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ABSTRACT

An increase in demand for air-conditioning is evident due to the rise in global
temperatures through the advent of global warming, coupled with Earth's growing
population. An estimation of about 65% of the worldwide population in 2050 will require
an air conditioner for the comfort of life and survival. Current air conditions are too energy
and resource extensive. Membrane-based air-dehumidification air-cooling has been
proposed as a solution in the form of disruptive technology. The importance of the
membrane in membrane-based air-dehumidification air-cooling cannot be understated.
Therefore, the thesis aims to fabricate novel membranes incorporating nanofillers. In this
thesis, polyether block amide (Pebax) membranes are manufactured in freestanding and
supported membranes. Pebax has shown good performance in gas separation, especially
water permeance. However, the restraints of the transport properties remain. Sulfonated
GO (SGO) was targeted as the nanofiller of choice to be incorporated into the Pebax-
MMM and supported Pebax membranes. The supported membranes are supported on an
ultrafiltration PES membrane and its MMM containing SGO. The synthesis of SGO
occurs with the grafting of sulfanilic salt on GO with oxygen-based functional groups,
which was synthesized using Tour’s method. GO and SGO was characterized by
wettability, crystal structure, and elemental analysis to incorporate the best performing
nanofiller in the mixed matrix membranes. SGO retained a contact angle of 26°, making
it an ideal candidate for a nanofiller in water/nitrogen separation. The support of PES
membranes was fabricated incorporating SGO at 0.05, 0.10, 0.20, and 0.40 wt.% loadings,

and they were characterized to determine the most favorable support. PES-0.2%SGO



showed the lowest contact angle in relation to the loading amount with a water contact
angle of 60.6°, a 10° decrease from 70.6° attained from the PES control membrane. The
supported Pebax membrane used the PES-0.2%SGO support. The N2 permeance was
measured to study the effect of the number of coating layers, the substrate type, and the
thickness of the active layer. The substrates used to fabricate the active Pebax layer were
0.5 wt.% Pebax and 0.5 wt.% Pebax-0.5%SGO0-0.5%SGO. These membranes were
characterized by studies regarding wettability, topography, and surface imaging—the
active layer of each coat of 0.5 wt.% Pebax yielded around 200 nm, with a surface
roughness of 11 and 12 nm for the coating substrates of 0.5 wt.% Pebax and 0.5 wt.%
Pebax-0.5 wt.% SGO. Furthermore, freestanding Pebax membranes incorporating SGO in
a mixed matrix were fabricated and characterized with wettability, topography, and
surface imaging, where the incorporation of SGO in the 12 um thick membranes resulted
in a twice fold increase in average roughness to 18 nm with a 2° decrease in the contact
angle to 72°. In the nitrogen permeance performance tests, asymmetric Pebax membranes
were governed by the active layer coating thickness. One layer of coats (200 nm) gave N2
permeance of 84 GPU, and the 2 layers membrane (400 nm) gave 34 GPU. In contrast,
the free-standing Pebax membranes permeance increased five-fold from 176 GPU to 555

GPU with 0.5 wt.% SGO.
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CHAPTER |
1. Introduction

The population on our planet is increasing rapidly and is estimated to grow up to
9.74 billion by 2050. due to global warming, the earth's average temperature is expected
to increase by at least 1.5 °C [1], which is predicted to increase demand for energy and
space cooling requirements for survival and comfort. Moreover, two-third of the global
population is expected to require access to air conditioning by 2050, as reported by the
International Energy Agency, stressing the global electricity demand and necessitating an
imminent solution [2]. On average, cooling devices such as traditional air conditioning
systems and electrical fans consume 10% of the global electrical demand [2]. The targeted
optimum room temperature for cooling devices ranges between 22 °C and 26 °C.

In humid climates, healthy and comfortable humidity levels are often unmonitored
and only treated indirectly through cooling and condensing water vapor, exhausting
additional energy [3]. The untreated moisture incoming to the room leads to unpleasant
indoor conditions. Moreover, the current air conditioning systems rely on refrigerants such
as hydrofluorocarbons, R143a, R404A, R407C, and R410A [4]. These refrigerants have a
detrimental impact on the environment in the long term as these refrigerants tend to leak
and contribute profoundly to global warming via the greenhouse effect, which will
continue to worsen with increasing demands of air-conditioning over the next 30 years
[5].

Alternatively, the United States Department of Energy and Dais Analytic suggests

that an improvement in energy savings of about 50-89% can be made using membrane-



based air cooling technology compared to the traditional mechanical air conditioning
systems [6]. Moreover, membrane-based cooling technology reduces or removes the water
vapor content of the inlet air, allowing for better thermal comfort and could reduce the
spread of viruses such as severe acute respiratory syndrome (SARS) and influenza A virus
subtype (H1N1) [7]. Different technological advancements have been proposed under
alternative energy or other novel methods, including membrane-based air-
dehumidification cooling.

The principle of air-dehumidification air-cooling lies in reducing the temperature of
warm air by cooling it down with cool water mist. As seen in Figure 1, the humidified
cool air then enters the module housing several selective membranes, which allow water
to permeate and be removed from the system. The retentate passes the cool dry air,

completing the process for the desired effect [8].
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Figure 1 - Reproduced air dehumidification air-cooling process as per Calridge-Culp-Liu’s patent [8]

The reduction in the water content via membrane air-dehumidification is more
direct and cost-effective than the conventional heating ventilation and air-conditioning
systems (HVAC). As seen in Figure 2, the isothermal removal of water is done in a
singular step, from point 1 to 3 via point A. This process is much more efficient than the
conventional cooling-compression systems used to dehumidify the air. There is no need
to cool the air first to condense the water, albeit avoiding the longer, more energy-

consuming route [8].
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Figure 2 - Psychometric chart comparison showing the pathway of conventional air-cooling processes

compared to a novel vacuum membrane-based process, adapted from Culp [8]

Liquid desiccants have been proposed to remove water with membrane filtration
to facilitate the removal of water vapor. These systems use hygroscopic liquids, which
capture the moisture from the humid air via absorption. Commonly used liquid
desiccants are lithium chloride (LiCl), lithium bromide (LiBr), calcium chloride (CaCl),
triethylene glycol (TEG), and potassium formate (KHCO.). However, the issue with
using liquid desiccant-based air-conditioning is the leakage of liquid desiccants in the
dry air over time. The desiccants themselves are of toxic and corrosive nature, cause of
concern for human health and material surrounding over long periods [9]. Moreover,
these liquid desiccants require regeneration, adding energy, maintenance costs, and
complicated operative measures [10]. Therefore, a safer alternative with equal or better

cooling and air dehumidification needs to be sought.
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The amended solution for air-dehumidification-based cooling can be found in
novel membrane-based systems, which rely on a conjecture of optimum combination
between the module design and membrane performance. Membrane-based air-
dehumidification without desiccants has the advantage of being non-toxic, clean, and
energy-efficient as opposed to desiccant-based systems. The modules that house the
membranes aim to provide the best environment for air dehumidification by varying
inlet flow orientation, membrane(s) orientation, and module dimensions. Also, the
module's design with external parameters such as heating outlet streams or vacuum
pumping at the permeate side can be performance-enhancing elements [11]. The
modules of such cooling devices vary. Membrane modules such as flat sheet modules
(Figure 3), crossflow modules, vacuum-based, counter-flow are few different types each
enhance specific objectives and outcomes required [9, 11-13]. The dry air itself can be
chosen to be cooled via conventional methods by using refrigerants or resort to less

alternative measures as cooling water in a heat exchanger format [14].
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Figure 3 - Flat sheet membrane module displaying each part adapted from Ham et [9]

On the other hand, novel membranes are the second part of the complete system and
the heart of the operation. Air-dehumidification can be made possible due to the use of
gas separation membranes, which hold the capability of separating several types of species
depending on the differences in solubility and diffusivity of different components. For air-
dehumidification, the key separation that needs to occur is water vapor from humid air,
which is a gas separation process. The types of gas separation membranes are porous
polymeric, dense/non-porous, and asymmetric membranes. Where porous polymeric
membranes have poor separation properties and good transport properties, dense non-
porous membranes perform in vice-versa, with good separation properties and poor
transport properties. With a combination of both, asymmetric membranes pose a thin
dense, non-porous layer supported on thick, porous support to amplify the benefits of both

transport and separation properties in the two structures.



The membrane itself has its variables that are to be investigated and made use of.
These variables can differ from materials, fabrication methods, and their end-use. Key
characteristics on which its ensured premium performance can be measured are

water/air separation and great water permeance and air rejection.

The membrane performance depends on several factors. One of the most important
include the water flux, which can be denoted by equation 1

] = kAwA 1)

Where K is the overall mass transfer coefficient (kg m? s?). Aw is the ratio of humidity
difference (kg/kg dry air), and A is the membrane surface area. The humidity ratio

denotes the amount of water in the air at a specific temperature.

6
Humidity ratio at saturation: w,, = % (2

Humidity ratio for at X% humidity: w, = %’; 3)
e T

where x donates percentage humidity.

Another factor that determines the wetness of the air's input and output can be
determined by relative humidity. The relative humidity is a function of the humidity

ratio, w, and temperature and is dimensionless.

59294

¢ T
® = 8106 - 1'61(1) (4)

Alternatively, a more common method used to test the performance of the
membrane is the measure of permeance. The permeance of water in air-

dehumidification can be denoted by equation 5, where permeance, j has the units of
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mol

m2sPa

Juz0 = _Nuzo__ (5)

A-(APH20)1m

Moreover, another critical parameter that translates a membrane's performance is
the separation factor between water and air, comparing the amount of water and air in

the permeate side against the retentate side.

S = (M) (M) (6)

NHZO'R Nair,P

The fabrication process of a membrane is directly correlated with the membrane
material. Whereas inorganic membranes such as those made from metals and ceramics
show excellent resistance against mechanical and thermal afflictions, their high cost,
brittleness, and difficulty for mass production make them unfavorable contenders for air-
dehumidification membranes [15]. On the other hand, polymeric membranes are
considerably cheap and are relatively easier for upscale production [16]. However, the
mechanical properties of polymeric membranes are not up to par with those of inorganic
membranes. In recent works, it can be observed that the mixed-matrix form of organic-
inorganic membranes remains to be affordable for large-scale production and bode better
mechanical properties than the polymeric membranes [17].

Recent research has shown that the performance of homopolymers, such as
polysulfone, polyether sulfone (PES), and polyvinyl difluoride has great support
membranes for ultrafiltration processes [18]. Moreover, in those studies, the addition of

nanofillers such as titanium dioxide, carbon nanotubes, metal-organic frameworks, and



graphene-based derivatives has significantly enhanced the properties and performance of
those membranes [19]. Moreover, the functionalization of nanofillers and polymers with
functional groups, such as sulfone and amine, improves the membrane's properties and
performance [20].

The research conducted for this dissertation focuses on incorporating functionalized
graphene oxide (GO) in a composite membrane of PES as the support membrane with
polyether block amide as the active layer. GO is exceptionally rich with oxygen-based
functional groups such as epoxy, carboxyl, and hydroxyl, making chemical modification
possible [21]. To improve the hydrophilicity of GO, sulfonation is proposed by grafting
sulfanilic diazonium salt in the place of a hydroxyl group on the plane of GO. The study
undertaken in this thesis is the proposed fillers added to the support matrix and the active

layer.



CHAPTER I

2. Literature Review

2.1 Membrane-Based Air-Dehumidification for Air Cooling

Air-dehumidification cooling can provide up to 89% savings from conventional
cooling devices and provide optimum conditions for health and comfort [6]. Different
platforms for air-dehumidification-based cooling have been proposed. More popular is the
usage of liquid desiccant-based air-dehumidification. However, more recently, vacuum
sweep air-dehumidification and isothermal aid-dehumidification systems have been
looked upon more favorably due to the ease of maintenance and process simplicity.
Different types of membranes, such as proton exchange membranes, have also provided a
further look into air-dehumidification cooling possibilities.

The parameters in contention for the performances of said air-dehumidification
modules are measured by the energy efficiency, coefficient of performance, and amount
of water removed. These, in relation to the amount of water removed, are some indicators
to measure the performance of the air-dehumidification modules.

The coefficient of performance is a measure of useful cooling relative to the work input.

— AHt
COP == (5)

Where W is the amount of work put in and AH; is the useful cooling provided by the

system.

Moreover, the efficiency of is undertaken by the following:

Efficieny = M o

a,in™ Ta,sat
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Where Tais the temperature of the absorbent compared to the temperature at saturation,

similarly, this can also be converted into the mass fraction of the absorbent.

Efficieny = Wa,in = Wa,out o

Wa,in— Wa,sat
The third performance parameter is water removal. In simple terms, water removal is the
amount of water removed from the humid air. In several cases, the reported numbers were
per time at a water removal rate. The more water is removed, or the quicker the water is
removed, is better.

Water Removal Rate = mq(Wy i, — Wy out) (8)

2.2 Liquid Desiccant Air-Dehumidification Cooling

Some of the more common liquid desiccants used are lithium chloride (LiCl),
lithium bromide (LiBr), calcium chloride (CaCl), triethylene glycol (TEG), and potassium
formate (KHCO>) [9]. Each of these desiccants possesses an affinity to absorb water
molecules, stripping the water content out of air drying it in the process. The desiccants
work in cohesion with the selected air-dehumidification membranes. The membranes
permeate the water, which is then absorbed by the desiccants, either flowing in a crossflow
or a counterflow direction to the humid air inlet [22].

