2)

In these reactions, CO2 reacts rapidly with the primary or secondary carrier (amine groups)
to produce RNHCOO− in the membrane. Moreover, some researchers suggested that in
presence of water tertiary amines could play as a catalyst and react with CO2 as follows
[8]:
R3N + CO2 + H2O

R3NH+ + HCO3-

(3.2)

In addition to promoting ion transfer in hydration reaction ( Eq.3.2), the presence of water
in the membranes can enhance the chain mobility of the polymer matrix and hence higher
gas diffusion is expected [8]. Comparing to primary and secondary amines group tertiary
amines revealed better gas absorption capacity, higher catalytic efficiency in the hydration
reaction, more stability in air, and lower crystallinity [15].
Fixed carrier composite membranes are generally fabricated using solution coating [15,13],
plasma polymerization [15,13]and Interfacial polymerization techniques.
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Figure 2.1 Schematic of film growth: (a) formation of a nascent film with uniformly distributed
pinholes; (b–d) formation of second, third and fourth generations of bubble-like films [37].

Monomers selection for polymerization reaction is the most important factor affects the
separation performance of thin film composite (TFC) membranes. Sridhar et al [14]
investigated the performance of PA membrane prepared by interfacial polymerization
between MPD

aqueous solution and isophthaloyl chloride (organic solution) using

polysulfone support. The results showed CO2 permeance of 15.2 GPU with a CO2/CH4
selectivity of 14.4, and for H2S gas the permeance was 51.6 GPU with H2S / CH4 selectivity
of 49.1. In another work, Xingwei et al [15] prepared polyamide membrane using
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interfacial polymerization between (DNMDAm) and (TMC) using the polysulfone (PS)
membrane as a support. The gas permeation tests demonstrated that using DNMDAm
(concentration of 0.0062 mol/l) and TMC (0.0226 mol/l) resulted in the highest
performance for 20/80 v/v feed gas of CO2/N2 with 173 GPU permeance of CO2 gas and
CO2/N2 selectivity of 70 at a feed pressure of 0.11MPa and 118 GPU permeance of CO2
for CO2/CH4 gas mixture (10/90) with a selectivity of 37.
To the best of our knowledge, in this work it is the first time piperazine and isophthaloyl
chloride was used as monomers to fabricate thin film composite polyamide membrane for
the application of gas separation.

2-3

Carbide-derived carbon (CDC) nanoparticles:

Nowadays, special carbon element plays a significant role in the chemistry of all living
matters. Carbon is also the base of all organic materials. With the advent of nanotechnology
revolution, carbon nanomaterials such as nanotubes, fullerenes nanodiamond, nano
graphite, carbon onion materials, and nanoporous carbon have triggered increasing
attention from scientific researchers. These materials have provided good mechanical,
optical, and electrical properties which make them competitive materials in various
engineering applications. CNTs (the strongest fiber materials) have been used in membrane
fabrication for different applications. Carbon materials can be produced using different
routes. For example, ordered graphite is synthesized under very high temperature due to
low carbon mobility in its covalent bonded layer. While, diamond is synthesized under
conditions such as high pressure, and high energy activation methods [16].
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Various carbon structures can be synthesized by selective etching of carbides. Carbidederived carbon (CDC) is synthesized by extracting metals from metal carbides (Me Cs)..
According to preparation conditions nanotube structures with amorphous or crystalline
nature, fullerene-like structures, carbon onion, and nano-crystalline diamond can be
synthesized. Therefore, all carbon allotropes can be synthesized by removal of metal from
metal carbide. Due to layer by layer extraction of metal from the template metal carbide,
precise control over the nanoparticles properties can be achieved during the synthesis
process and the structure can be modified by controlling the temperature, composition of
the environment.
The reaction for CDC production from metal carbide can be described as [16]:
MeC (s) + 2 Cl2 (g)  MeCl4 (g) + C (s)

(4.1)

And by changing the chlorination temperature good control of the pore size and pore size
distribution was reported as shown in Figure 2.2.
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Figure 2.2: Differential pore size distribution at different chlorination temperature [49]

Hoffman et al [16], synthesized a novel carbide-derived carbon membrane by chlorination
of TiC precursor at 350 oC. The resulted carbon layer had a thickness of 500 nm with an
amorphous structure. The nitrogen permeability of the prepared membrane was found to
be 67 Barrer. Therefore, CDC opens new opportunities to design inorganic membranes
with superior separation performance. Moreover, CDC can also be incorporated into
organic membranes to enhance its separation performance.

2.4

Filler phase for mixed matrix membranes (MMMs):

As we mentioned above the separation properties and morphology of prepared membranes
are greatly affected by organic and inorganic materials used to fabricate MMMs. Filler
materials in mixed matrix membranes are classified as porous and nonporous fillers. Metal-
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organic frameworks (MOFs family), activated carbon and carbon nanotubes (CNTs) are
examples of porous fillers that have been used in fabricating MMMs.
One important factor in selecting a proper filler is the consistency of the pore size
distribution and surface property with the gasses. For instance, activated carbon is good for
separating CO2 from CH4 due to the higher affinity to CO2 gas. However, activated carbon
is not suitable for O2/N2 gas system separation. Moreover, 10 ˚A aperture of zeolite 13
cannot act as a molecular sieving materials for oxygen (3.46 A˚ kinetic diameter) and
nitrogen (3.64A˚) molecules. While the aperture size of 3.8 ˚A of zeolite 4A discriminates
O2/N2 gas molecules because of the entropic factors. Therefore, correspondence between
molecular sieves and the size and shape differences of the gas molecules must be
accomplished to achieve good performance separation. Table.2.1 presents the kinetic
diameter of three gas molecules along with other physical properties. However, for
nonporous fillers type, the polymer chain segment, and inorganic materials, as well as the
functional group's interaction, must be considered. For example, the addition of silica to a
polyimide matrix disrupts polymer chain packing hence enhance the permeation of O2 and
N2 gasses. Whereas, incorporating TiO2 into polyimide matrix enhances CO2/CH4 and
H2/CH4 selectivity since CO2 and H2 interaction with TiO2 are much stronger than TiO2–
CH4 interaction. In the next few pages, we are going to review the most common and new
filler materials that have been used in fabricating MMMs for the application of CO2
removal from methane [17].
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Table 2.2: Gas physical properties including critical properties, saturation vapor pressure at 35 0C,
partial molar volume, and kinetic diameter.

2.4.1 Zeolite materials:
Zeolites have the properties of selective size and shape which make them competitive
fillers in MMMs for gas separation application [18]. Zeolites have the ability of molecular
sieving, in which diffusion of gas molecules with almost equal to or larger size than zeolite
particles is difficult to achieve [19]. Nevertheless, MMMs comprising zeolites suffer from
the poor zeolites/ polymers compatibility which results in the creation of voids and
reducing the performance [20]. SAPO-34 is one of the common types of zeolites that is
used in gas separation. SAPO-34 with 3.8 A˚ pore size is well known for selectively passing
CO2 (3.3 A˚ diameters) without CH4 permeation (3.8 A˚ diameters) [21]. Souha et al [19],
developed MMMs by incorporating different SAPO-34 zeolite loading (0 to 10 wt%) into
polyetherimide polymer (PEI) using two polymer solvents namely:(NMP) and (DCE) at
the room temperature. Using DCE solvent for preparing MMMs resulted in better
selectivity. In the fabricated membrane by NMP solvent, SAPO-34 acted as porous
materials which increased CO2 permeance without affecting CH4 permeance while for
DCE solvent because the small solvent molecules entrapped inside the SAPO-34 particles
the CH4 permeance decreased without increasing in CO2 permeance. The time lag
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measurements revealed that CO2/CH4 separation was believed to be on gas solubilities
base. The gas permeance results demonstrated that at 5 wt% loading of SAPO-34 on the
polymer matrix dissolved in DCE, CO2 permeance, and CO2/ CH4 selectivity have their
highest” value of 4 × 10−10 mol 𝑚−2 𝑠 −1 𝑃𝑎−1 and 60 respectively. Whereas, using
NMP solvent resulted in 2 × 10−9 mol 𝑚−2 𝑠 −1 𝑃𝑎−1 CH4 permeance and an ideal
selectivity of 12 for CO2/ CH4.As a result of increasing SAPO-34 diffusion pathway, CH4
transport was reduced. Furthermore, there was some agglomeration at 10 wt% filler loading
in the membrane matrix. Which indicated creation of defect .Consequently, the gases (both
CO2 and CH4) permeances increased and CO2/CH4 selectivity was reduced. In another
work, Hesamoddin et al [21], prepared mixed matrix membrane (MMM) by incorporating
SAPO-34 zeolite” into poly amide12bethyleneoxide (Pebax1074) polymer matrix .They
investigated the membrane permeability and selectivity for the wide temperature range (25
to 65 0C) and pressures from 4 to 24 bars. The results revealed that CO2 permeation
increased but CH4 permeation decreased because CO2 has molecular size less than the
zeolite pore .Which resulted in better CO2/CH4 selectivity. For instance, CO2 permeation
enhanced by 33% and CO2/CH4 selectivity was doubled at 4 bar and 25 0C. The enhanced
selectivity led to performance of the membrane to pass previous Robeson upper bound and
moved toward recent Robeson upper bound. At 20 wt. % filler loading the prepared
membrane showed the highest performance with 70% better CO2/CH4 selectivity. Owing
to zeolite molecular sieve impact, the diffusion selectivity improved without remarkable
effect on solubility selectivity. Moreover, comparing with neat membrane, Zeolite
/Polymer MMMs have higher solubility coefficients.
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Few works studied the LMW additives effect on the Polymer/zeolite membranes for
eliminating voids. To investigate the impact of polyethylene glycol LMW additive on the
performance of Matrimid®5218/ZSM 5 mixed matrix membranes. Mahsa et al [22],
fabricated flat sheet ternary (Matrimid®5218, PEG 20 and calcined ZSM 5) hybrid
membranes using film casting technique. PEG acted as the selective LMW CO2 phallic
polymer minimize interfacial defects between the two polymer phase and zeolite materials.
FESEM results showed that the ZSM 5 was compatible with the polymer and homogeneous
dispersion of ZSM 5 at low PEG (less than 5 Wt. %) content while for 15 wt% PEG content,
there was an agglomeration of nanoparticles and pores were formed in the dense polymer.
The characterization results revealed that there were PEG / ZSM-5 hydrogen bonds. In
addition to, the stronger PEG / ZSM-5 hydrogen bonds than PEG-Matrimid led to a greater
tendency of PEG/ ZSM-5 interaction. Furthermore, embedding the zeolite into Matrimid/
polyethylene glycol polymer reduced the crystallinity due to larger intermolecular distance
in the polymer chains.” The gas permeation results demonstrated that at 5 wt.% loading of
ZSM 5 in the polymer with 5 wt.% content of PEG, CO2 permeability enhanced from 7.68
(for pure Matrimide) to 11.53 Barrer and CO2/CH4 selectivity also increased from 34.9 to
60.1 which are 50% and 72% better permeability and selectivity compared to the pure
Matrimid. This improvement was attributed to the CO2-philic properties of adding a low
amount of PEG as well as the embedding of low loading ZSM-5 which provided accessible
channels and favorable intermolecular attractive forces between the CO2 and ZSM-5
particles.
Asymmetric Matrimid/ZSM-5 mixed matrix membranes were investigated for CO2/CH4
separation application by Fatereh et al [20], size selective ZSM-5 zeolite type with 50”
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Si/Al ratio was used which render the zeolite with more hydrophobic properties to enhance
the filler/ polymer compatibility. The results showed that incorporating 6 wt % loading of
ZSM-5 in the matrix membranes resulted in better CO2/CH4 selectivity and gas permeance
increased from 5.1 GPU for neat Matrimid to 6.6 GPU. Nevertheless, the gas permeance
tests showed that for high (30 wt. %) filler loading the gas permeation improved and the
CO2/CH4 selectivity decreased.The decline in the selectivity was attributed to the
polymer/ZSM-5 particles interfacial void formation resulted from the higher filler loading.
Furthermore, the best Matrimid/ZSM-5 membrane performance reported as 14.5 GPU of
CO2 permeance and 15.6 of CO2/CH4 selectivity. The investigation of the pressure and
temperature effects on the separation performance revealed that the permeance of CO2
declined with an improvement in the CO2/CH4 selectivity when the feed pressure raised
from 3 to 12 bar, in addition, increasing the temperature from 35 to 65 oC showed an
increase in gas permeance along with declining in the CO2/CH4 selectivity.

2.4.2 Metal-organic frameworks (MOFs):
MOFs are organic–inorganic porous materials tailored by connecting metal complexes
with organic linkers to obtain tunable pore geometries and flexible framework. MOFs have
attracted strong attention over the past few years since they possess large surface areas,
well-defined pores, superior thermal/chemical stability, and well-proportioned pore sizes.
Yehia et al.[23], introduced the first MOF/MMMs by embedding copper (II) biphenyl
dicarboxylate-triethylendimine as filler in PAET for gas separation. Their results revealed
that CH4 permeability increased for 20–30 wt. % filler loading. Nevertheless, a decrease in
CO2/CH4 perm-selectivity was observed. Which was attributed to an increase in
hydrophobicity of the MMM, which increased the adsorption of methane in the copper
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filler. Nowadays, these membranes can easily surpass the Robeson’s upper limit by proper
selection of MOF-polymer couple.
Basu et al. [23], fabricated PDMS membranes containing various fillers such as MIL
53(Al), MIL 47(V), HKUST 1 and ZIF-8 for nanofiltration. This work is the first to use
flexible MOFs in MMMs. One year later, Basu et al. [11], synthesized similar MMMs by
embedding MIL-53(Al), ZIF-8 and HKUST 1 in Matrimid® for separation of CO2 from
various gas mixtures. They showed that with a 0–30 wt. % filler loading, “HKUST-1, and
MIL-53(Al) revealed superior selectivity compared with ZIF-8. Additionally, they claimed
that this result was attributed to the strong CO2 interactions with the unsaturated metal sites
for HKUST-1, and interactions with the hydroxyl groups of MIL-53(Al) and its breathing
behavior.
In another work, Zornoza et al. [24], synthesized nanosized NH2-MIL-53(Al) (amino
functionalized MIL-53) crystals with a narrow size distribution and incorporated them into
polysulfone Udel®(PSF) polymer. Their results demonstrated that high-level loading was
achieved (up to 40%) due to the hydrogen bonding interactions between MOF and polymer.
In other words, outstanding compatibility between sulfonic groups of the polymer and the
surface amine moieties of the filler was attained. Breathing effect was the key factor for
CO2 separation. For instance, the contribution of filler was almost negligible when the CO2
pressure is low, while, at a higher CO2 pressure, these MMMs exhibited a high CO2/CH4
selectivity. It must be noted that this behavior is opposite to the typical intrinsic property
of polymeric membranes. Furthermore, increase in the selectivity at higher pressures plays
an important role for natural gas and biogas upgrading, because the retentate has to be kept
pressurized in these applications.
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ZIFs constitute a zeolite-like subclass of MOFs that have attractive properties in
comparison with other MOFs such as higher thermal (up to 400oC), chemical, and moisture
stability [25]. These particles are commonly constructed by connecting metal clusters such
as Co and Zn using functionalized imidazole linkers, which provides solids of
exceptionally small pores, displaying zeotype architectures such as SOD, RHO or LTA,
among others. Díaz and co-workers [26], fabricated novel MMMs by incorporating 10, 20
and 30 wt.% Zn (2-methylimidazole) (ZIF-8) into PPEES. The gas permeation results
demonstrated that CO2 adsorption was enhanced as ZIF-8 loading increased. In a similar
work, Ordonez et al. [27], performed a series of experiments for the permeation of various
gasses across the ZIF-8/Matrimid® MMMs with filler loadings of up to 60 wt.%. Their
results indicated that at 40 wt. % loading, CO2/CH4 selectivity was considerably enhanced,
but by increasing the loading to 50–60 wt. %, the selectivity decreased due to the ZIF-8
aggregation. They attributed the increase in permeability (up to 40 wt. %) to the presence
of extra polymer free volume that increases the distance between polymer chains, resulting
from the addition of ZIF-8 to the glassy polymer. Song et al. [28] evaluated ZIF8/Matrimid® at lower contents of filler (up to 30 wt.%). Their results confirmed
outstanding adhesion between polymer/filler. Additionally, CO2 permeability increased
drastically while CO2/CH4 selectivity did not increase upon an increase in ZIF-8 loading.
This may be due to the increase in the free volume of polymer in the presence of ZIF-8 and
the free access of gas to ZIF-8 cages. Yang et al[27], extensively studied CO2 and H2
permeation properties of ZIF-7/PBI MMM at high loading levels (up to 50 wt.%) of ZIF7. The results exhibited that H2 permeability increased along with enhancement of H2/CO2
selectivity at high temperature (up to 180 oC). Bae et al[25], synthesized ZIF-90 particles
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and embedded them into three different PIs polymers (Ultem®, Matrimid ®, and 6F DADAM). The MMMs, particularly ZIF-90/6FDA-DAM MMM, exhibited great performance
due to the properly selection of functionalized filler that was embedded in a high flux
polymer. The results of Ultem® and Matrimid® MMMs exhibited considerably enhanced
CO2 permeability without any loss of CO2/CH4 selectivity”. In contrast, CO2/ CH4 permselectivity of ZIF-90/6FDA-DAM showed significant enhancement possibly due to the
better adhesion between ZIF-90 and6FDA-DAM than Ultem® and Matrimid® polymers.