As seen in Figure 4, liquid desiccant-assisted membrane air-dehumidification
structure varies depending on the membrane type and orientation. The main challenge
posed with liquid desiccants is the regeneration of the hygroscopic liquid. The liquid
desiccant needs to be dehumidified to maintain its effectiveness in the process. However,

the thermal energy required to dry the hygroscopic liquids of the captured water is high
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and proves to be counter effective. Therefore, the techniques proposed to regenerate the
liquid desiccant that solves this issue are hollow fiber (HF) membrane contactor,

electrodialysis regenerator, and vacuum regeneration [22].
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Figure 4 - Liquid desiccant assisted membrane-based air-dehumidification in a) parallel plates and b) HF

membranes adapted from Chen et al. [22]

In a review, all liquid desiccant assisted membrane air-dehumidification systems
provided a coefficient of performance (COP) less than 1, where the efficiency of each
system does not exceed 80%. The water removal rate was excellent at over 1 kg/m?hr. The
overall performances of liquid desiccant assisted membranes for air-dehumidification

performance are summarized in Table 1.
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Table 1 — Summary table for liquid desiccant assisted membrane air-dehumidification module

performance.
Humid Air Inlet Desiccant Performance
oy Humidit T 0 Efficienc  Water
Membrane | T (°C) v (%) Air Flow C) Flow Conc. (%) y Removal COP | Ref
1200 -
N/A 22-38 75% Ve=174 25 0.081 36% 70-80% 3200 N/A |[9]
m/s m/s 2
g/m’h
35 .
PVDF 35  5-95% 3 25 1L/min 35% 74% N/A 0.7 |[23]
m3/hour
MRR =
PVDF 36  22.50% 5kg/hour | 25 N/A 35% 20-30% 210 g/s N/A |[24]

2.2.1 Proton Electrolyte Membrane Based Air-Dehumidification Cooling

At the heart of the proton electrolyte membrane (PEM) structures exists the proton
conductive membrane, sandwiched between two catalytic porous electrodes on either side.
Outwards of the catalytic anode and cathode reside diffusive layers for the inlet and outlet
contents of the process. In dehumidification using a PEM, the water content of the humid
air enters the anode side’s diffusive layer, going under the water-splitting reaction at the
anode. The proton conductive membrane attracts the positive hydrogen ions which pass
through the membrane. At the cathode, a reaction with free electrons and oxygen forms
water once again, which then proceeds to pass through the diffusive layer and to cause

water to permeate, this schematic is shown in Figure 5 [25].
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Figure 5 - Schematic of proton electrolyte membrane air-dehumidification adapted from Qi et al. [25]

The water removal rate and separation performance of proton exchange membrane
dehumidification are very good. It can reduce a high amount of humidity; however, due
to the electrical voltage requirement, the coefficient of performance is low at about 0.33.
Moreover, practically the system of catalyst-covered electrodes includes complications
and increased maintenance. Despite their excellent performance to dehumidify, the PEM

air-dehumidification is still energy inefficient.

2.2.2 Vacuum Based Air-Dehumidification Cooling

The structure of a vacuum-based air-dehumidification cooling system relies on
using a vacuum pump on the permeate side of the membrane. The suction pump's draw
allows water to be compressed and cooled before passing as liquid water, as shown in
Figure 6. On the membrane module side, the rejected air reduces in enthalpy due to the
reduced water content. This structure is the simplest; however, it relies on exceptional
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performance from the membrane at the structure's core.
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Figure 6 - Energy efficient dehumidification using vacuum pump - patented by Culp [8].

This module structure proves to have the highest COP and frequently has a COP
above 1. Whereas in energy comparisons, it shows to use less than 2% energy for the same
output as liquid desiccant systems and provides an overall 26.2% energy savings [8]. Its

energy efficiency coefficient also near one or more, which is highly encouraging [11] [26].

Table 2 — Performance of vacuum Based-Air dehumidification cooling modules

Air Performance
# | Membrane OT Humidity  Air Flow Efficiency Water Ccop Ref
(°C) Removal
0.17-
0.011 Cross Current = 2.9-5.6
1 | 2 . N/A 2
Severa > wt. % (3) 86 5 1.15 mol/m?hr / [26]
m3s/m
11
2 | PVA-TEG 30 RH 90% N/A Up to 97% G?L)JO 2to3 [11]
COP camot 1-Stage:
.001 26-56%
3| N/A 34 0001795 ; N/A N/A 8]
wt. % COP carnot 5-Stage:
15-30%
PAN/PDMS . 26.2% Energy 5g/m3
4 HF = 60% N/A Savings Reduction N/A 3]
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2.3 Introduction to Gas Separation Membranes

2.3.1 Gas Separation Membranes

The advancements in membrane technology have increased exponentially ever
since the early developmental stages. Membrane technology has come a long way since
the early fundamental development stages of Graham's law of diffusion and the first
systematic measurement of permeability in the 1950s [27]. The advancements can be
credited to the progress in material science, material processing, and the demand for
technological innovation in material separation. Over the last century, membranes have
been utilized in various processes with their respective driving forces. The main driving
forces in membrane operations are pressure, concentration differential, heat, and electrical
potential. Apart from the set driving forces, objective-based membrane fabrication can be
finetuned on several things, including the material of the membrane, the fabrication
technique, and post-fabrication surface modification.

Membrane technology has long been used for gas separation processes, recorded
back to the early 19" century. Graham et al. conducted the first recorded experiments of
using membranes for gas separation. In their experiments of permeating carbon dioxide
through natural rubbers, Graham et al. concluded that there was no correlation between
gas diffusion coefficients and the rate of gas permeation [28]. Graham et al. concluded the
permeation rate to be a mix of solubility-diffusion and equated it as:

P=DS 9)
where P, D, and S are permeability, diffusion, and solubility coefficients, respectively,

whereas the permeability units are in Barrers. An equally important parameter of gas
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separation is the selectivity, a,g, Which can be presented as:
Oap = 5 (10)

Where P, and Py are the permeability components of two gasses [28].

Since the advent of synthetic polymers in the 1980s, membrane technology for gas
separation has advanced tremendously. Some of the conventional uses of membranes for
gas separation are air separation (oxygen/nitrogen), hydrogen separation
(hydrogen/nitrogen, hydrogen/flue gas), gas sweetening (carbon dioxide/natural gas), and
other vapor/gas separations. Some of the polymers used in commercial processes can be
seen in Table 3, where polysulfone, polyimides, silicon rubber, and cellulose acetate are

common materials used to fabricate gas separation membranes [29].

Table 3 - Commercial manufacturers and membrane materials used [29]

Commercial Manufacturer Membrane Material

Permea Polysulfone
Medal Polyimides

Generon Cellulose Acetate
Ube Polyimide

Helmholtzz Centrum Silicon Rubber
Grasys Polyimide, Polysulfone
OPW Vaposaver Poly (trimethylsilyl propyne)

The three categories of gas separation membranes are porous polymeric
membranes, dense non-porous, and asymmetric membranes. The pore size in porous
polymeric membranes must be microporous, where the pore sizes are less than 2 nm.
These membranes can be fabricated through the same methods as pressure-driven

membranes. Porous gas separation membranes usually exhibit poor separation properties,
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although they boast prominent transport properties. In contrast, dense non-porous
membranes can either be fabricated via melt extrusion or solution casting, where the
solvent is dried off, leaving a thin non-porous layer behind.

Non-porous membranes exhibit excellent separation properties, although they
have poor transport properties, yielding low gasses' permeability. The third type of gas
separation membranes is asymmetric membranes that include a thick, porous matrix that
provides physical support for a thing coating layer of a dense, nonporous layer. These are
generally classified as integrally skinned and thin-film composites. These membranes aim

to balance separation at the active layer and transport through the porous media [30].

2.4 Membrane Materials

2.4.1 Metal Membranes

Metallic membranes, like organic membranes, apply to a variety of processes. They
are highly liked due to their high chemical, thermal and mechanical resistances. The main
reason for these exceptional mechanical features is the metallic-based materials used to
fabricate them. Some of the most common materials used are aluminum oxide (Al203),
Titanium oxide (TiOz), zirconium oxide (ZrOy), silver, palladium, and various other alloys
[31]. The categorization of metal membranes is primarily done into dense metallic
membranes and porous membranes. Porous metal membranes are at the forefront of
metallic membrane technology, including stainless steel, titanium, nickel, and their alloys
[32]. Microfiltration has been one of the critical processes where porous metal membranes

were used frequently, especially with the application of drinking water treatment [33].
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2.4.2 Ceramic Membranes

Ceramic membranes are an emerging technology and have exponentially grown in the
last few decades. Currently, ceramic membranes are one of the leading membranes for
water filtration. Like other inorganic membranes, ceramic membranes also boast high
thermal, chemical, and mechanical resistances and lower fouling rate and membrane
longevity. Like most membranes, the range of operation spans from microfiltration to
nanofiltration. The most common type of ceramic membranes is the porous type with
asymmetrical structures based on support and the intermediate layer. The shape of the
ceramic membranes plays a vital part in the application where flat sheet, flat disc, and
tubular membranes are a few of the common structures. The fabrication of these
membranes is usually done with extrusion, pressing, slip casting, tape casting, sol-gel,

phase inversion, to name a few [34-36].

2.4.3 Polymeric Membranes

Conventionally across the board of all membrane processes, polymeric membranes
have taken the forefront. This is due to the fast-maturing nature of polymeric materials
and polymeric membrane technology. A good performance criterion of selectivity and
permeability at a lower cost also appeals to the heavy use of polymeric materials for
membranes [37]. However, a common downside of polymeric membranes tends to be poor
surface characteristics with high hydrophobicity resulting in consistent fouling, which
consequently shortens the lifecycle of the membrane [38]. Some of the oldest membranes
were made of polymers and cellulose-based, such as cellulose acetate (CA) [39]. Another

cellulose-based polymer used for membrane synthesis is cellulose nitrate. Polysulfone
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(PS) is another commonly used polymer for the fabrication of membranes, especially for
the ultrafiltration process due to its good chemical and thermal stability [40, 41].

Other polymer materials such as polyether sulfone (PES), polyacrylonitrile (PAN),
polytetrafluorethylene (PTFE), polyvinyl difluoride (PVDF), and polyimide (PI) can also
be commonly found in the process of ultrafiltration. In contrast, polymer materials like
polyvinyl difluoride (PVDF), polyvinyl alcohol (PVA), and polypropylene (PP) can be
applied to microfiltration as well. With advanced synthesis techniques and surface
modifications, the range of membrane processes can vary from microfiltration to

nanofiltration [42].

2.4.4 Metal-Organic Framework-based Membranes

Metal-Organic Framework (MOF) membranes are a nanopores hybrid of metal ion
clusters connected with organic linkers. These ion clusters centered with organic
molecules exhibit the best properties of both the pure organic and inorganic membranes.
Metal-Organic Framework membranes are produced by growing continuous
polycrystalline — MOF layers on porous substrates. These types of structures are called
pure MOFs. These porous substrates are more often metallic based, such as Aluminum
Oxide (Al203), Titanium Oxide (TiO2), and Silicon dioxide (SiOz). One of the most
common pure MOFs is Zeolite Imidazolate Framework (ZIF), which uses crystal growth
on inorganic bases using a variance hydrothermal or solvothermal synthesis process. On
the other hand, hybrid MOFs also exist where MOF crystals are used as fillers in polymer
solutions to result in a mixed matrix membrane of the two [43].

With its outstanding performances due to its dual properties being exhibited,
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MOFs still carry disadvantages. The main one being the difficulty in upscaling for
industrial usage without hindering the performance output of the membranes [44]. Two
phenomena simultaneously determine the performances of MOF: the adsorption and
Kinetic separation, a similar analogy to catalysts providing active sites. Dense metallic
structures can cause poor diffusion, therefore, can lead to poor overall performances in
permeability and selectivity. Similarly, the solid, consistent pore structure of MOFs can

outperform other membrane materials [43].

2.5 Membrane Fabrication Techniques

To enhance the performance of the membrane per the selected criteria, the
materials used to fabricate the membranes can undergo a variety of processes.
Furthermore, the membranes and the materials can be subjected to modification for better
performance. The membranes can be synthesized in various ways; some key decisive
factors that play a decisive role in selecting the synthesis method depend on material
characteristics and end goal application. Some methods commonly used to synthesize
membranes are extrusion, interfacial polymerization, coating techniques, and phase
inversion.

Extrusion is a technique to prepare multilayered membranes in one step. Extrusion
is more advantageous in fabricating HF membranes, although it is also implemented when
making multilayer sheets, blown, or cast films, and wire coatings. However, some of the
downsides to this process are the lack of control over selectivity and permeability and the
membrane's poor performances in the respective criteria. Moreover, materials with higher

volatility and lower viscosity are generally harder to use in this process. On the other hand,
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its cheap operating cost, repeatability, and mass scaling are its positive sides [45].
Furthermore, the improved adhesion between the membrane layers, its multilayer
functionality, reduced likelihood of surface defects, and excellent inclusion of
permselective membrane layers, which otherwise would not have been able to form a free-
standing membrane by themselves [46]. The process works when dope is extruded through
the outer orifice while at the same time an internal coagulant is introduced. Extrusion and
co-extrusion can be carried out in a dry-wet phase inversion process to produce dual-
channel HF membranes. [45].