2.4.3 Carbon nanotubes (CNTs):
To study the synergetic effect of combining nanofillers. Xueqin et al [29], incorporated
CNTs and GO into a Matrimids matrix to fabricate the MMMs for CO2 separation.The gas
permeation tests demonstrated that using only carbon nanotubes as fillers resulted in high
CO2 permeability due to the extraordinary smooth nanotubes and large carbon nanotubes
pores. This higher permeability was accompanied by decreasing in the CO2/CH4
selectivity. Nevertheless, owing to the agglomerations of nanoparticles at high (10 wt %)
filler loading, the gas permeability decreased. Moreover, graphene oxide based MMMs
have high CO2/CH4 selectivity and low CO2 permeability. The good selectivity was due to
decrease the chains mobility. The combination of the two fillers brought about a good
synergistic effect on the separation performance. At total fillers loading of 10% (5wt % of
CNTs and 5wt % of GO) the CO2 permeability has the highest value of 38.07 Barrer with
a CO2/ CH4 selectivity of 84. Comparing to Matrimids membrane, these values are 331%,
higher in CO2 permeability and 149% in CO2/CH4 selectivity. The enhanced separation
performance was attributed to CNTs pathways which improved the gas permeability
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besides. The better selectivity from the presence of hydroxyl and carboxyl groups of
graphene oxide surface.
Luca et al [30], embedded amino-functionalized multi-walled carbon nanotubes into
crosslinked polyvinyl alcohol polysiloxane/amine solution to fabricate mixed matrix
membranes using solution casting method. They studied the performance of the membrane
under high pressures (15 bar to 28) and temperatures between 103 and 121 oC along with
different fillers loading. Incorporating the amino-functionalized multi-walled nanotubes
into the matrix brought formation of nano-reinforced facilitated transport that significantly
enhanced the separation performance besides, improving the membrane stability at high
pressure. The gas permeation tests at 107 oC and 15 bar showed an average permeability
value of 957 Barrers along with CO2/ CH4 selectivity of 264.
The commercialize Elvaloy4170 polymer was studied for the first time in MMMs for gas
separation by Fatemeh et al [31], they incorporated multi-walled carbon nanotubes into the
Elvaloy4170 to fabricate the MMMs and investigated the impact of acid functionalized
MWNTs and their loading on the gas separation performance and the morphology. DSC
analysis revealed that as the F-MWNTs loading increased the membrane glass transition
temperature.Which indicated an excellent interfacial interaction resulted in the formation
of a rigidified polymer at the interface with restricted chains movement. FESEM images
showed that with 1 and 2 wt % loading a good dispersion in the matrix for both R-MWNTs
and F-MWNTs was achieved. Nevertheless, cross-section images demonstrated that at 4
wt. % fillers loading there was a formation of R-MWNTs agglomeration whereas, FMWNTs dispersed homogeneously. This phenomenon confirmed that to avoid nanotubes
aggregation and to have a good interfacial adhesion the functionalization of MWNTs was
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an effective approach. The gas permeation results demonstrated that for an increase in the
pressure from 2 to 6 bar a 30% improvement in the CO2 permeability (with a value of 104
Barrer) and 14% in CO2/ CH4 selectivity (value of 7.5) were achieved. Moreover, in
comparison with the neat membrane, at a 1wt.% loading of functionalized -MWNTs, CO2
and CH4 permeabilities enhanced by 30% and 40%, respectively. Furthermore, CO2/CH4
selectivity was increased with increasing the F-MWNTs content from 1wt % to 4wt % in
the MMMs. The results also showed that the selectivity of the MMMs reduced with
increasing the loading of R-MWNTs. However, it enhanced as a function of the
functionalized -MWNTs loading.

2.4.4 Carbon molecular sieve (CMS):
Carbon molecular sieve is characterized by the pore size distribution and it discriminates
gasses which have slight different kinetic diameters. This material has hydrophobic internal
surfaces and it has the ability to separate air by O2 adsorption as well as removing carbon
dioxide from landfill gas. Rizwan et al [32], fabricated MMMs for gas separation using NMethyl-2-pyrrolidone (NMP) as a solvent via evaporation method. To fabricate the MMMs
they incorporated carbon molecular sieve (CMS) into polyethersulfone (PES) with
different filler loading (10 and 30 wt. %). The characterization results demonstrated that
the mixed matrix membranes have good compatibility between the CMS particles and the
polymer chains within 51.37μm to 67.68μm thickness range. Moreover, the filler particles
dispersed uniformly at low loading but there was an agglomeration of CMS at higher filler
loading. Owing to the addition of CMS the thermal stability was enhanced. The gas
performance experiments showed that as the filler loading “increased the CO2 permeability
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and CO2/CH4 selectivity improved. At 2 bar pressure, the CO2 permeability increased from
50.86 GPU to 122.20 GPU and CO2/ CH4 selectivity improved from 3.08 to 10.33.

2.4.5 Silica materials:
Asim et al [33], incorporated COK-12 silica nanoparticles into polyimide (Matrimid) to
fabricate MMMs for gas separation. The filler materials have a 2-dimensional hexagonal
structure with narrow pores. SEM analysis showed that the filler dispersed well in the
polymer matrix.Moreover, Owing to the higher diffusion of penetrant gas molecules the
experiments tests showed improvements in the gas permeation along with reducing the
trend of activation energy of gas molecules with increasing the filler. However, the ideal
and mixed-gas selectivity decreased slightly at higher filler loadings. Sunghwan et al [34],
prepared

MMMs

by

embedding

(DMS)

into

two

polymer

matrices,

namely,6FDAM:DABA (3:2) and polysulfone. They investigated the single permeabilities
of the MMM.The results revealed that for both membranes (6FDA DAM: DBA (3:2)- and
PSF- based MMM) at a 0.2 weight fraction of nominal DMS, gas permeabilities
significantly improved as a result of the diffusivity enhancement. Which attributed to the
three-dimensionally interconnected DMS pore structures. Moreover, due to the difference
in the degree of rigidification of polymer chains around the particles”, the DMS/ 6FDADAM: DABA MMMs has greater improvement in permeability compared with the DMS/
PSF matrix. Uniformed size and shape silica particles have great contribution in composite
materials, enhancement and controlling of the properties of the particles tailored for
specific applications can be accomplished through surface functionalization of the silica
particle [35].
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Shirin et al [36], investigated the feasibility of fabricating PEBA-nano silica membranes
for CO2 permeation using aminopropyl-tetraethoxysilane (APTES) as a precursor through
a sol-gel process. The results demonstrated that the CO2 permeability enhanced with
pressure for both pure PEBA (from 89.7 to 96.1 barrer) and PEBA-10 wt. % nano silica
membranes (from 76.3 to 82.1 barrer), the increase in the permeability was owing to the
higher solubility along with greater driving force. Furthermore, the pure PEBA membrane
has higher gas permeability than PEBA-10 wt. % nano silica membrane due to filling the
free volume between the polymeric chains of the nano silica particles. In other work, Ali
et al [37], investigated the separation performance of SiO2 nanoparticles incorporated into
PEBA (grade 1657) membrane with different SiO2 nanoparticles contents. They performed
a chemical surface modification of the nanoparticles using cis-9-octadecenoic acid (OA)
to achieve excellent dispersion of SiO2. The results showed that as the nanoparticles
loading increased (from 0% to 8%) the ideal permeation selectivity value enhanced from
9, 18 and 55 to 17, 45 and 124 for CO2/ H2, CO2/ CH4, and CO2/N2, respectively.
Waqas et al [35], prepared carbon–silica nanocomposite (CSM) fillers by using hard
template synthesis technique, then CSM embedded into the Matrimid membrane to
fabricate series of MMMs using phase inversion technique. The formation of defect-free
membranes was achieved by control the evaporation of the solvent after casting process.
The separation performance results showed an improvement in the performance by the
existence of the carbon phase in the MCM-41 particles provided that the affinity for the
CO2 gas molecules was increased, besides the presence of higher free volume within the
membrane. For a 50:50 feed composition of (CO2/N2 and CO2/CH4) gas mixtures , these
MMMs resulted in a considerable improvement in the separation performance of CO2 from
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N2 and CH4 leading to a 600 % improved permeability ( up to 27 Barrer) combined with
65% improvement in the selectivity (up to 42.5) for the CO2/N2 gas mixture.

2.4.6 Nano clay:
One-dimensional (1D) clay minerals are not well studied and have drawn less attention.
The (1D) clay mineral Sepiolite with two tetrahedral silica sheets in between a magnesium
oxide hydroxide sheet with Si12O.30Mg.8(OH)4 (H2O)4 .8H2O as the unit cell formula
composites [38]. Montmorillonite (MMT), is a kind of swelling clay, which is cheap and
natural forming. Montmorillonite (MMT) has been employed predominantly in polymerclay nanocomposite synthesis [39]. Mansur et al [39], fabricated three different types of
asymmetric flat sheet membranes using phase-inversion method: PSF membrane,
PSF/MMT MMMs, and surface modified PSF/O.MMT MMM. The characterization
studies revealed that the thermal stability of the PSF /MMMs was better than the neat PSF
membrane. Furthermore, the study proved that the morphology of the MMM affects the
thermal stability. According to their results, Mansur et al [39], expected that PSF/MMT
MMM have better selectivity and permeability in comparison with the neat polymer
membrane whereas, PSF/O.MMT is expected to have good permeability and lower
selectivity. In conclusion, PSF is not compatible with surface modified MMT with 25-30%
of methyl hydroxyethyl hydrogenated tallow ammonium. The results also showed that
higher nano-clay loading contributed to significant agglomeration, even thought, better
adhesion between the polymer and nano-clay was achieved. In another work, Rezaei et al
[40], investigated morphology, structure, gas permeability, wetting resistance, and
mechanical stability of Porous hydrophobic PVDF hollow fiber MMMs with different
hydrophobic MMT contents. The results showed that finger-like macro voids formation
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was enhanced with the incorporation of the clay and reduction in the viscosity of the
spinning dope caused the surface porosity to increase. Moreover, when 5 wt. % MMT
nano-clay was added the surface roughness was increased and the surface hydrophobicity
enhancement considerably hence high wetting resistance LEPw, and absorption flux were
achieved. The long-term contractor test demonstrated that the un-wetted membrane
behavior and the absorption flux was constant over 350 h.

2.5

Polymer phase for mixed matrix membranes (MMMs):

Traditionally, both rubbery and glassy polymers have been used for preparing the polymer
phase in MMMs for CO2 removal application. The rubbery polymers have a flexible
polymer chain structure which provides the ability of chain segments rotation around the
main chain bonds. Whereas, glassy polymers, have rigid chain structure without segmental
motion.
As stated before, for MMMs to have reasonable separation performance the polymer and
dispersed phases must have good adhesion. The rubbery polymers have strong interactions
with filler materials which lead to the formation of defect-free membranes. Nevertheless,
the high mobility of rubbery polymers lead to the highly permeable membrane, and thus,
the organic matrix will dominate the gas transport in the membrane without the
considerable effect of the dispersed particles on the transport. In contrast, for glassy
polymers with rigid chain structures provide superior separation performance, however,
these structures weaken the polymers/particles interactions. Consequently, defects at the
interface are observed in the MMMs prepared using glassy polymer and that compromise
the performance properties of the membrane. Generally speaking, a glassy polymer that
has high selectivity is preferred to a rubbery polymer with high permeable but poor
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selective. Nevertheless, owing to the rigid structures the adhesion between the polymer
phase and the dispersed particles is a challenging problem for using glassy polymers to
fabricate defect-free mixed matrix membranes.
Ahn et al [5], fabricated glassy polysulfone mixed matrix membrane to investigate the
transport properties of the glassy polymer. Their results demonstrated that higher silica
content resulted in higher gas permeability as a result of the much higher free volume
between the polymer matrix and silica fillers [41].
Recently, few papers have talked about a new family of polymers called block copolymers
that contains both rigid and soft polymer segment, hence potentially enhancing the
adhesion strength between the polymer and the particles. In one work [17], incorporation
of carbon nanotubes and zeolite-L into Copolymers [poly(imide siloxane)] has shown good
copolymers /filler compatibility.
Reverse selective polymer like PM-P, PT-BA, and PTM-SP are a new class of polymer
used in mixed matrix membrane. These polymers have unique favored transport of CO2
over smaller gasses and the CO2 permeability improves with increasing the size of the side
groups. Fractional free volume can be presented from the isopropyl groups as well as from
substituting the methyl group on the carbon of PM-P and PTM-SP. Which leads to
solubility controlled transport mechanism instead of the diffusivity controlled mechanism.
Consequently, CO2 exhibits higher permeability than the other smaller gas molecules.
The properties of the polymer material greatly affect the morphology of the MMMs. One
strategy to enhance the adhesion (between the polymer/particles) is the use of an external
linker, for example, silane coupling agent, however, this additional agent may result in pore
blocking problem. So, polymer material along with integral chemical linkage which is
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intrinsically part of the chain backbone may enhance the adhesion and prevent the pore
blockage at the same time. This route was studied by Manouns et al [5] when they formed
a fluorinated polyimide from 6 FDA 6FpDA/ 4 MPD/ DA-BA using carboxylic group on
the chain. H2 bond or even covalently bondable sites for interaction could be provided by
the presence of the carboxylic groups can provide with the particle surface. The chemical
ligands help the polymer to not be completely detachable from the particle surface and thus
resulting in better adhesion with enhanced membrane morphology.
In conclusion, MMMs are a new promising generation of membranes not only for CO2
separation but also for many other applications. Incorporating different inorganic materials
as inexpensive fine fillers modify the separation performance of conventional polymeric
membranes. Thus, MMMs will remain as a key research area for improving polymeric
membrane performance in different aspects. For instance, investigation of new filler
materials with good properties and using nanomaterials with a shape other than particles
(CNF for example). In order to fabricate MMMs with superior properties, the following
key aspects should be considered: the proper selection of solvent, filler and the polymer
matrix and matching transport properties of the two phases. Polymer flexibility and
promotion of polymer rigidification during membrane formation and also the promotion of
molecular adsorption of the polymer onto the inorganic surface are also important in the
preparation of MMMs. Over the past few decades, a comprehensive study has been done
with a huge database in gas separation using mixed matrix membrane techniques.
However, fully exploring new nanoparticles to use in the under-developed MMMs is a
critical concern.
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In order to develop and investigate new inorganic materials for MMMs fabrication. CDC
(Carbide-derived carbon) was used in this study. Carbide-derived carbon (CDC) prepared
from chlorination of metal precursor (carbide) is a new class of nonporous material that
has promising features in gas separation. Moreover, these materials could be produced at
narrow pore size distribution, tuned pore size (0.5–3 nm) and surface chemistries, high
surface area per unit mass (up to 3000 m2/g ), and excellent mechanical properties.
Therefore, this package of good properties makes CDC a competitive material for CO2
separation. To the best of our knowledge, this is the first time CDC materials will be
incorporated into a polymeric membrane to fabricate a Mixed Matrix Membrane for carbon
dioxide separation.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1

Introduction:

This chapter covers the materials and methods employed to develop the thin film
nanocomposite membranes. Moreover, the experimental techniques used to characterize
the fabricated TFC and TFN membranes are discussed. Section 3.2 talks about the materials
used for preparing PSF support, polyamide composite membrane, and thin film
CDC/polyamide membranes. The preparation procedure is discussed in details in section
3.3.

Detailed

Characterization

of

CDC

nanoparticles,

PSF,

polyamide,

and

CDC/Polyamide membranes are covered in section 3.4. Finally, section 3.5 presents the
experimental method we used to evaluate the separation performance of the fabricated
membranes.

3.2

Materials:

Polysulfone pellets (Mw of 35000) were purchased from Sigma–Aldrich Chemical Co and
used as a substrates polymer. N, N-dimethylacetamide (DMACs) (99.9%) was used as a
less volatile solvent, tetrahydrofuran (THF) (99.9% inhibitor free) was the primary volatile
solvent and absolute ethanol (EMSURE) was selected as a non-solvent additive. Piperazine
(P45907, 99%) and Isophthaloyl chloride (IPC) were purchased from Sigma–Aldrich
Chemical Co and used as the monomers for IP reaction. Methanol and N-hexane (96%
Schlau) were purchased from Fisher Scientific Canada. Carbide derived carbon
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nanoparticles were synthesized and provided by in Dr. Isam Aljundi with the characteristics
shown in Table 3.1
5

Table 3.1: Different structural properties of the prepared CDC compared to untreated TiC
powder
BET
Surface
area
(m2/g)

Langmuir
Surface
area (m2/g)

𝑨𝒎𝒊𝒄𝒓𝒐𝒑𝒐𝒓𝒆 𝑨𝒆𝒙𝒕𝒆𝒓𝒏𝒂𝒍

Untreated
TiC powder

39

128

7

CDC

2589

3651

1827

Sample

(m2/g)

𝑽𝒕

𝑽𝒎𝒊𝒄𝒓𝒐

𝑽𝒎𝒆𝒔𝒐

(m3/g)

(m3/g)

(m3/g)

Avera
gepore
size
(nm)

31

0.051

0.002

0.049

-

323

1.216

0.873

0.343

1.542

(m2/g)

3.3 Membrane preparation:

3.3.1 Polysulfone support:
PSF support was fabricated by the dry/wet phase inversion technique. Prior to membrane
preparation, the polysulfone polymer particles were dried overnight at 100 oC in a vacuum
oven in order to completely remove the moisture from the polymer. PSF pellets were
dissolved in a mixture of N, N-dimethylacetamide (DMACs) and tetrahydrofuran (THF),
then ethanol is added and the solution was stirred for 24 h at 25 oC in a magnetic stirrer.
The composition of the solution is shown in Table 3.1. The dope solution was then
degassed at room temperature for 24 h to remove air bubble. After that, the solution was
casted on a clean glass plate with a thickness of 200 μm using a casting knife. The
membrane was left at air for 60s at ambient condition and subsequently immersed in a DI
water coagulation bath for 24 h. The prepared membranes were finally immersed in
methanol for 2 h for solvent-exchange post treatment and treated with PDMS (3% in
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hexane) to eliminate infinitesimal defects or pinholes in the membrane and then dried in
vacuum oven for 48 hr.
Table 3.2: Composition and amount of dope solution.