Various coating techniques create thin layers of materials by depositing small
amounts of material very quickly. The most effective and mainly used to fabricate
membranes is the electrospinning method. The fast-spinning technique of the
electrospinning process is to create polymer fibers with diameters of 50 to 500 nm. More
advantages of the electrospinning process include the highly porous membranes with
small porosity, helping permeability to be increased while bolstering the selectivity [47].
Electrospinning is usually done by generating an electrical field by passing a high voltage
of 0-30 kV through a copper plate wrapped with aluminum foil. On the positive electrode,
the solution and a copper wire reside in a 1-5 mL small syringe with a 0.2-0.5 mm capillary
tip [48].

Another technique used to fabricate membranes is interfacial polymerization (IP).
In general, interfacial polymerization is used to produce thin-film composite membranes,
where ultra or microfiltration membrane is dipped in a prepolymer's aqueous solution of

a prepolymer, and the support membrane is then immersed in an aqueous solution acid
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chloride bath. When these two structures are met, an interfacial polymerization reaction
occurs for a dense polymer layer. This is shown Figure 7, where IP on a polysulfone
support is conducted where membrane initially is immersed in an amine solution and then
left out to environmentally dry. Afterwards, the membrane is immersed in an TMC
solution then cured in an oven at 100 °C. IP can produce thin membranes of 100-200 hm
thickness. Repeatability for the reproduction of membranes can be an issue due to the
inconsistent reaction at the interface. However, if successful, the IP process can produce
membranes with excellent permeability and selectivity. The type of membrane mainly

influences the pore sizes and support membranes used [49].

Polysulfone

membrane Membrane immersed in

Amine solution.

Environmental Membrane immersed

Membiuriecuking drying in TMC solution.

Figure 7 - Interfacial polymerization of a polysulfone membrane to fabricate a thin film composite

membrane [49]

Phase inversion is one of the most common methods used primarily for the
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synthesis of polymeric membranes. Its key strengths are the versatile use of a homogenous
solution with a dissolved polymer in a solvent. The scientific principle behind this
synthesis technique lies in the miscibility gap between the polymer and solvent. Two main
driving forces induce phase inversion: thermally induced phase separation (TIPS) and
non-solvent induced phase separation (NIPS). The lowest toxicity should select the solvent
for both phase separation, high boiling point, low molecular weight, and as
environmentally friendly as possible [50].

Varying the temperature to induce phase separation is mainly done for the
fabrication of microporous membranes. This process produces highly porous membranes
with a narrow range of pore sizes. TIPS is done by dissolving the polymer in a solvent of
a high-boiling point where the polymer solution's crystallization temperature is lower.
Then the solution is cooled down after casting. Like most membrane techniques, TIPS has
a reputation for producing membranes with low defects, high porosity with a lower pore
size range, and repeatable results. It is most suitable for membrane materials that are not
commonly soluble in most solvents [51].

Similarly, the homogenous solution is cast using a membrane casting machine for
NIPS and then coagulated in a quenching bath. For NIPS, the solvent of use must be a
specific kind that may coagulate in the non-solvent bath. A similar method is used to
fabricate HF membranes, except the casting technique can be substituted for spinning fiber
immersed into the coagulant [52]. The two methods of fabricating hollow fiber and flat
sheet membranes through NIPS can be seen in Figure 8. Moreover, NIPS is also a

beneficial technique in fabricating membranes with inorganic and organic membranes
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[53]. With phase inversion, the concentration of the polymer solution in the solvent is key
to pore size and filtration specificity. Where the higher concentration of the polymer
solution produces a smaller pore size, typically, a membrane fabricating for ultrafiltration
can have a polymer weight percentage of 12-20% in solvent, whereas nanofiltration and

reverse osmosis can be greater than 20% [54].
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Figure 8 - Fabrication of a) flat sheet and b) hollow fiber membranes through non-solvent induced phase
inversion (NIPS) [55]

2.6 Air-Dehumidification Membranes

Many different classes of membranes have been tried and tested for the aspect of
gas-liquid or vapor-liquid separations. Although for applying air-water separation or air
dehumidification, a wide range and type of membranes are used. These include Zeolite
Imidazolate Framework (ZIF), polymeric membranes, composite membranes, HF
membranes, and ceramic membranes. In short, these can be divided between organic and
inorganic membranes with various support structures.

The key performance criteria for these membranes are water — nitrogen selectivity,
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water permeate flux, and wettability performance in the literature. These criteria are
measured up with the flow rate of air at fixed pressures and temperature. Moreover, the
water vapor concentration in humid inlet air or relative humidity is another variable to be
sought after. The thermal performance of these membranes is not key, although it is
commendable to withstand temperatures above the corresponding saturation temperatures
at respective operating pressures for end goal application.
2.6.1 Inorganic Membranes

Other inorganic membranes reported for air dehumidification consisted of ceramic
membranes. A study conducted by Asaeda et al. prepared the membranes via dip-coating

thin porous alumina in sodium silicate for 10 minutes at 100 °C [56]. The resultant ceramic

membranes produced a water flux of an average of 35 m;f:;ur at 50% relative humidity
and an average of 55 —~2— at 90% relative humidity.
m4xhour

Although these inorganic membranes boasted good water permeability and water flux
performance, material characterization of the formed membranes was often left without
investigation. Therefore, the whole area of study is left without room for further
improvements or advancement. Moreover, the reported values for selectivity resulted in a
wide inconsistent range, making it harder to verify its effective performance. On the other
hand, a range of testing over 50-90% relative humidity and mildly warm temperatures
satisfy its requirement and real-world parameter usage for applying air conditioning on a

warm, humid day.
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2.6.2 Organic Membranes

Liu (2020) conducted a study on polyvinyl acetate (PVA) and polyvinylidene fluoride
(PVDF) HF composite membranes with poly(dopamine) (PDA). The organic HF
membranes were fabricated through the dry-wet spinning process. The variation between
different membranes was of varying modification times and PDA concentration. The
water vapor permeance results that were the most promising were of the HF membranes
that had gone through 30 minutes of modification process and had PDA concentrations of
0.1 g/L. The resulting permeance and selectivity for the 0.1 g/L PDA with PVA-PVDF
HF composite were 3000 GPU and 2.2 (water/nitrogen), respectively [57]. The final and
best-performed membranes had a mean average more size of 9.27. These results presented
by Liu (2020) resulted from experiments conducted at 25°C, which can be deemed
favorable conditions for real-world applications. Moreover, Liu (2020) does not disclose
any other operating parameters of testing, neither the membrane size nor any relative
humidity, inlet pressure, or time is taken.

A study regarding 2D stacked GO (GO) membranes was conducted by Shin et al. for
air dehumidification. The study utilized GO produced by Hummer's “improved method”,
also known as Tour’s method, to form a slurry thinned out to 60 pum sheets. The said sheets

are used as membranes, and the tests at 80% relative humidity and 30.8°C yielded

0-11 kmol+m

permeability of 1.25x10° Barrer (6.10x1 ) and selectivity of over 10000

m2xsxkPa
[58]. A wide range of testing was conducted at various relative humidity and temperatures.
The results showed sustained results and promising real-world applicability.

Using other processing techniques, Tanhiara et al. investigated Polyimide-based
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hollow-fiber membranes for air dehumidification. They used Polyimide prepared from
biphenyl-tetracarboxylic acid (BPDA) and tested them in dehumidification set up at

varying conditions of 0.3 to 1 MPa pressure and 0 to 60°C temperature. These tests yielded

cm3 ..
————and a selectivity of
cmexcmHg

promising results showing water permeance of 1.3x1073
100-700. The layer thickness of the polymers was averaged at 150 nm. The key highlights
to this membrane’s performance were its good permeability, selectivity, and thermal
stability up to 150 °C [59].

Liang et al. investigated a polydimethylsiloxane (PDMS)-polyacrylonitrile (PAN)
thin-film composite membrane. The dry-wet spinning process led to the composite,
prepared by dip-coating the PAN support in the PDMS solution, forming the PAN HF
substrates. The resultant membrane was suitable for various dehydration applications,
including removing water from the air.

A thorough mechanical analysis was also conducted, allowing a maximum load of
2.28 newtons with a maximum tensile strength of up to 5.85 MPa. Liang et al. attributed
the enhanced mechanical properties to the fast-spinning rate to fabricate the HF
membrane. The membrane average pore size was 5.6 nm, a 70% reduction from other
PAN membranes. Liang et al. also noted that faster spinning led to smaller pores and

higher porosity. The overall structure of the PDMS/PAN composite looked like can be

seen from Figure 9, where the HF PAN substrate and its coating of PDMS are shown.
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PDMS/PAN Composite

Figure 9 - PDMS/PAN HF membrane composition [60]

Moreover, the selective layer of the PDMS was about 260 nm. As for the main
performance aspects, the PDMS-PAN HF membrane yielded water permeance of up to
3700 GPU at 65% relative humidity after 48 hours of stability. As shown in Figure 10, the

sweep flow rate started to be less effective in the permeance of water vapor after 600

ml/min [60].
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Figure 10 - PDMS/PAN HF membrane performance with varying relative humidity and sweep flow rate
[60]
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PES (PES) is a polymer that has a good oxygen atomic percentage in its repeated
structure, making it ideal for water permeation. A studying conducted by Ingole et al.
formed a TFC-PES composite by first preparing the PES via phase inversion in a dry-wet
spinning process to form HF membranes. The composite was prepared by interfacial
polymerization with the covalent TFC organic chemicals, such as 1,3-benzenedithiol
(TFC-HF-1), m-phenylenediamine (TFC-HF-2), piperazine (TFC-HF-3) and 1,3,5-
benzenethrithiol (TFC-HF-4). These membranes underwent challenging characterization
where they retained a water contract angle of 65.2 to 52.1°. Moreover, they tested the
possibility of dehumidification at 30 °C and 3 Bar while investigating permeability and
selectivity. The best membrane performance in water permeance and selectivity was TFC-
HF-1, the PES polymer spun and interfacially polymerized by 1,3-benzenedithiol. The
TFC-HF-1 yielded permeance of 2054 GPU with an H2O/N: selectivity of 119. Consistent
pore structure was observed by SEM, giving evidence of reliable performance across
membrane sheets. Using an economical and hydrophilic base such as PES enhanced the
performance to yield high permeance. However, the selectivity was low, requiring
increasing the thickness of the TFC layer. The other TFC-HF performances were
comparatively less impressive, with TFC-HF-3 yielding performance of 1800 GPU and
selectivity around 90. In certain circumstances, TFC-HF-3 could also be another contender
in further investigation and development of air-dehumidification membranes. The
comparative performances of all membranes polymerized with all the different organic

covalent chemicals can be seen in Figure 11 [61].
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Figure 11 - Permeance and selectivity of TFV-HF at varying treatment times [61]

Another composite formed by coating polyvinyl alcohol (PVA) on PES support was
conducted by Zhang et al. for air-dehumidification. They used glacial acid as a catalyst
and produced a large area of 100 cm?. Lithium chloride was also added to enhance
hydrophilicity. Moreover, membranes with different LiCl concentrations went through
multiple variable cycles with different feed flow rates. The highest concentration of LiCl
of 2 g produced the best Peclet number and the lowest contact angle of 53.3°. This study
did not report permeability and selectivity results. However, the improvement of
PES/PVA composite by adding LiCl was noted. The morphology (Figure 12) of the
membrane was atypical for a flat-sheet thin-film composite. Although the size of pores

was not reported, the visible large contact area for water to permeate was evident [62].
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Figure 12 - PES/PVA TFC surface morphology captured by SEM [62]

Table 4 — Performance of organic air-dehumidification membrane

Membrane Performance

Membrane | Configuration | Testing Details | Morphology Fabrication Technique o Ref.
Permeance | Selectivity
HF Membrane: Dry-wet
HF composite T:25°C Mean pore size: 9.72 spinning process.
PVA/PVDF membrz?ne P:1Bar nm P T PVA/PVDF membrane: |2898 GPU H20/N> [57]
RH: 25-50% Coating for 30 to 90
minutes
PES: Phase Inversion
PES & HF Composite |T:30°C Contact Angle: 65.2 o .
Covalent TEN | membrane P- 3 Bar t052.1° Comp05|.te. !nterfaual 2054 GPU H.0/N2119] [61]
Polymerization
Coating PVA casting
PVA/LICION |t \tembrane | RH: 70% Contact Angle: 53.3° | S0ution on PES N/A H20/N> [62]
PES support support.
Glacial acid as catalyst.
T: 0-60 °C 0OD: 0.2t0 0.8 mm
Polyimide HF membrane | P: IMPaG 1D: 0.1 t9 0.7 mm BPDA-f’olylmldes Dry- 1300 GPU H20/N2 59]
Membrane Layer thickness 50- | wet spinning process 100-700
RH: 70%
200 nm
Dry-wet spinning
T:-10to 60 °C . process
HF Membrane . o Tensile Strength: ) 800-3700
PDMS/PAN Composite RH: 0 - 100% 5.85 MPa Dipcoat PAN HF GPU H20/N2 [60]

(Rated: 65%)

membrane in PDMS
Spun at 60 m/min
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2.6.3 Organic-Inorganic Hybrid Membranes

The organic-inorganic hybrid membranes utilize both organic and inorganic materials
either as substrates or as nanofillers.

Zeolite Imidazolate Framework membranes for the air-dehumidification were
synthesized using several methods, including solvothermal, hydrothermal, ionothermal,
and sonochemical synthesis procedures [63]. Tanskyi investigated the in-situ growth of
zeolite crystals on microporous support, resulting in H2O/N2 selectivity of over 1500 [64].

Where the minimum effective water permeance through the ZIF membrane was reported

kmol

to be around 5 + 0.2 x10~®* ———— at 50% RH and 40°C.
kPaxm#xs

Another example of the in-situ growth of zeolite crystals was explored by Xing et al.
The Zeolite-Imidazolate Framework crystals were seeded on top of a 30 um porous nickel

support, creating a three um thin film layer, as seen Figure 13. This formation resulted in

kmol

a water/air separation factor of 300 and water permeance of 6.8x107° - 90%

RH and at 32°C [65].

Zeolite layer
- s ¥

5
v
zpn_‘a.' :
o Porous Ni —-—9
. pé .

Figure 13 - Zeolite crystal growth on porous nickel support SEM image [65]
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Cheng et al. incorporated Hollow-ZIF-8 nanospheres into the matrix of sodium
alginate for dehydration of ethanol. The HZIF-8 membrane displayed a pristine crystalline
structure with a void fraction of 0.705 and a contact angle of 40 to 45°, showcasing strong
hydrophilic properties. The flux was measured using 90 wt.% ethanol at 75 °C. Under these
conditions, a water flux of 2136 g/m?h was reported. The thermal stability of the HZIF-8
membrane suggested it as a suitable candidate for hot and humid climates with showcasing
the ability to remain thermally stable up to 170 °C. The HZIF-8 showcased great promise
for the application of dehumidification through the promise of ethanol/water separation.
With a high void fraction and low contact angle, a commendable permeability is attained.
The morphological analysis showed a 450 nm pristine crystalline layer and visible pores,

as seen in Figure 14 [17].

450 nm

450 nm

450 nm

4 um

Figure 14 - Cross-section imaging of hollow HZIF-8 membrane [17]
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Using TiO2 nanoparticles as fillers in MMM has been used before and discussed in
this literature review. However, Baig et al. investigated using carboxylated TiO2 in a thin
film nanocomposite HF membrane. As this application was not for dehumidification but
the dehydration of flue gas, several tests were conducted to remove water from nitrogen.
Moreover, the modifications to fillers and their impactful performances on polymeric
membranes and their composites can be analogized to other fillers. Baig et al. carboxylated
TiO2 in a reflux condenser and washed the solution with DI water after separation from
centrifugation. The carboxylated TiO2; fillers were mixed in the polyamide membrane,
then interfacial polymerized with a PS membrane. The membrane yielded a mean size of
200 nm or 0.2 um with a contact angle as low as 48 and high as 64. The permeance of the
membrane was as high as 1340 GPU, and the selectivity was around 486. These tests were
conducted a 30°C with a feed flow rate of 1 liter per minute.

Where organic-inorganic composites are concerned, Song et al. studied the effect of
polyester resin as a surface coating on an alumina membrane for water-air separation. The
study was specific to investigating the permeation ratio and permeability of varying
concentrations of the surface coating. The membrane performed consistently across 0 to
100% of relative humidity at 30°C. With the peak permeability at 60% relative humidity
being about 1.3x10 g/min. The study fails to investigate the morphology or other aspect
of the membrane; however, it does provide inside on polymeric coating and its effects. It
is to be noted the permeation ratio peaked around 50% relative humidity and then declined.
This may be due to the active sites of the coating being covered with the permeate

decreasing its effectivity [66].
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Table 5 - Organic-inorganic hybrid air-dehumidification membrane summary table

Membrane | Configuration | Testing Fabrication Performance
. N Morphology N — — Ref.
Details Details Technique Permeance | Permeability Selectivity
In situ
formation
Hydrotherm
ZIF-8in Zeolite T.40°C al Solvosis Water: 5x10°
Silica Imidazolate Zeolite mol/(Pa-m?-s) | H.0/N:
Alumina framework on :Hl SBS‘; N/A Crystal N/A Air: 3x10° >1500 [64]
Support Support et growth mol/(Pa-m2-s)
Silica —
Alumina
support
HzID-8
. prepared
Crystalline through
structure .
ultrasonic
Free volume: | Teatment:
. ’ SA-HZIF-
SA-HZIF- 'F\Ar::'ev(aggri'fc 06410705 | 5 hstrate: 8/PAN: 2458
8/PAN & Polvmer T:75°C Contact Spin-casting N/A g/m?h H20/N2 [17]
SA-ZIF-8 v . SA solution SA-ZIF-8: 2136
Composite Angle: About )
. on PAN g/m?h
40-45
substrates.
Thermal .
. Composite:
Degradation: .
170 °C Interfacial
Synthesis via
Cross-linking
In Situ
Formation
ZIF-8 in Thin Sheet 6.8x10° mol
T:32° H h H H3OH
Nickel Zeolite 32°C | nja ydrotherm 1 54045 GpU | m2Ppat 20/CH:OH | (o)
RH: 90% al Solvosis N 300
Support Membrane R 0.51 kg/m?h
Nickel
Support
Mean pore
size: 0.2 pm Carboxylatio
T:30°C Thickness: n of Ti02:
Carboxylat | Mixed Matrix P: N/A 200 um Condenser
ed TiO; Membrane - . Contact Reflux H20/N2: [67]
RH: N/A 1340 GP N/A
fillerin TFN | Polymer / Angle: 64 to Composite: 340GPU / 486
. Flowrate: N .
on PSF Composite 1LPM 48 Interfacial
OD: 1400 Polymerizati
um on
1D: 1000 pm
TFN - ETS - 1:30°C ,
3 Engelhard | Composite P: 2 Bars Contact Interfacial H20/No: (68]
> Engeln P RH: N/A angle:56to | Polymerizati | 1377 GPU N/A 2=
titanosilicat | Membrane b 346
o-d Flowrate: 59 on
1LPM
Composite:
Dichloromet
T: 10-60 hane
Polyester - N
Dichlorome | Composite ¢ membrane
thane Su FZ)rted on P: N/A coated with [66]
. PP . RH: O- N/A Polyester N/A 0.0013 g/min H.0/Air
Composite Inorganic .
R 100% resin
on Alumina | Substrate .
Support Flowrate: Alumina
pp N/A Membrane
used as a
substrate
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2.7 Polyether amide Membranes

Poly(ether-block-amide) or PEBAX® are thermoplastic elastomers containing
rigid polyamide segments that act as crosslinks to the soft and flexible polyether segments.
The polyether segments act as entropic springs, lowering the glass transition temperature
below the room temperature. The application of Pebax varies from the different
applications based on the chemical composition of the polymer, which determines the
physical and chemical properties. These applications can vary from medicine, sporting
goods, automotive industry, fragrance carriers, and breathable structures. The hydrophilic
Pebax resins, which allow the fabrication of breathable structures, have also been shown
to be promising in separating light gasses [69]. A few of these breathable Pebax structures
are commonly known as Pebax 1074, 1657, and 2533. The structures and content of

hydrophilic functional groups such as ether, amine determine their hydrophilicity [70, 71].

Table 6 - Polyether and polyamide content in various grades of breathable Pebax

Grade of Polyether Polyamide
PEBAX® Polyether phase content Polyamide phase content Ref.
(wt.%) (wt.%)

PEBAX® MH . —(NH—(CH2)11-CO)n-
1074 —(CH2—CH2—O)n-poly(ethylene oxide) 55 polyamide 12 45 [69]

PEBAX® MH ) ~(NH—(CH2)5—-CO)n-
1657 —(CH2—-CH2-O)n-poly(ethylene oxide) 60 polyamide 6 40 [70]

® —(CH2-CH2-CH2-CH2-O)n- —(NH—(CH2)11—CO)n-
PEBAX"2533 poly(tetramethylene oxide) 80 polyamide 12 20 [70]

For instance, the use of Pebax membranes in dehydration rather than
dehumidification was explored by Sijbesma et al. [20]. They utilized block
copolymerization of sulfonated polyether ether ketone (SPEEK) for water removal from

flue gas. SPEEK, SPES, and Pebax are commercially available polymeric materials that
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have shown outstanding performance in selectivity and permeability, as shown in Figure
15. The SPEEK polymer was compared with commercial Pebax 1074 by comparing the
permeability of water in both instances and the rejection of nitrogen. The resulting

permeability of water reported for SPEEK and Pebax 1074 membranes were

4.9x10° Barrer and 2x10%Barrer, respectively. Which translates
to 1.45x10710 KU ang 6,7x107 1t <2 without considering the thickness of
KPaxm#xs KPaxmZ2xs

the membranes. The 12 ¢cm? membranes were tested under 2.5 bars of pressure and at
3
50°C, with a flowrate of 1.5x106%at standard temperature and pressure. Validation

with field tests yielded good promising results as well [20].
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Figure 15 - Selectivity and water permeability performance of commercial polymer adapted from
Sijbesma et al. [20]
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A study on gas separation undertaken by Rahman et al. focused on the effect of
polyethylene glycol-polyoctahedral oligomeric silsesquioxanes (PEG-POSS) in matrices
of Pebax 1657 and 2533 for gas separation. The focus component was mainly on carbon
dioxide separation from air, oxygen, methane, and hydrogen. Due to the addition of PEG-
POSS in the matrix, the diffusion and solubility coefficients for carbon dioxide increased,
as seen in Figure 16. As a result, the selectivity of carbon dioxide to nitrogen, oxygen,

methane, and hydrogen also increased [71].

- Diffusion Coefficient of CO, -+ Solubility of CO, +CO,IN, =CO,/0, +~CO,I/CH, +CO,MH,
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Figure 16 - Effect of PEG-POSS in Pebax matric for carbon dioxide separation [71]

Topography study of pristine Pebax 1657, depicted in Figure 17, showed the
maximum roughness to be around 182 nm, with the square root mean roughness around
18.1 nm. Moreover, with the addition of 30 wt.% PEG-POSS, the maximum roughness
and square root mean roughness of the mixed matrix increased to 304 and 43.6 nm,
respectively [71].

Another gas sweetening study was carried out by Aziz et al., where they used
Pebax 1074 as a matrix to incorporate various fillers with a focus on TiO2, SiO2, and
Al203. The membranes were fabricated via solution casting using a 6 wt.% Pebax

concentration. The permeability of CO2 increased from 110 Barrer to 147, 152, and 162
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for the 8 wt.% nanoparticle loading of TiOz, SiO, and Al20s, respectively. The general
increase in loading led to an increase in the permeability of CO». Similarly, the selectivity
of CO2/CHjs also increased from 11.09 for neat Pebax to 13.18, 12.28, and 14.24 for 8

wt.% loadings of TiOz2, SiO2, and Al.Og, respectively [72].

d 350.0nm

0.0 10.0um 0.0 10.0um

Figure 17 - AFM analysis for roughness on a&b) 3D and 2D scans on pristine Pebax, c&d) 3D and 2D
scans on 30 wt.% PEG-POSS/Pebax MMM [71]
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Figure 18 - Permeability of carbon dioxide with the loading of various nanoparticles [72]

In the morphological analysis, it was visible, as shown in Figure 19, that a good
distribution of nanoparticles (TiO2) was present in the cross-section imaging via FE-SEM.
The balanced and well-dispersed nanoparticles are why the nanoparticles' loading helped
the permeability and selectivity of the membranes [72].

In addition to other Pebax and gas sweetening studies, Sridhar et al. investigated
the effect of 4A zeolite loading in Pebax 1657 mixed matrix membranes for gaseous
separations. The membranes were fabricated via solution casting with various loadings
from 5 to 30 wt.% in an ethanol/water solvent. With the loading of 4A zeolite, the
permeability of carbon dioxide was enhanced from 71.4 to 155.7 Barrers, whereas
methane’s permeability was enhanced from 2.2 to 19.6 and oxygens from 5.8 to 17.9. The
ideal loading resulted in 10 wt.% of zeolite, improving carbon dioxide/methane selectivity

from 54.1 to 94.2 [73].
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Figure 19 - Cross-section imaging of Pebax mixed matrix membranes with 2, 4, 6 & 8 wt.% loading [72]

Table 7 - Summary table of polyether amide membranes used for gas separation

Membrane Configuratio Testing Morphology Fabrication Performance Ref
Details n Details Technique Permeability Selectivity )
PEBAX 1074 - Block T: SObaCr, P:1 Sulfonation of SPEEBKB':S?OOO Water/Flue
Sulfonated Copolymer N/A PEEK and Gas 20
PEEK Coﬁwpisite RH: 0-60% / PEBAX 1074 PEBAX 1074: o
1.5x106STP/hr 200000 Barrer
Roughness
Max: 182 nm
Pebax 1657 - 30 | Mixed Matrix T:30°C Solution
Wt.% PEG-BOSS | Membrane P:1Bar R-Square Casting 150 Barrer CO/N2:50 | [71]
Mean: 18.1
nm
Roughness
Pebax 2533 - Mixed Matrix T:30°C Max: 182 nm lution
! Mean: 18.1
nm
Pebax: 110 CO2/N3
Pebax 1074 - Mixed Matrix T:30°C N/A Solution Barrer Pebax: 11.09
TiO, Membrane P: 1 Bar Casting 8 wt.% TiO2: 8 wt.% TiOa: (72]
147 Barrer 13.18
CO2/N2
Pebax 1074 - Mixed Matrix T:30°C Solution 8 wt.% Al,0s: Pebax: 11.09
AlLO3 Membrane P: 1 Bar N/A Casting 162 Barrer 8 wt.% Al,Os: (72]
14.24
o .. CO:/N2
Peba;§01§)74 ) Mixed Matrix T:30°C N/A Solution sl\gééja?lrg:' Pebax: 11.09 (72]
Membrane P: 1 Bar Casting 8 wt.% Si02:
12.28
CO,: 155.7
Pebax 1657 - 4A | Mixed Matrix T:30°C Solution Barrer CO2/CHa
Zeolite Membrane P: 1 Bar N/A Casting CHa: 19/6 94.2 (73]
0,:17.9
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2.8 Graphene-Based Membranes

GO produced by Tour’s method (Improved Hummers Method) shows enhanced
performance as a separation material. Petukhov (2019) used spin-coated GO on porous
anodic aluminum oxide to synthesize a membrane for dehumidification, as shown in the

schematic of Figure 20.