Component

Amount(g)

Concentration
(%)

PSF Pellets

4

23.12

DMAC

5.81

33.44

THF

5.81

33.44

Ethanol

1.75

10
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(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
(j)
(k)
(l)
(m)
(n)
(o)
(a)

(b)

(c)

(d)

Figure 3.1: Equipment used in fabricating membranes (a) casting knife machine, (b) Magnetic stirrer
with temperature controller, (c) Electronic balance and (d) Polysulfone pellets.
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3.3.2 Polyamide preparation:
Polyamide membrane was prepared using interfacial polymerization (IP) method in which
a polymerization reaction occurs between an aqueous solution and an organic solution.
Isophthaloyl chloride (IPC) in hexane solution was used as the organic phase and Piper
zine in DI water was the aqueous solution the reaction is shown in Figure 3.2. PSF support
was saturated with Piper zine solution (2%w/v) for 10 minutes after that the excess solution
a plastic roller was used to remove excess solution. Subsequently, the support immersed in
the reaction solution (0.2%w/v Isophthaloyl chloride IPC) for 3 minutes and the excess
unreacted IPC was removed using pure hexane. Finally, the membrane was dried at 80 oC
for 10 min and the fabricated polyamide membranes were kept in DI water. For thin film
nanocomposite membrane, CDC nanoparticles were added to the organic phase (IPC) and
the mixture was sonicated for 15 minutes using prop sonicator and then the interfacial
polymerization reaction was conducted.

Figure 3.2: Polymerization reaction between piperazine and isophthaloyl chloride (IPC) [69]
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Figure 3.3: The vacuum oven for drying polymer pellets and the fabricated membranes.

Figure 3.4: probe sonicator

Figure 3.5: Oven for drying membranes
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3.4

Membrane characterization:

The fabricated polyamide membrane, as well as CDCs/polyamide mixed matrix
membranes, were characterized by SEM, FT-IR, TGA, and XRD analyses to study the
chemical structure, surface morphology, thermal stability, and crystallinity.

3.4.1 Scanning Electron Microscopy (SEM):
Scanning electron microscope SEM images were taken to study the surface morphology of
the CDC nanoparticles, PSF support, polyamide surface as well as the thin film
nanocomposite membrane (TFN). To take SEM images, gold layer with a thickness of 5
nm was used for coating the membrane samples by an Ion sputter coater Q150R S
(Quorum Technologies) in Figure 3.7. SEM (Tescan, MIRA 3 LMU FTIR) operates by
generating high electron energy from the electron gun. After that one or two condenser lens
are used to condense the beam of the electron. Followed by producing a magnetic field and
deflecting electron beams back and forth by using scanning coils. The electron beam
focused on the specimen and scan the required location of the sample. Figure 3.6 shows
SEM set-up.
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Figure3.6: Scanning electron microscope (SEM) set-up.

Figure 3.7: Ion sputter coater Q150R S (Quorum Technologies).
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3.4.2 Fourier transformation infrared (FT-IR):
Fourier transformation infrared (FT-IR, (Nicolet 6700) spectroscopy) in Figure 3.8 was
used to investigate the chemical structure of the fabricated Polyamide composite layer and
the polyamide /CDC nanoparticles layer with different amount of filler loading.

Figure 3.8: Fourier transformation infrared (FT-IR, (Nicolet 6700) spectroscopy).

3.4.3 X-ray diffraction test:
XRD (Bruker D8-Advance X-ray diffractometer) analysis was applied to PA membranes
to get information about the crystallinity and amorphous nature of the fabricated polyamide
membrane composite layer and the effect of incorporating CDC nanoparticles on the
crystallinity of the fabricated membranes layer with different amount of filler loading.
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3.4.4 Thermogravimetric analysis (TGA)
Thermal stability of fabricated polyamide – polysulfone thin film composite was examined
by thermogravimetric analysis (A Netzsch model STA 449 F3 Jupiter ® TGA in Figure
3.10) in the temperature range of 30–800 oC at a heating rate of 10 oC/min under a nitrogen
flow of 100mL/min.

Figure 3.10: A Netzsch model STA 449 F3 Jupiter ® TGA
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3.5 Gas permeation measurements:
3.5.1 Pure gas measurement:
The prepared PSF, bare polyamide, and CDCS/polyamide mixed matrix membranes, were
examined for pure CO2 and CH4 gas permeation. The pure gasses were tested at a feed
pressure from (1-5 bar) and at different temperatures (300.15, 308.15 and 323.15 K). The
gas permeation experiments were conducted using the well-known constant volume
/variable pressure method [32].
As shown in Figure 3.12, the gas permeation apparatus for this method contains a
membrane cell module, a specified permeation volume, a vacuum pump that is connected
to the permeate volume through a valve, and pressure sensors to detect the feed and
permeate pressures. A membrane sample with an area of 4.9087 cm2 was cut and “fixed
inside the membrane cell. The measurement of the gas started by evacuating the system
volume and the feed side using the vacuum pump. The gas is then fed into the module at a
constant rate. To determine the gas permeability the valve used for the evacuation was
closed, which causes the permeate gas to increase slightly with time. The leak rate was
measured each time for each single to get accurate permeation rate. The permeability (P)
-6

in Gas permeation unit GPU (10 cm3 (STP)/sec/cm2/cm-Hg) was calculated from the
following equation (3.1) [28]:

𝑃=

273 ×106 𝑉𝑑
760 (

76
𝑃2 ×
)𝐴 𝑇
14.7

𝑑𝑃1

[(

𝑑𝑃

) − ( 𝑑𝑡1 )
𝑑𝑡
𝑠𝑠

𝑙𝑒𝑎𝑘

]

(3.1)

Where Vd " is the downstream volume (cm3), A is the effective membrane area (cm2), P2
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𝑑𝑃

is the upstream pressure (psi), and ( 𝑑𝑡1 ) is the change of the pressure in the downstream
𝑠𝑠

chamber at the steady state in

𝑚𝑚𝐻𝑔
𝑠

𝑑𝑃

, ( 𝑑𝑡1 )

𝑙𝑒𝑎𝑘

is the leak rate in

𝑚𝑚𝐻𝑔
𝑠

T is the cell

temperature in K . The perm-selectivity of gas i to j (αi,j) was estimated by equation (3.2):
𝛼𝑖, 𝑗 =

𝑝𝑖
𝑝𝑗

Figure 3.11: The gas permeation apparatus used to test membrane performance
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(3.2

Figure 3.12: Flowsheet of the well-known constant volume/variable pressure method.
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6 CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterization results:
4.1.1 Membrane Surface Morphology:
In order to confirm the formation of ultra-thin composite polyamide layer on top of PSF
support membrane, SEM analysis for both PSF and TFC top surface was carried out. The
micrographs SEM images for PSF membranes are shown in Figure 4.1. In which surface
morophology of highly porous (Figure 4.1(a)) and dense (Figure 4.1(b)) polysulfone
membranes are shown. The porous polysulfone strucutre observed for PSF membranes
prepard using convertional wet phase inversion method with DI water coagulation bath. It
was observed that PSF membrane has a smooth top surface compared to the rough PA and
it has an asymmetric structure with a dense top layer. It is believed that the asymmetric
structure resulted from the phase separation along with the instantaneous de-mixing in a
quaternary system (polymer, solvent, nonsolvent, and an additive) because DMAC solvent
has high mutual affinity for water and the dense layer was built as a result of the dry step
before coagulating the membrane in the water bath [31-34]. During the initial step of dry
inversion process, THF was removed from the surface of the dope solution because it has
the lowest boiling point (65.48 oC).
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a

Figure 4.1: Scanning Electron Microscopy (SEM) of: (a) porous PSF, (b) dense PSF membranes
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For thin film polyamide surface, SEM images (Figure 4.2 (a)) showed that a defect-free
polyamide layer was built on top of PSF layer and the smooth polysulfone surface was
totally covered by a rough film of polyamide structure. This layer was formed as a result
of interfacial polymerization reaction between PIP and ISC.
Figure 4.2 shows the surface images of pure polyamide and polyamide/CDC nanoparticles
mixed matrix membranes prepared using interfacial polymerization method. It can be seen
that with increasing nanofiller concentration the structure of skin surface became more
rough up to a certain point (loading of 0.5%) then some nanoparticles was agglomerated at
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a relatively high concentration of carbide-derived carbon (loading of 1%). In these images,
CDC nanoparticles were observed clearly not like other reported images when
nanoparticles were not seen on the surface of the membrane.
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a

b

c

d

e

f

Figure 4.2: Cross section SEM images of:(a) pure PSF (b)Pure polyamide, (c)0.002%CDC/PA,
(d) 0.1%CDC/PA, (e) 0.5%CDC/PA, and(f) 1%CDC./PA mixed matrix membranes

54

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.3: surface images of:(a) pure polyamide (b) 0.0005%CDC/PA, (c) 0.002%CDC/PA,
23
(d) 0.1%CDC/PA, (e) 0.5%CDC/PA, and(f) 1%CDC./PA mixed matrix membranes
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4.1.2 Fourier transformation infrared (FT-IR):
FT-IR spectra of the entire polyamide–polysulfone composite film, and CDCs/polyamide
thin nanocomposite layer were scanned in the range of 400 cm–1 to 4000 cm–1 to study the
chemical composition of the membranes sample. The bands are ascribable for the
interfacially polymerized layer as well as PSF support skin because the depth of the beam
penetration is thicker than polyamide layer. Figure 4.4 shows the FT-IR spectra of bare
Polyamide and CDC/PA MMMs with a CDCs loading of 0.1% and 0.5 %. The band at
1680 cm–1 is ascribed to the amide I (C=O) stretch, whereas the broadband at 1590 cm–1 is
attributed to amide II (C–N) stretch. Moreover, the band of the amine group (NH stretch)
was observed at a wavelength of 1500 cm–1. Therefore, the existence of amide I and II in
the FT-IR spectra confirmed the formation of the polyamide layer as a result of the IP
reaction. The amide bands were observed for CDC/PA membranes and a new peak at 1640
appeared as a result of embedding carbide-derived carbon material to the polyamide film
and this peak is ascribed to aromatic carbon bond. We can observed that the characteristic
FT-IR peak of CDC nanoparticles at (1600 cm–1) was appeared in CDC/PA MMMs with a
small transition. Therefore, FT-IR confirmed the occurrence of IP as well as the successful
addition of CDC nanoparticles.
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25 Figure 4.4 FT-IR spectra of Polyamide and CDC/PA MMMs with the loading of 0.1% and 0.5 %
Figure 4.5 reprents FT-IR analysis of Ti-CDC nanoparticles, we can see that CDC
nanoparticles have a small peaks at 1600 cm–1 which is ascribed to aromatic carbon bond
[44] and another peak at 1215 cm–1which is ascribed to the C–N and C–O bonds [45]. The
small peak at 3420 cm-1 may ascribe to the adsorption of water from the ambient air.
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Similar obserevation were reported for Ti-CDC nanoparticles prepared at different
temparture (600-120 oC) [45],[46].
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26 Figure 4.5 FT-IR spectra Ti-CDC nanoparticles

4.1.3 Thermogravimetric analysis (TGA):
The thermal behavior of prepared polyamide membranes, as well as CDCs/polyamide
MMMs, were studied by TGA test as shown in the Figure 4.6. Nearly 5-6 mg of samples
were heated at a constant heating rate of 10 oC/min from room temperature to 800 oC.
Thermogravimetric analysis of TFC/TFN membranes demonstrated that for all membranes
there was no considerable weight loss occurred up to a temperature of 480 C, which is
comparable to the thermal stability of other prepared polyamide reported in the
literature[47]. However, pure polyamide membrane started to lose weight significantly at
a temperature of approximately 480 C as the weight reduced from 98% to 33.3% at a
temperature of 616 oC. From Figure 4.6, it is clear that the thermogravimetric curves for
TFN have higher residue for all CDCs loading amounts. Which implied better thermal
stability of CDCs/PA TFN. Even though all membrane samples of bare polyamide and
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MMMs seem to exhibit a similar temperature range (480–620 oC) for major weight loss,
the onset decomposition temperature for bare polyamide membrane was lower than the
onset temperature for membranes with CDCs nanoparticles. Generally speaking, inorganic
fillers have good thermal strength in comparison to the polymeric material. Upon heating,
carbide-derived carbon materials absorbed the heat, and consequently suppressed the rate
of membranes decomposition which resulted in relatively higher decomposition
temperature [48]. Furthermore, the residue of CDCs/PA membranes at the end of the
thermal cycle were 36.66% and 38.32% for 0.1% CDC/PA and 0.5% CDCs /PA MMMs;
respectively. Which are higher than the residue of bare polyamide (30.345 %). Therefore,
embedding CDC nanoparticles into polyamide matrix enhanced the thermal strength of the
membranes. The thermal stability could be evaluated better in terms of Td50% , and Td60%,
values (the temperatures at which the tested membrane loses 50, and 60 of its initial mass;
respectively. The TGA data showed that the value of Td50% , and Td60% for bare polyamide
occurred at a temperature of 534C, and 546 C; respectively, while for the mixed matrix
membranes Td50% , and Td60% occurred in the range (543-546C), and (574-586C);
respectively.
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Figure 4.7 TGA analysis of CDC nanoparticles
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27 Figure 4.6: TGA analysis for polyamide membranes and CDCs/polyamide MMMs with different
nanoparticles loading.

28

The TGA analysis of CDC nanoparticles is shown in Figure 4.7, where we can see that
CDCs nanoparticles experienced major weight loss in the temperature range of (51-90 oC)
and the weight at the end of the cycle was 76.45%.

4.1.4 X-ray diffraction (XRD):
Bruker D8-Advance X-ray diffractometer was used to take XRD spectra of, bare
polyamide, and Ti-CDC/PA MMM with a wavelength of 1.5414 Å. The angle of
diffraction (2Ѳ) was changed from 5o to 50o in order to observe the nature of the membrane
structures. A scanning rate of 2o/min operating at 30kV and 30mA was used for XRD
spectra. Figure 4.8 shows the microstructure of Ti-CDCs, polyamide, and CDC/PA
MMMs. It can be seen that for carbide derived carbon there are two peaks at angle (2Ѳ) of
260 and 43o. The peak at 260 is attributed to (002) planes of graphite while the peak at 43o
corrosponds to diffraction from

(101) planes of graphite. These peaks implied the

crystialline strucure of the prepared Ti-CDC. Similar finding were reported in literature for
Ti-CDC prepared at 800 oC [49],[50].The structure of CDC nanoparticles depends on the
preparation condition. Generally speaking, amorphous CDCs can be prepared at low
temperature while treating Ti metal at high temperature produces crystalline Ti-CDC
nanoparticles. As shown in the XRD spectra of PA membrane, the broad peak centered
around 19° revealed the amorphous structure [51]. While the very small peak around 21°
indicates the semi-crystalline nature of composite thin layer. The presence of crystalline
regions can be attributed to the thin polyamide layer, while amorphous regions appeared
as results of PSF structure [15]. The XRD patterns of Ti-CDCs /PA nanocomposite
membranes with different loading were almost identical to that of the bare polyamide
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membrane. Therefore, the addition of CDC nanoparticles did not change the crystallinity
of pure polyamide membrane.
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30 Figure 4.8: XRD pattern of CDC nanoparticles, composite polyamide, and carbide-derived
carbon, and PA/CDC mixed matrix membrane
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4.2 Gas permeation measurement:
4.2.1 pure gas permeability and selectivity:
Gas separation performance of the fabricated polysulfone support, thin film polyamide
membranes, as well as carbide-derived carbon (CDC)/polyamide mixed matrix
membranes, were evaluated using pure gas of carbon dioxide (CO2), and methane (CH4)
at different temperatures (from 300.15 to 323.15 K) and at a feed pressure from (1-5 bar).
It is known that amide and free amine groups in the polyamide membrane render the
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facilitated transport mechanism of CO2 and these functional groups are activated in
presence of moisture in the membrane [40,24]. Therefore, our membrane samples were
saturated by DI water before testing the gases to benefit from the facilitated transport
mechanism of CO2. Table 4.1 represents the separation performance of polysulfone,
polyamide, and CDC/PA MMMs at a temperature of 300.15 K and pressure of 5 bars.
Overall experimental results revealed that membranes with CDC nanoparticles
experienced higher permeance and selectivity than pure polyamide thin film membrane.
Moreover, polyamide membrane showed higher perm-selectivity than polysulfone support.
From Table 4.1, we can observe that building polyamide thin film layer on top of PSF
membrane increased the gas selectivity while the gas permeability decreased as a result of
the increased mass transfer resistance. CO2 was found to be the fastest moving gas
molecule for all type of membrane samples tested in these experiments with a permeance
of 2.16 and 2.41 GPU for polyamide and polysulfone membranes, respectively. Whereas,
CH4 was the lowest moving gas molecule with a permeance of 0.162 and 0.556 GPU for
polyamide and polysulfone membranes at the exact same conditions. From table 4.2, we
can see that incorporation of carbide-derived carbon into polyamide film layer enhanced
the permeance of both CO2 gas molecules and CH4 gas. The enhancement in gas molecules
permeation was primarily attributed to the addition of carbide-derived carbon nanoparticles
which offered faster gas flow. As confirmed by SEM images in Figure 4.2 CDC
nanoparticles dispersed well in polyamide thin film. Which resulted in higher gas
permeance since the well-dispersed CDCs could serve as channels to transport gas
molecules more effectively. Furthermore, the average pore size of the used CDCs is 1.542
nm (15.42 A˚) which is considerably larger than kinetic diameters of CO2 (3.30A˚) and
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CH4 (3.8A˚) molecules. Moreover, the superior characteristic properties of CDCs in term
of high surface area offered more surface and volume for gases to diffuse and absorb into
the membrane matrix. Similar findings were observed in the literature [37, 38, 44] for using
carbon materials as inorganic fillers. Generally speaking, incorporation of carbon materials
disrupt the polymer matrix chain and improve the gas diffusion as a result of the higher
free volumes. From Table 4.1, by embedding CDC nanoparticles with a loading of 0.5%,
CO2 permeance enhanced from 2.16 to 4.07 GPU, while CH4 increased from 0.162 to 0.204
GPU. Clearly, CO2 enhancement is much higher that CH4 which resulted in higher
CO2/CH4 selectivity at a value of 19.92. As a whole, the gas permeation of the prepared
thin film composite polyamide membrane, PSF membrane, and CDC/PA MMMs followed
the order of kinetic diameters of gas molecules tested in the experiments. Since the order
of gas permeance was CO2 > CH4 and the kinetic diameters of gas molecules are 0.330 nm
for CO2, and 0.380 nm for CH4. Since CO2 is a soluble gas, It is believed that CO2 gas
undergoes dissolution in the polyamide film layer which contains polar –NHCO functional
groups [53]. Moreover, CO2 molecules are expected to form hydrogen bonding interactions
with amide groups from the polyamide membrane. On the other hand, CH4 is relatively
saturated non-polar molecules that exhibited very low interaction with the membrane and
showed very low permeabilities. As we mentioned before, , in the wet condition of the
membrane, a reversible reaction between amine groups and CO2 molecules is expected to
occur which produces complex and HCO3 – components that could diffuse freely through
the membrane based on solution–diffusion mechanism [54].. Furthermore, CH4 molecules
transport through the membrane based on simple solution–diffusion mechanism. As a
result of the high permeance of CO2 comparing to CH4, relativity high selectivities of CO2/
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CH4 2 gas pair was recorded for the fabricated TFC membranes at a value of 13.33 for pure
polyamide and 19.92 for CDC/PA MMMs at 0.5% CDC loading.
32 Table 4.1: separation performance of polyamide membrane, polysulfone support and CDC/PA
MMMs at a temperature of 300.15 K and pressure of 5 bars