Figure 20 - Schematic drawing of GO dispersion on porous anodic aluminum oxide via spin coating [74]

Pethukhov reported excellent results for dehumidification at the most practical
conditions of 80% relative humidity and nearing atmospheric pressure of about 1 Bar.
Moreover, with large area membranes of 1400 cm? to 33000 cm?, the ease of fabrication
is highlighted with the possible upscaling. High selectivity of over 13000 with water
permeance of 1.4 m3/m?hr was reported at 298 K and 1 Bar testing conditions. Pethukhov
determined flake size to be a decisive factor in producing the best result, stating that
medium-sized flakes of GO showcased the best performance. The morphology of the
membranes was typical of that of flat-sheet membranes, with minimal roughness. The
consistent pore forms visible in the cross-section predict why the membrane has good

consistent performance across the membrane sheet, as seen in Figure 21 [74].
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Figure 21 - Cross-sectional imaging via SEM of GO spin-coated membrane on porous aluminum oxide.

Another study of GO used as a nanofiller to enhance the properties of membranes was
showcased by Baig et al., who incorporated GO and GO-TiOz (3:2) into polysulfone (PS)
ultrafiltration membrane creating a mixed matrix membrane. The author determined the
size of nanoparticles to be 70 nm using TEM and the contact angle to be around 72 for the
GO-TiO: fillers and 53 to 88 for GO fillers. As the loading of GO increased, the contact
angle decreased, causing hydrophilicity, whereas the GO-TiO: fillers had the opposite
effect after two weight percent.

In terms of thermal stability, the initial degradation of both membrane sets was at 150
°C, possibly due to the PS membrane. The H>O permeance and H2O/Nz selectivity of both
fillers were investigated. GO-TiO2 nanofillers outshone the GO nanofillers in both
categories; for selectivity, GO-TiO2 had a higher selectivity of 910 compared to 690 of
GO. For permeance, the GO-TiO> had higher permeance of 2820 GPU to GO fillers 2500
GPU. The varying nanomaterial concentration because of water vapor permeance was
summarized in Figure 22. The permeance and selectivity were measured at 30 °C, with the

environment of the membrane completely dry before testing. The selectivity and
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permeability are somewhat lower than other organic and inorganic membranes, but the
ease of replication and affordability of fabrication supported through characterization
gives a strong validation for this work. Perhaps a study with other fillers incorporated with

GO in a polymer mixed matrix could yield different promising results [67].
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Figure 22 - Nanomaterial filler concentration of GO and TiO; in the membrane impacting water

permeance [67]

Another study investigating the effect of GO in the performance of Pebax 1657-GO
mixed matrix membrane (MMM) was conducted by Akhtar et al. The MMM was coated
on polyacrylonitrile support with varying concentrations of GO loading from 0% to 2.0%.
Moreover, two different thicknesses of a single layer and 5-layer sheets of MMM were
tested. The results showed outstanding H2O/Nz> selectivity of up to 80000 with the highest
GO loading of 2.0 wt.% and 5-layer MMM. The permeability of 1.96x10° Barrer was
observed at its highest for a single layer membrane. The consequent trend between GO
concentration, water permeability, and selectivity is shown in Figure 23 for 1-layer and 5-

layer membranes. Despite these promising results, a further area of improvement
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regarding the preparation of GO could be done. Moreover, the lack of clarity of one single
membrane optimal for both selectivity and permeability were missed. Hummer's method
was used to synthesize GO. This outdated method produced GO with less oxygen content

than the novel Tour's method, which would enhance the membrane performance [75].
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Figure 23: Effect of GO loading on permeance and water/nitrogen selectivity in single and five layers GO
coating [75]
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Table 8 - Graphene-based air-dehumidification membranes summary table.

. I Membrane Performance
MeDmbr.Iane Configuration T;Sthg Morphology Ifrab:ca‘ttlon Ref.
etails etails echnique Permeance Permeability | Selectivity
GOon Free Standing Spin Coating
Aluminum Membrane on T:N/A and Pressure-
) . P: 1 Bar N/A ) N/A 1.4 m3/m2h H20/N2 [74]
Oxide Aluminum RH: 80% assisted
Support Oxide s filtration
GO prepared
T:20-35°C by Hummers.
) - . Thermal . . H20/N2
Pebax.1657 Mixed Matrix Pressure: 1 Degradation: Mixed matrix 34000 GPU 196000 10,000 (75]
- GO Filler Membrane Bar 150 °C membranes: Barrer 80,000
RH: N/A Dip coating of !
Pebax 1657
Average Flake | GO: Improved
Size: 20-40 Hummer’s
Free Standing | T:30°C um method . H,0/N2
o Membrane RH: 80% Membrane Slurry spread 1.82x10° GPU [ N/A 1.00x10* (58]
Thickness: 60 | out on a glass
um bar
70 nm NP,
mszf:;To .| Go-Titanium HO/N
GO PROIOBY" | oxide 3:2 Ratio . 20/
) o 669 nm . GO: TiO2-PS: GO: TiO2-
&GO/TiO: T:30°C Composite:
Filler -TeN | MMM RH: roughness interfacial 2820 GPU N/A Ps: 910 [67]
on Composite Var.iable Contact angle olvmerized GO-PS: 2500 GO-PS:
GO: TiO2-PS: p. v GPU 2500 69
Polysulfone 72° with
GO-PS: 88- Polysulfone
53°

2.9 Graphene Oxide (GO)

GO consists of planar sheets of graphene with the attached oxygen groups in the
form of epoxy, hydroxy, and carboxyl groups on the edges and surface of the basal planes
[21]. The structure of GO has been predicted to be repetitive and have a stackable nature,
much like graphene and graphite. Recent studies have shown hydrogen bonding between
these layers. The abundance of epoxy, hydroxy, and carboxyl groups enhances the
hydrophilic properties of GO. The bonds in question to be investigated in a GO molecule
can be typically found in the form of C-C, C-O, and O-C=0 at 284.8, 286, and 288.5 eV,
respectively in a high-resolution x-ray photoelectron spectroscopy (XPS) scan for carbon.

Similarly, for the high-resolution oxygen scan, C=0, C-O, and H-O-C peaks are
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commonly found at 540, 532, and 534 eV, respectively. These peaks can be shown in a
typical high-resolution deconvoluted graph, as shown in Figure 24 [76]. The presence of
such chemically reactive oxygen-based functional groups allows chemically
functionalizing GO to enhance selected properties [77]. The existence of GO was first
reported by Schafaeutl (1840), and over time the applications and synthesis techniques of
GO from graphene have evolved [78]. GO has many modern-day applications, including
transistors, sensors, polymer nanocomposites, and electrodes. These applications are
helped by the base material graphite's excellent thermal and electrical properties [79].
2.9.1 Synthesis of GO

Brodie first introduced the chemical synthesis of GO in 1859. Brodie trained the
synthesis of GO by preparing a slurry solution of graphite flakes in hot nitric acid, which
is then oxidized after adding potassium chlorate [80]. In 1898 Staudenmaier improved the
methodology by introducing sulfuric acid in the slurry solution, which enhanced the
oxidation process. Another modification introduced by Staudenmaier was the drop-wise
addition of potassium chlorate as opposed to the one-time addition. This oxidizes the
graphite flakes at a higher rate [81]. In the 20th century, a revolutionary technique was
introduced by Hummer (1958), which included the oxidation of graphite by potassium
permanganate, sodium nitrate, and concentrated sulfuric acid. Hummer’s method was one

of the most used methods for producing GO and reduced production costs. [82].
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Figure 24 — High-resolution C1s and O1s scans of successfully synthesized GO [76].

The latest popular technique introduced was the improved Hummer’s method,
introduced by James Tour in 2010, introducing phosphoric acid instead of sodium nitrate.
This change reduces the toxicity of the solution as toxic gasses such as nitrogen dioxide,
dinitrogen tetroxide is released in the method introduced by Hummer, which is absent in
the synthesis provided by Tour’s approach. Moreover, it is also safer as combustible

gasses such as chlorine dioxide are not released anymaore [83]. The GO sheets' size is much

larger than the Hummer’s and modified Hummer’s method, as shown in Figure 25.

Figure 25 - Size of GO sheets produced by A) Hummer's Method B) Modified Hummer's Method and C)
Improved Hummer's Method (Tour's) [83]
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2.9.2 Functionalization of GO

The presence of oxygen-rich functional groups in hydroxyl, epoxy, and carboxyl
groups allows the possibility of further chemically reacting GO and introducing new
functional groups to enhance selected characteristics [77]. Adding fillers has proven to
improve the performance of membranes; these fillers include GO and titanium dioxide.
Moreover, the modifications of fillers by addition functional groups best suited for the
application can improve the overall performance of the membrane. GO is a promising
filler for membranes with water-based applications due to oxygen groups, improving
hydrophilic properties in whichever matrix. GO can be further functionalized to enhance

the properties of GO and enhance the performance of the filler.

2.9.3 Sulfonation of GO

Sulfonation of GO is a promising functionalization used to enhance the hydrophilicity of
GO. The sulfone group consists of two oxygen bonds attached to sulfur between two
different alkyl groups. The introduction of two oxygen bonds replacing a hydroxyl bond
holds the potential to improve the hydrophilicity as the sulfone groups have more sites for
hydrogen bonding to occur. Sulfonation of GO can be done in various ways; the three
methodologies found in the literature were a) reacting GO with sulfanilic acid and sodium
nitrate after reducing GO by sodium borohydride, b) reacting GO with sulfuric acid and
methanol, and c) reacting GO with sulfanilic acid in a mixture with N-Hydroxy
succinimide (NHS), 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) and

Hydrochloric Acid (HCI).
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Figure 26 - Grafting of sulfanilic diazonium salt on GO adapted from Oger [76]

The reaction of GO with sulfanilic acid and sodium nitrate in the presence of
sodium borohydride is the most popular and successful method for the sulfonation of GO.
The mechanism of this sulfonation technique can be simplified to the grafting of the
diazonium salt on the carbon ring. The sulfanilic acid and sodium nitrate make the
diazonium salt, and the borohydride helps open the carbon rings and attach the sulfonate
group. Typically, the dry GO solid is dissolved in water and sodium borohydride and is
sonicated at a high frequency to separate the GO sheets. Next, the diazonium salt is mixed
in 1M hydrochloric acid and is also sonicated. Later the GO solution and diazonium salt
are mixed and sonicated at low temperatures, then left for mixing or bath sonication for
12 hours. In some instances, it was uncommon to find the addition of diazene dropwise
over 3 hours. A schematic of this reaction can be seen in Figure 26 [84-86]. Although this

process returns sulfonated GO, the initial step to reduce GO reduces the potential
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hydrophilicity. In a study by Oger et al., the sulfonation without sodium borohydride
yielded a more hydrophilic product. Therefore, this should be the recommended
methodology for the requirement of high water permeance [76].

The second methodology frequently used for the sulfonation of GO can be shown
in work published by Kang et al. The reactants of 15mL of 0.5M sulfuric acid were mixed
with 20mL of methanol to react with 1g of powdered GO. Next, the mixture was sonicated
for 1 hour and was left to dry. The simplistic procedure grants much praise for this
methodology as it promises repeatability and eventual upscaled production [87]. However,
this methodology has demonstrated low yields of sulfonation.

A third methodology is described by Zhang et al., who utilized sulfanilic acid to
sulfonate the GO. Zhang et al. followed a procedure where 200mg of GO was dissolved
in dimethylformamide (DMF) and sonicated for 3 hours. In the mixture, 0.68 g of N-
Hydroxy succinimide (NHS, 1.15 g of a 1-Ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC) and Hydrochloric Acid (HCI) mixture were added and stirred for 2
hours. After the stirring was complete, 0.76g of sulfanilic acid was added and left to react
for 24 hours. The entire process was done at room temperature. It did not use a lot of
extreme temperatures or pressures, albeit the use of several reagents makes it a complex
process to replicate. [88].

Several analysis techniques can be used to determine the success of sulfonation of
GO, such as X-Ray Photoelectron Spectroscopy, X-Ray Diffraction (XRD), and Fourier
Transform Infrared (FT-IR) and Raman scan. To confirm the successful sulfonation by

XRD, Vinothkannan et al. and Brahmayya et al. showed that the peak shift could
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determine a successful sulfonation of GO. Initially, the GO is shown to have a peak at ~
12.7 (26), whereas the sulfonated GOs peak occurs later after 26.5 (26). The XRD pattern
of both substances will indicate possible sulfonation. Moreover, via XPS, a successful
sulfonation can be determined in the atomic percentage of sulfur determined by elemental
analysis of the scanning electron microscope’s energy-dispersive Xx-ray Spectroscopy
analysis. A significant atomic percentage of sulfur indicates successful sulfonation.
Brahmayya et al. reported 8.2%. Another aspect of XPS that can be used to determine the
success of sulfonation can be described by Zhang et al., where the XPS showed a peak at
167.75 eV on the survey scan, showing a presence of sulfur-2p bonding.

Moreover, bonding at 286 eV in the high-resolution carbon scan showed a CN bond and
at 289 eV of C(O)N. The inclusion of these peaks broadened the peaks of the high-
resolution carbon scans compared to the non-functionalized GO. It can determine if the
GO is functionalized or not. With FT-IR, Kang et al. and Zhang et al. determined if GO
was successfully functionalized. Zhang et al. used FT-IR analysis to confirm the peaks at
1173, 1123, and 1036 cm™* which showed the presence of sulfonic groups and, therefore,
a successful functionalization of GO. Moreover, with Raman scan, Kang et al. used the
Raman scan to confirm the sulfonation of GO, confirming a shift in the D and G band
from 1352 and 1598 cm™ to 1341 and 1595 cm™. The high Id/Ig ratios of 0.997 and 0.999

of GO and SGO, respectively, show that the GO structure was not impaired.
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Figure 27 - Typical XRD result for GO, Functionalized GO, and Graphite [76]

2.9.4 Amine functionalization of GO

The functionalization of GO with amine groups introduces the possibility of
adding nitrogen atoms, which should increase GO's hydrophilicity as water can form
hydrogen bonding with oxygen and nitrogen. Several methods and materials containing

amine groups can help with the functionalization of GO. These include but are not limited

to various forms of urea and polyamines.

Amine functionalization of GO by urea has succeeded in enhancing the
hydrophilic properties of GO. A method used by Naser et al. entailed dispersing 0.5 g of
GO in DMF followed by sonication for the separation of the GO sheet separation. 0.6 g of

10 mM of urea was added shortly after, and the solution was sonicated at a high frequency
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for 30 mins for better initiation [89]. Moreover, Zheng et al. proposed a methodology
where the urea was added to the GO slurry and resorcinol, which is left for stirring until a
homogenous solution is achieved. Next, a dropwise addition of hydrochloric acid was
followed until the solution pH was between 2 or 3. The solution was then reacted at 60 °C

for 3 hours [90].

COOHQ COOH cooH

1-sonication for 30 min

+ ~C—NHy
HOOC COOH HzN-C—hH, 2- MW (120 W) for 30 min ,

HOOC  COOHOH

Figure 28 - Chemical Reaction of GO Reaction to form Amine-Functionalized GO, adapted from Naser et
al. [89]

Another methodology of adding amine groups to GO consisted of adding
polyamines. Xu et al. (2010) report their method synthesizing poly dopamine-GO
functionalization by adding mg dopamine hydrochloride to 100 mg solid GO in 200 mL
of 10 mM tris-Cl solution. The solution was followed by ultrasonication to separate the
GO sheets and then reacted at 60 degrees Celsius for 24 hours [91].

Identifying the functionalization of GO by the addition of amine groups can be
determined by various analysis methods. The Raman spectra widely reported in the
literature that the functionalized GO has the 2D bands at 2915.83 and 2935.05 cm™* for the
amine-functionalized and thiourea functionalized GO. Previously, the GO D and G bands
were present at 1359.57, and 1602.48 cm™ respectively which shifted back to 2340.35
and 1592.87 cm™ for the amine-functionalized GO and 1349.96 and 1592.87 cm™ for the
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urea functionalized GO.

Another technique used to analyze the functionalization of GO was the energy dispersive
x-ray analysis (EDX), where about 4.27 atomic percentage of nitrogen was found in the f-
GO. For Urea, the atomic percentage of nitrogen found was 4.30 %, with 3.83 atomic %
of sulfur. In XRD, the amine-functionalized GO showed new peaks at 25.10 (26) and
24.43 for the urea-functionalized GO. Using Scherrer's equation, the calculated crystalline
size of the amine-functionalized GO and urea-functionalized GO was 2.77, and 0.48 nm

compared to the 7.28 nm GO crystal, proving the de-stacking of GO upon grafting [90].

2.10 Conclusions

While looking at the membrane-based air-dehumidification modules, vacuum

sweep dehumidification due to its simplistic design, easy application high COP
performance proved to be the best. Vacuum-based air-dehumidification modules were up
to 97% efficient, providing a maximum energy savings of 26.2% compared to other
modules. Moreover, high water permeance of 11900 GPU has also been reported, making
it ideal for membrane-based air-dehumidification cooling (
Table 2). On the other hand, the high maintenance and specific application of proton-
exchange membranes made it challenging to adapt to the purpose of air-cooling.
Moreover, desiccant-based systems showed to be slightly poorer in performance, with low
water removal and a comparable efficiency of 30%. However, their use of liquid
desiccants is a deterrent due to the possible health issues and complexity of handling
associated with the desiccants.

Next, the air-dehumidification membranes showed high permeance as the key
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factor, where graphene-based and Pebax-based membranes had high permeances of up to
34000 GPU. In addition, the incorporation of nanofillers such as GO enhanced the
membrane's properties and, consequently, improved its performance. Similarly, the
possibility of functionalizing nanofiller, such as GO, to make them more hydrophilic
enhances the overall air-dehumidification performance. Thus, adding sulfone groups is
highly recommended. Moreover, another alternative like functionalizing with amine

groups is also an added possibility.
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CHAPTER Il

3. Research Objectives and Methodology

3.1 Research Objectives

This thesis aims to fabricate, characterize, and test novel polymeric air-
dehumidification membranes for air-cooling applications. Both freestanding and
supported composite membranes will be developed. Polyether block amide will be used
as the matrix of the active layer to fabricate free-standing and supported mixed matrix
membranes containing sulfonated GO as hydrophilic filler.

The following steps are executed to achieve such an objective:

1. Synthesis and sulfonation, and characterization of GO

2. Membrane Fabrication and characterization
a) PES-MMM containing SGO.
b) Freestanding Pebax and Pebax-MMM containing SGO.
c) Pebax and Pebax-SGO supported on PES-MMM.

3. Performance testing under air-dehumidification conditions.

3.2 Research Methodology

The multi-step process of fabricating membranes consists of preparing the fillers, the
membrane matrix, and their respective composites. Initially, GO is identified as the main
filler to be investigated. GO is synthesized using the Tour’s method introduced by Tour et
al. GO functionalized by adding sulfone and amine groups to enhance the fillers

hydrophilic properties. The GO and functionalized GO are thoroughly characterized and
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assessed on the success of the intended functionalization. The nanofiltration matrix of the
PES membrane was prepared with various f-GO loadings. These fabricated membranes

are tested for water permeance and water/nitrogen separation.

Test the air-

Synthesize & Functionalize & Incorporate f-GO dehumidification

Characterize Characterize f- in PES - MMM Coat the MMM

with Pebax

perofmance of

Graphene Oxide GO and Characterize TFC Membrane

Figure 29 - Flow diagram of research methodology

3.3 Materials

To synthesize GO and sulfonated GO, 100 um graphite flakes, 98% concentrated
sulfuric acid, 95% phosphoric acid, 35% hydrochloric acid, ethanol, n-methylpyridine,
potassium permanganate, sodium nitrite, and sulfanilic acid were procured from Sigma-
Aldrich. Other chemicals such as 35% hydrogen peroxide and butanol were acquired from
Merck Millipore. The polymer for the support membrane, i.e., PES, was supplied by
Snyder Filtration in powder form. A hydrophilic grade of polyether block amide (Pebax

1074) was purchased from Arkema, the leading commercial manufacturer of Pebax.

3.4 Synthesis of GO

GO is synthesized using the improved Hummers method or Tour’s method presented
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by James Tour et al., where about 1 gram of graphite flakes are added to a 120/13.5 mL
mixture of concentrated sulfuric acid and phosphoric acid. The mixture is left to reach a
natural exotherm while stabilizing the temperature around 40 °C. After the natural
exotherm is reached and stabilized after approximately 60 minutes, potassium
permanganate is added, producing another exotherm. Twelve hours after adding potassium
permanganate and controlled temperature at 50 °C, the GO solution is cooled to room
temperature before being quenched on 200 mL deionized water ice. After the solution has
been quenched, hydrogen peroxide is added dropwise until the color of the solution
changes. Next, the mixture is washed twice with 30% hydrochloric acid, followed by two
washes of 30% ethanol. The washing with DI water, followed by centrifugation at 4000
RPM for 4 hours, continues until the pH of the supernatant reaches the DI water pH, i.e.,

~7. The solution is freeze-dried for optimum use.

3.5 Functionalization of GO

The prepared GO is functionalized by grafting sulfone groups to enhance GO
hydrophilicity. The sulfonation was carried out by reacting diazonium salt of sulfanilic
acid and sodium nitrate, where the grafting occurs with the help of the borohydride
catalyst. GO of 6 mg/mL in DI water was dissolved with 1g sodium nitrite for 280 mg GO
with 800 mg of sulfanilic acid. The mixture is heated up to 60 °C and left for a reaction
for 12 hours. After the reaction is complete, it is left to cool down to room temperature,
and thorough washing with DI water and centrifugation is done until the pH of the solution

is above 6. The sulfonated GO solution is freeze-dried.
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Figure 30 - Simplified process diagram of sulfonation of GO

3.6 Material Characterization

The synthesized and functionalized GO are characterized to see graphite flakes'
successful oxidation and functionalized GO. The characterization techniques used to

characterize the functionalized GO are discussed in the following sections.

3.6.1 Crystal Structure of GO

XRD allows investigating the complete sample throughout its volume with
specific relation to the crystal structures, including the lattice spacing, the crystals' size,
the crystals' orientation, and possible defects. The scan over a range of 5° to 70° at a set
wavelength [92].

The XRD of the GO prepared by Trour’s should have a peak at 20 = 11,
corresponding to the (001) plane, whereas any reduced GO would cause the peak to be
broadened and shifted to 26 = 25. Similarly, all functionalized GO tends to have the same

initial peak (001) at 26 = 11, although broadening, indicating exfoliation and smaller
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crystal size [92, 93].

The interplanar distance (d) known as d-spacing between the particle can be
calculated by Bragg’s law which is given by:
2d sin(@) = nA (11)
Where the lambda is the x-ray wavelength, and theta are the angle where the peak is
observed. The interplanar distance of the graphite from its raw material to its form in GO
should increase up to at least 7A [94].

Moreover, the distance of the crystallite size can be found using several equations.
One of these models that tend to be more accurate with organic mimicking crystals is

Scherrer’s equation given by [95]:

KA
L= [ cos(6) (12)

3.6.2 Elemental Analysis of GO

X-ray photoelectron spectroscopy is an analysis technique that can identify
elemental components present on the surface. XPS analysis has a limitation of only being
able to characterize the sample's surface as the penetration of the x-rays is limited to 2-5
nm deep. In XPS, the sample is exposed to a continuous array of electrons with x-rays,
which leads to excite the surface and, as a result, emits photoelectrons. A detector absorbed
these photoelectrons, which indicated the respective binding energies associated with
different elements and their respective states. A combination of such drawn an ability to
quantify the elements present on the sample's surface [96].

In GO and functionalized GO, the contents may vary slightly depending on the

attached functional group. In a low-resolution survey scan, a carbon C1s and oxygen O1s

62



ratio measurement should allow for quantification. The deconvoluted higher resolution
scans on the carbon C1s region and oxygen O1s region enable further investigation of

which bonds are present and prove the successful synthesis of the desired product.

3.6.3 Surface and Cross-Sectional Imaging

SEM is an imaging surface characterization technique that allows analysis of the
sample morphology. In addition, using energy dispersive x-ray scattering (EDX), SEM
also uses electron beams under the vacuum, which bounce off the material's surface and
are detected back as an image [97]. The surface structure and layering sizes can visually
characterize the differences between GO and functionalized GO. Using a diluted sample
of GO in a volatile solvent can visualize the lateral size of the said GO sheets. The sheet
sizes of GOs successfully synthesized using Tour’s method are large, therefore, more

significant than 200 nm to 500 nm in size [98].

3.7 Fabrication of PES Mixed Matrix Membranes

The PES MMM are fabricated with different loading of the f-GOs. The PES solution
itself consists of 17.5 weight % PES, 5 weight % PVP, and the balance of NMP. All are
added and left for mixing till a homogenous solution is achieved for 48 hours. Different
loadings are determined by adding f-GO over the polymer weight from 0 to 0.2% loadings,
including intervals at 0.05, 0.1, and 0.15%. 15mL of each loading of f-GO is prepared and
are transferred in 20mL small bottles. The f-GO — PES solution is stirred until a
homogenous solution is achieved for 24 hours. The solution is then probe sonicated for 15
minutes, followed by 15 minutes of degassing.

The f-GO-PES solutions are ready to be cast. A water bath of about 1L of DI water
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is prepared, and a two-compartment knife of the thickness 150 um is used. The solution
is poured into the knife compartment on a clean glass plate and spread evenly using a
membrane casting machine at 1 m/min speed. After 30 seconds, the glass plate is
immersed into a water bath to fabricate the membranes via phase inversion. The fabricated
membranes are rolled up carefully and placed in containers filled with DI water which is

replaced every day for three days to ensure all pores are formed completely.