Membrane
PSF
PA
MMM1
MMM2
MMM3
MMM4
MMM5

Loading %
0
0
0.0005
0.002
0.1
0.5
1

CO2
2.41
2.16
2.33
2.44
3.13
4.07
5.00

CH4
0.556
0.162
0.163
0.169
0.186
0.204
0.375

CO2/CH4
4.33
13.33
14.36
14.51
16.86
19.92
13.31

4.2.2 The effect of nanoparticles loading:
In order to investigate the effect of CDCs nanoparticles loading on the separation
performance of the fabricated TFN membranes, CDCs/Polyamide MMMs with different
CDC nanoparticles loadings were prepared and compared with neat thin film composite
polyamide membrane for separation of CO2/CH4. Figure 4.9 and 4.10 show the change in
CO2 and CH4 gas permeance with varying CDCs loading from 0.0005 % to 1%. Different
mixed matrix membranes with different CDC loadings were prepared as follow: MMM 1,
MMM2, MMM3, MMM4 and MMM5 for 0.0005%, 0.002%, 0.1%, 0.5% and 1% CDCs
loading respectively. It is obvious that the permeation rate of both CO2 and CH4 gas
molecules enhanced with increasing the loading of CDCs nanoparticles in polyamide
composite layer. Which can be attributed to the good interaction between polyamide matrix
and nanofiller surface. In addition to, the good adhesion of CDC in polyamide chain.
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33 Figure 4.9: The effect of CDCs nanoparticles loading on CO2 permeance.

Even though both CO2 and CH4 gas permeation increased with increasing CDC loading,
the increments were not the same for the two gasses. From Figure 4.9, CO2 permeance
initially increased from 2.16 GPU for pure polyamide to 2.33 GPU for MMM1 with
0.0005% CDC loading, and continued to increase to 2.44 GPU for 0.002%. The permeance
of CO2 gas for MMM3with 0.1% loading was 3.13 GPU and it enhanced to 4.07 GPU for
0.5 % loading and the maximum amount of CO2 permeance was recorded at 1% loading
with a value of 5.00 GPU. While from Figure 4.10, CH4 gas molecules permeation
increased from 0.162 GPU for the neat PA to 0.169 GPU for MMM2 at 0.002% loading.
Moreover, 0.186 and 0.204GPU were recorded for 0.1 % and 0.5 % CDC loadings
respectively and 0.375 GPU was the maximum value of CH4 permeance observed at 1 %
nanoparticles loading. The much higher increase in CO2 permeation comparing to CH4 was
responsible for the improvement in CO2/ CH4 selectivity.

66

CH4 Permeance
0.45

CH4 permeance (GPU)

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
0

0.0005

0.002

0.1

0.5

1

CDCs Loading

34
35 Figure 4.10: The effect of CDCs nanoparticles loading on CH4 permeance.

From Figure 4.11, It can be seen that the CO2/CH4 gas pair selectivity of pure thin film
polyamide membrane was improved by incorporating CDC nanoparticle into polyamide
matrix with a loading of 0.0005% (MMM1 ), and the selectivity continued to increase with
increasing the loading up to 0.5 % CDC loading then CO2/CH4gas selectivity decreased to
13.31. The reason behind the deterioration in the selectivity was attributed to the increment
in the free volume that resulted in a much higher increase in CH4 permeance in comparison
with CO2 permeance because CH4 has higher kinetic diameter. As shown in Figure 4.9 and
4.10, when CDC loading increased from 0.5% to 1%, CO2 enhanced by 22.8% while CH4
permeance increase was 83.82%. Which resulted in deterioration of the selectively to a
value of 13.31. The much higher increase in CH4 permeance compared to CO2 permeance
could indicate the creation of defects in the membrane surface, thereby more CH4 gas
molecules permeate because it has higher kinetic diameter (0.38nm). Moreover, CDCs
agglomeration that observed in SEM images in Figure 4.2 for 1% loading might be
responsible for the deterioration in the gas selectivity.
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36 Figure 4.11: The effect of CDCs nanoparticles loading on CO2/CH4 Selectivity.

4.2.3 The effect of the number of layers:
In order to study the effect of the number of selective polyamide layers on the separation
performance of CO2/CH4 gas pair, CDC/polyamide mixed matrix membrane with the best
loading amount of 0.5 % prepared with different number of layers as follow M1 (1 layer),
M2(2 layers), M3(6 layers), and M4 (10 layers) of selective CDC /PA layer. Figure 4.12
shows the permeability of CO2 and CH4 gas molecules as a function of the number of
selective nanocomposite layers.
CO2 as well as CH4 gas permeance, were reduced as the number of layers increased because
of the higher membrane thickness which offered higher resistance for the gas permeation.
From Figure 4.12, CO2 permeance reduced from 4.07 GPU for 1 layer to 3.36, 3.33, and
2.32 GPU for 2, 6, and 10 layers respectively. While from figure 4.13, we can observe that
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CH4 permeation decreased from 0..204 GPU for 1 layers to 0.167, 0.144 and 0.096 GPU
for 2, 6, and 10 selective layers.
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37
38 Figure 4.12: The effect of the number of layers on gas permeance.

The reduction in the gas permeance was accompanied with much enhancement in CO2/CH4
selectivity as shown in Figure 4.13, wherein the selectivity improved from 19.91 for I layer
membrane to 20.9, 23.19, and 24.08 for 2, 6, and 10 numbers of layers. The higher
selectivity of CO2/CH4 was attributed to the functional group of the CDC /polyamide which
offered higher permeation of CO2 than CH4.
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40 Figure 4.13: The effect of the number of layers on CO2/CH4 permeance.

4.2.4 The effect of operating temperature on the separation performance:
Polysulfone, TFC polyamide, as well as CDC/polyamide membranes were subjected to a
temperature varying from 300.15 to 323.15 K using two pure (CO2, and CH4) gasses in
order to study the effect of temperature on the membrane separation performance. The gas
permeance and gas selectivity values of different gasses through the TFC, TFN, and PSF
membranes at different temperatures are given in Table 4.2. The temperature dependence
of gas permeability could be expressed by the Arrhenius equation as follow:
−E

41 P = P0 Exp(RT)

(4.1)
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Table 4.2: The effect of operating temperature on the separation performance of polysulfone,
polyamide, and CDC/PA mixed matrix membranes at 5 bar.