17.5 wt.% PES, 2.5 wt.% f-GO addition of 0.05 to 0.4
PVP in NMP wt.%

Phase inversion in water
bath

PES Support Ready

Figure 31 - Simplified process of making PES membrane.
3.8 Fabrication of Free Standing and Supported Pebax Membranes

3.8.1 Fabrication of Free Standing Pebax Membranes

Free-standing or dense Pebax membranes were prepared via solution casting. A 5
wt.% Pebax solution is prepared by drying the Pebax 1074 pellets in the oven at 60 °C for
8 hours to remove any adsorbed moisture and dissolved in butanol at 80 °C for 4 hours

until a homogenous solution is obtained. Then the Pebax and S-GO/Pebax solutions are
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cast on a PVA-Teflon plate using a casting knife thickness of 250 pum.

3.8.2 Fabrication of Asymmetric Pebax Membranes

Using the hydrophilic grade of polyether block amine (Pebax-1074), the film
composite membrane is prepared. The preparation starts with drying the Pebax 1074
pellets in the oven at 60 °C for 8 hours to remove any captive moisture. Next, the dried
pellets are mixed in a 0.5-weight percent solution in a round bottom flask with 100% 1-
Butanol solution are mixed under reflux at 80 °C for 4 hours until a uniform solution is
obtained.

The previously fabricated mixed matrix membrane of polyether sulfone —
functionalized GO is secured on a Teflon plate by taping the edges. Then, the Pebax 1074
solution prepared in butanol is air-sprayed onto the secured PES-MMM, giving it two

coats. The dried result yields a composite membrane to be used for air-dehumidification.
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Figure 32 - Process diagram of applying Pebax 1074 on PES support to produce the TFC membrane.

3.9 Membrane Characterization

The membrane characterization is necessary to observe the morphology and
characteristics of the membrane and their relation to the application. Membranes for air
dehumidification require membranes with smooth surfaces, hydrophilic properties, and
good mechanical properties. For these investigations, the following characterization is

undertaken.
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3.9.1 Membrane hydrophilicity and wettability

The contact angle measurement allows investigating the angle of a water droplet
at the surface of the membrane. Hydrophilic membranes produce smaller contact angle,
therefore predicting that the membrane surface is water friendly. This is an early indicator
of how the membrane would result in the tests such as water permeance and fouling. The
contact angle is conducted by cutting equal strips of the membrane and are attached to the
microscope slide by carbon tape. The contact angle machine disperses a drop of water on
the membrane surface, and a camera captures the image and the angle. The measurements
are repeated for different strips, and the averages and standard deviations are calculated.
A hydrophilic air-dehumidification membrane should have very low contact angle. A
contact angle of 53° was obtained by incorporating GO in the polysulfone matrix [67].
3.9.2 Membrane Topography and Surface Roughness

The AFM is a technique that investigates the surface topography of the membrane.
The analysis provides 3D imaging of the surface structure, which indicates how smooth
the surface of the membrane is. The surface's roughness resonates with the membrane's

hydrophilic properties and fouling tendencies [99].

3.10 Performance Testing

Testing the performance of air membranes is carried by measuring the water and

nitrogen permeance and the corresponding selectivity.

3.10.1 Water Permeance and Selectivity

The air dehumidification performance of the membrane is tested at specific relative
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humidity with selected pressures of the inlet feed. The whole setup consists of an air
dehumidification module with a humidity controller. The module follows the process
developed by Culp [8]. The inlet air is humidified and enters the membrane cell. The
membrane cell rejects the dry air, and the water vapor passes through the permeate side,

which is helped by the vacuum pump, as shown in Figure 33.

Working membrane

Humid air / Dry air

_— i e — 2 5

pVGC

Vacuum pump
(a) Pomp=1atm

Figure 33 - Vacuum-Dehumidification set up flow diagram adapted from Bui et al [11]

The water permeance in the membrane can be calculated by the difference in the relative

humidity in and permeate, respective to in inlet water content. Permeance J has the units

of m’?:;a and can be calculated from equation 5:
, i
Juzo = —o— (5)

A-(APH20)im

Moreover, another critical parameter that translates a membrane's performance is
the separation factor between water and air, comparing the amount of water and air in

the permeate side against the retentate side. This can be calculated from equation 6:

S = (M) (M) (6)

NHZOrR Nair,P
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3.10.2 Nitrogen Permeance

Nitrogen permeance demonstrates the ability of air to permeate through the
membrane sample, indicating if the separation between water and air is possible. As one-
half of selectivity, nitrogen permeance can be calculated through the time-lag method
while using a dead-end cell and pressure gauge.

As per the constant volume-variable time calculations, the dead-end cell connected
to a nitrogen cylinder will be pressurized to 4 bars; the permeation of nitrogen over time
will be noted with a closed supply. The calculations of the nitrogen permeance can be

given by equation 10:

Vi1 1 dpPg [ mol ] (13)

Py =
M, A RT Pi—Pp dt  Llm2.bars
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Chapter IV

4. Results and Discussion

4.1 Characterization of GO and Functionalization of GO

4.1.1 Elemental and Chemical Composition Analysis

The elemental composition and chemical structure of GO and sulfonated GO were
characterized via XPS and EDX. The quantification of the elemental composition of GO
and f-GO confirms the successful synthesis and functionalization.

Table 9 provides the atomic composition of the GO synthesized via the Tour’s
method (GO-T) with carbon to oxygen ratio of 7:4 (63.6% C to 36.3% O). Moreover,
compared to Hummer’s GO (GO-H), the carbon to oxygen ratio is slightly higher, where
the carbon to oxygen atomic composition is 65.1 to 34.9, respectively. The extent of
sulfonation of GO in the two different methods shows a higher yield of the sulfur
component when GO is reduced (SRGO), at 1.5%. In comparison to 0.3% when GO is not
reduced before the sulfonation (SGO). Especially when translated into carbon to sulfur
ratios, where for SRGO, the ratio is 49.066 compared to 224.67 for SGO. This shows 4.5x
more functionalization when the reduction takes place. Although the extent of
functionalization is much greater, a significant loss in the overall oxygen content is
observed, which is counterproductive to the final goal. Especially when considering that
each sulfone atom consists of 3 oxygen atoms and 1 sulfur atom. This ratio further reflects
that 4.5% of the overall oxygen atomic composition in SRGO contributed from the

sulfonation, leaving only 20.4% from the original GO.
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Table 9 - Atomic Composition of GO, SRGO, SGO determined by EDAX

0.0

0.0
1.5

0.3

Figure 34 shows the high-resolution scans of carbon and oxygen show the presence

of carbon-carbon (C-C) bonds at 284.8 eV and two variants of oxygen attached to carbon

in the form of C-O-C at 286.7 eV and O-C=0 at 288.5 eV. Preliminarily, these show the

successful synthesis of GO from graphite due to the abundance of oxygen-based functional

groups attached to the carbon. Moreover, two specific groups of epoxy and carboxylic

functional groups can be noted. For the oxygen spectra, oxygen attached to carbon in the

form of C=0 and C-O are visible at 531.4 eV and 533 eV, respectively. Additionally, this

allows the estimation that a hydroxy and carbonyl group are also present.
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Figure 35 provides the high-resolution carbon and oxygen spectra. The

spectra of GO and fGO are similar, confirming that the skeleton structure of GO



remains intact. This may also be due to the small extent of sulfonation that takes
place. Besides, the high resolution of nitrogen and sulfur scans show the structure
change and how the grafting of sulfanilic acid occurs. Via the high-resolution
nitrogen scan, nitrogen attached to carbon as an amine group can be observed at
398 eV, whereas nitrogen attached to a phenyl group can be observed at 400.5 eV.
Lastly, the presence of the nitrite group is shown at ~405 eV. The nitrile and amine
groups presence show the residue of sodium nitrite and sulfanilic acid used in the
synthesis reaction. However, the nitrogen attached to the phenyl ring allows us to
conclude that successful sulfonation of GO has occurred. The high-resolution sulfur
scan does not confirm the presence of sulfanilic acid in the sulfonated GO as

sulfanilic acid is grafted onto the carbon ring.
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Figure 35 - Carbon, Oxygen, Nitrogen, and Sulfur high-resolution XPS scans deconvoluted for sulfonated

GO

4.1.2 Crystal Structure of GO and f-GO

X-ray diffraction (XRD) is used to determine the stacking properties, d-spacing,

and crystallite size. Measured in the 26 range of 5 to 60°, the XRD patterns can be seen in

Figure 36. GO (GO) shows a peak at 206 = 9.54, whereas sulfonated GO (SGO) and

sulfonated reduced GO (SRGO) showed a slight peak shift at 26 = 9.98, and 10.18. SRGO

shows peak broadening, suggesting a smaller crystallite size and a significant reduction in

the material's structure. On the contrary, SGO shows an increase in peak heigh and

narrowing of the peak, suggesting an increase in crystallite size.
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Figure 36 - XRD analysis on GO, sulfonated, and sulfonated reduced GO

The d-spacing calculated by Bragg’s law (Equation 8) shows the space between
two parallel planes of atoms. The computed results tabulated in Table 10 show that the d-
spacing reduces very slightly when GO undergoes any sulfonation attempt. The d spacing
of GO, calculated using XRD data, was 0.93 nm (9.3 A), whereas, for SGO and SRGO,
the d spacing values were 0.89 nm (8.9A) and 0.87 nm (8.7A), respectively.

Moreover, using Scherrer’s equation (Equation 9), the crystallite size can be determined.
The crystallite size is conventionally used to determine the crystallite size; however, in the
case of GO and f-GO, the change in crystallite size can determine functionalization.
Scherrer’s equation calculated that the increase in crystal size from 8.86 nm for GO to
9.06 nm shows that the grafting of the sulfanilic salt has been done successfully. This is

also corroborated with literature results as presented by Oger et al. [84].
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Table 10: The crystal structure parameters for GO and f-GO

Peak Intensity at 2Theta | Corresponding Intensity | Crystal Size (nm)
9.54 567 8.86 0.93

SGO 9.98 1949 9.06 0.89

SRGO

4.1.3 Wettability Analysis

10.18 649 4.39 0.87

The nanofiller’s wettability properties help increase the mixed-matrix membranes'
hydrophilic properties. To conduct and observe which fillers' wettability properties are
superior, a contact analysis was performed. The fillers in contention include GO — Tour’s
(GO-T), GO — Hummer’s (GO-H), sulfonated GO (SGO), and sulfonated reduced GO
(SRGO).

As seen in figures Figure 37 and Figure 38, the contact angle for GO synthesized
via Tour’s method shows a lower contact angle of about 5.8°. In contrast, the contact angle
between the functionalized fillers shows that SRGO loses a lot of hydrophilic properties
due to the reduction step and gives a high contact angle of 76.9°, which is more
hydrophobic than the starting compound of GO. The increased hydrophobicity is not
suitable for water permeating membranes.

On the other hand, the contact angle of SGO is 24.5°, an improvement of 13° from
GO (GO-T). The addition of sulfone groups without the reduction step allows the
replacement of hydroxyl groups to be replaced with sulfone groups, which helps increase
they hydrophilicity greatly without a high sulfone loading. The SGO filler is ideal for

water permeating membranes.
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Figure 38 - Contact angle imaging of GO and functionalized GO variants

4.2 The Effect of Sulfonated GO on PES Mixed Matrix Membranes

4.2.1 Surface and Cross-Sectional Imaging

The imaging of the scanning electron microscopy shows the decrease in pore size with the
addition of SGO. As seen in Figure 39, the control polyether sulfone membrane has a pore
size of ~400 nm, which decreases to 200 and then 150 nm with the loading of 0.20 and

0.40 polymeric weight percent of SGO. The distribution of the pores and the overall

porosity are challenging to be judged by these images.