Polysulfone
T(k)

CO2

CH4

Polyamide
CO2/CH4 CO2

CH4

CDC/polyamide

CO2/CH4 CO2

CH4

CO2/CH4

300.15 2.41

0.556 4.33

2.12

0.175 12.08

4.07

0.204

19.92

308.15 2.45

0.605 4.05

2.44

0.221 10.75

4.14

0.254

16.26

323.15 2.85

0.840 3.38

2.80

0.301 9.29

4.89

0.319

15.32

Generally speaking, for polymeric membranes, increasing the operating temperature
results in higher free volume for gas molecules to transport and more flexible polymer
chains. Which leads to enhanced both gas diffusion and permeation. At the same time,
lower pair gas selectivity is expected by increasing the temperature as a result of the wider
polymer chain motions and more loose structure of the membrane. From Table 4.2, one
can see that all gas molecules permeation enhanced with increasing the operating
temperature. Nevertheless, the permeation increase was not the same for all gasses from
one gas to another, for instance, by raising the temperature of polyamide membrane from
300.15 to 323.15 K, CO2 permeance increased by 31.13 % while, at the same temperature
range for CH4 gas molecules there was an enhancement of the permeation by 72.0% from.
The reason beyond the much higher increase in the permeance of CH4 is that the permeation
of this gas is based on simple molecules diffusion while CO2 gas has a strong interaction
with functional groups of the polyamide membrane which results in higher solubility and
lower diffusivity. This solubility is reduced with increasing temperature and the reduction
is higher for the more condensable gas (CO2) in comparison with CH4 gas molecules.
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42 Figure 4.14: linear decrease of the logarithm CO2 gas permeation with raising the reciprocal
temperature

Figure 4.14 shows the linear decrease of the logarithm gas permeation with raising the
reciprocal temperature. Ln P was plotted against 1/T in order to calculate the activation
energies for permeation of CO2 and CH4 gas for polyamide, PSF support, and CDC/PA
membranes. lnP (CO2) vs.1/T representative plot is shown in Figure 4.15 and the values of
the activation energies of CO2, and CH4 for TFC, PSF membranes, and MMM are tabulated
in Table 4.3.
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43 Figure 4.15: linear decrease of the logarithm CH4 gas permeation with raising the reciprocal
temperature

The permeation activation energies followed the gas permeability of the gas molecules and
they were in the following order𝐸(CO2) < 𝐸(𝐶𝐻4). Susanta et al [61,62,63], reported
similar observation for polyimide, polyarylene ether, cellulose membranes. They attributed
the low activation energy of the CO2 to the high solubility in the polyamide backbone
[64,48]. From literature, E is affected by the gas and polymer interaction as well as the
molecular size of penetrant [31]. Generally, gases with lower activation energies moves
faster through the membrane and vice versa. The solution-diffusing mechanism suggests
that E of gases contains two contributors: 𝐸𝑑 which is usually positive and ∆𝐻𝑠 (Eq. (4.2)).
Condensable gases, such as CO2 have large negative ∆𝐻𝑠 that results in significant
reduction of the solubility with increasing the temperature. In contrary, for non-interacting
gasses (like CH4,) ∆𝐻𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 is negligible and ∆𝐻𝑀𝑖𝑥 is dominant. Hence, for theses
gas molecules the solubility reduces slightly with raising the operation temperature [20].
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44 Table 4.3: Activation energies of (CO2 and CH4) for polyamide and polysulfone membranes
(kJ/mole).

Membrane

ECO2 (kJ/mole)

ECH4 (kJ/mole)

Polysulfone
Polyamide
CDC/PA MMM

8.04
9.53
6.74

16.32
18.77
15.27

The trend of the selectivity values for the pair’s gas with increasing temperature for
polysulfone support, polyamide, and CDC/Polyamide membranes are shown in Figure
4.16. The increment in the permeation of CH4 gas with high E was higher than the
increment of CO2 permeace as the temperature increased. Therefore, CO2/ CH4, pair gas
selectivity decreased with increasing the temperature.
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46 Figure 4.16: The effect of operating temperature on CO 2/CH4 selectivity
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4.2.5 The effect of feed pressure on the separation performance:
To investigate the effect of the gas feed pressure on the separation performance of the
fabricated polysulfone, neat polyamide and thin film nanocomposite CDC/polyamide
membranes, different feed pressures were subjected to the membranes at a constant
temperature of 300.15 K and the results are illustrated in Figure 4.17 and Figure 4.18. It
can be seen that CO2 permeance for both polyamide and CDC/Polyamide membranes
decreased with increasing gas feed pressure, while for polysulfone membrane there was a
slight increase in that CO2 permeance. While in Figure 4.18 CH4 permeance increased quite
slightly. For polyamide membrane it is known that the CO2 reacts with the polyamide
membrane (according to Eq.1.3) to produce a complex and HCO3– which can diffuse from
one site to another. Therefore, by increasing the CO2 amount within the membrane, amine
carriers might reach the saturation state and cannot combine with other CO2 molecules
anymore, thereby lower CO2 permeance is expected from this mechanism of CO2
permeation. Whereas, for polysulfone, the enhanced CO2 permeance can be attributed to
the higher molecular concentration of CO2 at the gas membrane interface, which results in
better gas and polymer chains interaction.
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47 Figure 4.17: The effect of feed pressure on CO2 permeance for PSF, polyamide, and CDC/PA
mixed matrix membranes.

Another possible explanation for the decrease in CO2 permeance is that according to the
dual mode sorption model (DSM) which is common for glassy polymer [58]. At higher
feed pressure polymer chains get more compact which results in lower fractional free
volume (FFV) of polymer and consequently, the gasses diffusivity declines. From Figure
4.17 we can see that for pure polyamide membrane CO2 permeance decreased from 3.084
to 2.16 GPU when the feed pressure increased from 1 to 5 bar, and the decline in CO2
permeance for CDC/Polyamide membrane was lower as the permeance decreased 4.82
from to 4.07 GPU for the same range of pressure increase and that is because carbidederived carbon nanoparticles provided more free volume for gas to move and therefore
higher diffusion is expected. Whereas, CO2 permeance for polysulfone membrane
improved from 1.72 to 3.17 GPU for the same range of the pressure increase
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48 Figure 4.18: The effect of feed pressure on CH4permeance for PSF, polyamide, and CDC/PA
mixed matrix membranes

CH4 permeance for polyamide membrane was almost constant when the feed pressure
increased from 1 to 5 bar. Because CH4 molecules did not react with polyamide membrane,
the transport of methane gas across the membrane is based on simple solution–diffusion
mechanism. As a result of the decreased CO2 permeance with raising gas feed pressure
CO2/CH4 gas selectivity reduced. According to the dual mode sorption model which is
common for glassy polymer [30,45]. At high feed pressure polymer chains get more
compact which results in lower fractional free volume of polymer and consequently, the
gas diffusivity declines. This phenomena could be another reason for the decrease in CO2
permeance. From Figure 4.18 we can see that when the feed pressure increased from 1 to
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5 bar, CO2 permeance for polyamide membrane decreased from 2.97 to 2.12 GPU.
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49 Figure 4.19: The effect of feed pressure on CO2/CH4 selectivity for PSF, polyamide, and CDC/PA
mixed matrix membranes

Figure 4.19 illustrates the effect of increasing feed pressure on CO2/CH4 selectivity. As we
can see gas selectivity of both polyamide and CDC/polyamide membrane decreased with
increasing the feed pressure as a result of the reduction in CO2 permeance while CH4
permeance remained almost the same (unnoticed increase). Whereas, for polysulfone
membrane, there was insignificant increase in the gas selectivity caused by the increased
solubility of CO2 as compared to CH4 molecules.
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50 CHAPTER 5

CONCULSIONS AND RECOMMONDATIONS

5.1

Conclusion:

The uniqueness of this research has been the successful use of titanium carbide-derived
carbon as a nanofiller to fabricate mixed matrix membrane. The conclusion of this study
can be summarized as the following:


Defect-free polysulfone, polyamide, and thin film CDCs/polyamide membranes
were successfully fabricated and characterized for the morphologies, chemical
composition, thermal stability, and crystallinity.



Gas permeation measurements showed that polyamide membrane had higher
CO2/CH4 selectivity (178%) compared to polysulfone membrane and this
enhancement in the selectivity was attributed to the presence functional groups
(amine groups) in polyamide layer.



Incorporation of Carbide-derived carbon into polyamide membrane enhanced both
CO2 permeance (by 88.1 %) and CO2/CH4 selectivity (by 49.35 %) as a result of
the higher free volume in the membrane matrix.



The gas permeation of both CO2 and CH4 was found to increase with increasing the
nanoparticles loading while CO2/CH4 selectivity improved up to 19.92 at 0.5%
CDC loading then the selectivity deteriorated at 1% loading to 13.31.
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The effect of operating temperature on the separation performance was studied and
the results showed improvements of gas permeation along with a decrease in
CO2/CH4 selectivity as the temperature increased.



By building more than one layer of polyamide on polysulfone support, gas
permeance was found to decrease as a result of the increased resistance. The lower
permeance was accompanied with a little increase in the gas selectivity.



CO2 permeance decreased with increasing the feed pressure. Whereas, CH4
permeance increased which resulted in lower CO2/CH4 selectivity.

5.2

Recommendations:

The results and studies in this research work revealed that successful titanium carbidederived carbon/polyamide membrane has been fabricated and showed potential
enhancement in the separation performance. More studies, however, are needed to fully
understand the characteristics of the polymer/nanofiller adhesion and the long term
performance of the membranes. Regarding this issue the following recommendations can
be advanced for future studies:


Since natural gas is usually found at high pressure (up to 1000 psi) and
temperature, it is recommended to test the CDC/Polyamide membranes at
relatively high pressure to simulate the real process condition of the natural gas
and to also study the plasticization of the membranes and it’s effect on the
separation performance.



Titanium carbide-derived carbon showed potential to improve the separation
performance of polyamide membrane so that CDC nanoparticles can be
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functionalized by incorporating functional groups which have the ability to
increase CO2 permeability and thereby enhance CO2/CH4 selectivity.
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