Figure 39 — Surface SEM imaging of PES mixed matrix membranes containing a) PES Control, b) 0.05
wt.% SGO, c) 0.10 wt.% SGO, d) 0.20 wt.% SGO and e) 0.40 wt.% SGO

The cross-sectional images shown in Figure 40 reveal the channels and active layer of the
polyether sulfone mixed matrix membranes. Although the channel structure is not affected
by the SGO loading, an increase in the thickness of the dense layer is observed with the

SGO addition.
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Figure 40 - Cross section SEM imaging of PES mixed matrix membranes containing a) PES control, b)
0.05 wt.% SGO, ¢) 0.10 wt.% SGO, d) 0.20 wt.% SGO and e) 0.40 wt.% SGO

4.2.2 Topography and Roughness

Figure 41 shows the AFM images of PES-MMM, revealing a decrease in
roughness with SGO loading. This could be corroborated with the thickening of the dense
layer, as seen in Figure 40. The control membrane had a root-square mean roughness of
23 nm and a maximum roughness of 242 nm, which decreases to 18 and 108 nm with the
loading of 0.05 weight percent of SGO. After adding 0.10 weight percent SGO, the
maximum and root-square mean roughness level off, as seen in Figure 42. This could
suggest that any loading after 0.10 weight percent of SGO may not impact the roughness

of the PES matrix.
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Figure 41 - 3D AFM imaging of PES mixed matrix membranes including a) PES control, b) 0.05 wt.%
SGO, ¢) 0.10 wt.% SGO, d) 0.20 wt.% SGO and €) 0.40 wt.% SGO
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Figure 42 - AFM of polyether sulfone mixed matrix membranes
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4.2.3 Wettability

The hydrophilicity of the mixed matrix membrane support is an essential
parameter for the water vapor to adsorb onto the surface. Commonly, hydrophilicity or
wettability of a membrane is determined through the contact angle analysis, where the
lower the contact angle, the more hydrophilic the substrate is. The main influences in
wettability remain to be the intermolecular forces between water and the substrate. The
stronger the intermolecular forces between them, the more hydrophilic material is.
The wettability is analyzed by measuring the water contact angle. It indicates a contact
angle of 70.6°, which may be hydrophilic, although it has potential improvement. The
addition of sulfonated GO loading showed a trend of a decreasing contact angle, as can be
seen in Figure 43 and Figure 44. This can be explained as a result of SGOs affinity of
water during the phase inversion fabrication process. The significant difference in the
hydrophilic properties between the SGO and PES results in SGO forming a dense layer at
the surface of the membrane. Therefore, a larger cluster of SGO is present with a higher
loading, reducing the contact angle further. The significant effect with the increase in
hydrophilicity occurs between the control and 0.20 weight percent loading, as the mean
contact angle decreases from 70.6° to 60.6°. Whereas the mean contact angle continues to
decline to 59.9° for 0.40 weight percent SGO loading, it is not considerable. There is
significant overlap with error bars with the 0.20 weight percent samples. Therefore, 0.20
weight percent loading of SGO in PES shows to be the most effective concentration in

decreasing the contact angle.
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Figure 43 - Contact angle analysis graph for PES mixed matrix membranes
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Figure 44 - Contact angle analysis imaging for PES mixed including a) PES Control, b) 0.05 wt.% SGO,
c) 0.10 wt.% SGO, d) 0.20 wt.% SGO and €) 0.40 wt.% SGO

4.3 Characterization of Free-Standing Pebax Membranes

4.3.1 Surface and Cross-Sectional Imaging

The Pebax membranes fabricated through solution casting were visualized using
SEM to study the surface and the cross-sectional morphology. On the surface of the free-
standing Pebax membrane, visible random patterns can be observed. There cannot be a
specific estimate of the roughness of the surface of Pebax membranes. However, it is
comprehensible that the surface of the Pebax membrane is not smooth. Moreover, the
effect of GO can be studied as, with the addition of 0.5 wt.% sulfonated GO, the same
patterns and roughness are amplified, as seen in Figure 45. Therefore, via SEM, we can

qualitatively determine that the surface roughness of the Pebax membranes increases
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significantly with the addition of sulfonated GO.

FS Pebax + : FS Pebax : ' | FSPebax

0.5 SGO/FS

Figure 45 — SEM surface images of the free-standing Pebax membranes

Moreover, imaging of the cross-section allowed the determination of the overall
membrane thickness. As seen in Figure 46, the thickness of the free-standing Pebax
membrane and its mixed matrix, which included 0.5 wt.% sulfonated GO, was about 11
to 12 um. The expected thickness of a 5 wt.% Pebax solution and casting with a 250 um
casting knife is expected to gain around a 12.5 pm thin film. While considering the

approximate error through image measurements can be corroborated.

83



Pebax-SGO Pebax-SGO

Figure 46 - Cross-sectional imaging of free-standing Pebax membranes

4.3.2 Topography and Roughness

The roughness of a membrane surface indicates how prone it can be to fouling. Generally,
with gas separation membranes, fouling can be considered crucial as the performance of
the membrane can be affected severely. In Figure 47, the atomic force microscopy shows
the topography of the free-standing Pebax membrane and its mixed matrix containing 0.5
wt.% of loading. With the 0.5 wt.% of loading, the roughness can be seen to have increased
significantly with more immediate color changes present in the 3D diagram, as well as the
large-scale bar present. When quantified, the root square means the roughness of the free-
standing Pebax membrane is quantified at around 8.5 nm. In comparison, the MMM

containing 0.5 wt.% has a root-square mean roughness of 18.9 nm. The quantified
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roughness of the surface of the membrane has more than doubled with the addition of 0.5
wt.% sulfonated GO. Moreover, the maximum roughness relays how deep the valleys in
the surface are compared to the peaks. While the free-standing Pebax membrane yields

53.4 nm for the maximum roughness, the MMM containing 0.5 wt.% SGO nearly triples

the value to about 143.8 nm.

b)

107.0 nm

-123.6 nm

Figure 47 - Topography of a) free standing Pebax membrane and b) 0.5wt% SGO-Pebax MMM
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Figure 48 - AFM analysis data for free standing Pebax membranes

4.3.3 Wettability

The wettability analysis for gas separation membranes aiming to permeate water indicates
how favorable the diffusion of water from the bulk concentration may be onto the surface
membrane. Although Pebax 1074 is a hydrophilic and breathable grade of polyether block
amide, it still produces a water contact angle of 74.2°. With the addition of 0.5wt.% SGO,
the contact angle decreases to a mean of 72.1°, as shown in Figure 49. The decrease in
2.1° can be attributed to the hydrophilic sulfonated GO present in the dense mixed matrix
membrane. While the SGO is present in the MMM, more water-friendly functional groups
are present that improve the effect of the intermolecular forces with the water drop. The

addition of various hydroxy, carboxyl, and sulfone groups from the SGO assist in doing
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so, which is the reason for the reduced water contact angle.
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Figure 49 - Contact angle data of Pebax and SGO-Pebax free-standing membranes

4.4 Characterization of Asymmetric Pebax Membranes Supported on

PES-SGO MMM

4.4.1 Cross-sectional Imaging

The cross-sectional imaging of the asymmetric Pebax membrane supported on
PES and PES-0.2% SGO can determine the thickness of the active layer, as the PES-0.2%
SGO support has a thick, dense layer of SGO embedded, which makes it more difficult to
distinguish the thickness of the Pebax and SGO-Pebax dense layers. Therefore, the easiest
method to identify the thickness of the active layer fabricated by spray coating various

layers while using a 0.5 wt.% Pebax solution is to use the PES control membrane.
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From Figure 50, we can see that the asymmetric membranes fabricated on the PES
support using a coat of 0.5 wt.% Pebax are between 200-300 nm. In contrast, membranes
fabricated using two coats of 0.5 wt.% Pebax came around 400-500 nm. The thickness of
the active layer determines the transport properties of the membrane, so an initial

assumption would predict that the asymmetric Pebax membranes prepared with 2 coats of

0.5wt% Pebax would have poorer transport properties.

Figure 50 - Cross-section SEM of a) PES coated using 0.5 wt.% Pebax with b) one coating layer and c)

two coating layers

4.4.2 Topography and Roughness

The topography and surface roughness for asymmetric Pebax membranes
fabricated with coating once or twice with 0.5 wt.% Pebax and 0.5 wt.% Pebax-0.5% SGO
were investigated using AFM using tapping mode. The roughness of the asymmetric
membranes can help us indicate the gas adsorption patterns and predict possible fouling
characteristics of the membrane. In Figure 51, it is observable that the surface roughness
in images a) and d) are comparable; however, after being coated twice, it is noticeable that
the membrane on the PES support tends to be rougher than on the PES-0.2% SGO Support.
This trend continues when the coating is done with 0.5 wt.% Pebax-0.5 wt.% SGO.

In Figure 52, an interesting pattern emerges where the number of coats to fabricate
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the active layer does not affect the PES control support. The 0.5 wt.% Pebax coats yield a
root-square mean roughness of 11.3 nm, and 0.5 wt.% Pebax-0.5%SGO coats yield a root-
square mean roughness of about 12.2 nm. This may also be due to the starting roughness
of the PES control membrane being slightly lower at 16.6 nm. Since the surface
topography of the membrane is relatively smooth, a single or double coat does not
influence the final roughness.

Moreover, as previously observed in Figure 50, the coating thickness of 1 coat and
two coats are at least 200 and 400 nm thick. Therefore, the coating method of spray coating
may significantly influence the final topography of the membrane. In addition, the effect
of the number of coats is visible in Figure 53, where the PES-0.2% SGO support where
the 2" coats of 0.5 wt.% Pebax and 0.5 wt.% Pebax-0.5% SGO are smoother at 9.1 and

8.6 nm, respectively, compared to the single coat of 14.3 and 10.5 nm.

a)

Figure 51: 3D AFM image of a) PES support, coated twice with b) 0.5 wt.% Pebax and c) 0.5 wt.%
Pebax-0.5%SGO on PES and d) PES-0.20 sGO coated with twice with ) 0.5 wt.% and f) 0.5 wt.% Pebax-
0.5%SGO
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Figure 52 - AFM roughness analysis for Pebax supported membranes with active layers fabricated with

different coatings methods on PES
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Figure 53 - AFM roughness analysis for Pebax supported membranes with active layers fabricated with
different coatings methods on PES-0.2SGO MMM

4.4.3 Wettability

The wettability analysis of the supported Pebax membranes provided showed
unexpected results. As the most hydrophilic grade of polyether block amide, Pebax 1074,
was used in conjunction with a hydrophilic filler of SGO on hydrophilic support of PES,
the results were unanimously more hydrophobic in comparison with all the materials used.
Consistently, regardless of support type or the active layer fabrication method, the angle
in the result retained to be around 80°. As visible in Figure 54 and Figure 55, the contact
angle for the asymmetric membranes remains constant between 79 to 81° without a clear

trend.
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As far as the addition of 0.5 wt.% SGO in 0.5 wt.% Pebax for one of the coating
methods, the lack of influence of the hydrophilic SGO is understandable as the overall
amount of SGO present in the active layer is very low. This may cause a suggestion of
increasing the SGO filler amount to a more significant amount, which may influence the

hydrophilic properties of the asymmetric Pebax membranes.

) ¢

- @

4

B

Figure 54 - Contact angle imaging of supported Pebax membranes fabricated on a) PES Control support
with coatings of 0.5 wt.% Pebax and 2x 0.5 wt.% Pebax (b,c) and on a PES-0.2%SGO support d), coated
with 0.5 wt.% Pebax and 2x 0.5 wt.% Pebax (e,f)
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Figure 55 - Contact angle data for asymmetric Pebax membranes

4.5 Performance Testing

The permeance of nitrogen can predict how good a membrane's selectivity property
can be. Although the PES-MMM fabricated are not for gas separation, it is interesting to
see their behavior for nitrogen permeation with the loading of SGO. As the loading of
SGO increases during the phase inversion fabrication process, the denser the top layer of
the membrane becomes. Therefore, there should be an effect of nitrogen permeance. This
is observable in Figure 56, where the loading of SGO decreases the permeance and
permeability of nitrogen through the PES-MMM. More interestingly so, with a 0.05 wt.%
loading, the nitrogen permeance under pressure decreases over 30 times. With additional

loading, the rejection permeance of nitrogen is limited to around 27 GPU or 2500 Barrers
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under pressure and 300 GPU and 3300 Barrers under vacuum for the 0.20 wt.% loading.

As seen before, this may be the point where the dense layer of the PES matrix becomes

saturated with SGO. As PES is an ultrafiltration membrane, the gas transport properties

are exceptional. However, this also may mean that there is little to no selectivity.

The permeance of nitrogen under pressure is primarily exaggerated and not aligned

with the permeation results under pressure. This may be due to two factors. The first factor

may account for leaks in the system. In contrast, the second factor may be mechanical

degradation of the pores under vacuum suction.
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Figure 56 - Nitrogen permeance performance testing for PES-SGO MMM
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The nitrogen permeance performance testing becomes interesting when the air-

dehumidification membranes are discussed. The first is the asymmetric membranes
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supported on PES as shown in Figure 57. A single coating of 0.5 wt.% Pebax to fabricate

a thin film of an active layer can reduce the nitrogen permeance from 2577 to 386 GPU.

Moreover, a second coating to form a thicker layer increases the rejection of nitrogen to

yield permeance of 42 GPU under pressure. Interestingly, the coating substrate of Pebax

inclusive of 0.5 wt.% SGO also provided similar nitrogen permeance and permeability

results. More so, the effect of the permeance was primarily decided by the number of

coating layers or the thickness of the active Pebax layer.
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Figure 57 - Nitrogen permeance on asymmetric Pebax membranes on PES Control support

The next set of gas separation membranes testing the permeance of nitrogen are

asymmetric membranes supported on 0.20 wt.% SGO/PES. Unsurprisingly, at first glance,

the thickness of the active layer has a decisive effect on the permeance and permeability
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of nitrogen, as observed in Figure 58. However, a key observation is that due to the 0.20

wt.% loading of SGO in the PES matrix, there is a more significant rejection of nitrogen.
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Figure 58 - Nitrogen permeance on asymmetric Pebax membranes on PES-0.2%SGO support

The performance analysis of the free-standing dense Pebax membranes showed
that that with the addition of 0.5 wt.% SGO, nitrogen's permeance and permeability of
nitrogen increase 5-fold, as shown in Figure 59. In the free-standing Pebax membrane, the
only transport path for nitrogen is through the rotation of the soft and flexible polyether
block. In contrast, the polyamide block remains rigid and does not allow much movement
for nitrogen passing. Whereas with the addition of SGO, the overall roughness of the
membrane had been increased tremendously. With a more significant number of active

sites, the adsorption of nitrogen to permeate through increases likewise. Therefore,
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inducing SGO in dense Pebax membrane matrices does help overcome the challenge of

poor transport properties. However, there is nothing to say of its effect on selectivity.
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Figure 59 - Nitrogen permeance on free-standing Pebax and its mixed matrix membrane
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Chapter V

5. Conclusions and Future Recommendations

5.1 Conclusions

In the initial part of this work, the successful synthesis of GO was commenced
following Tour’s method, which resulted in consisting of carbon to oxygen ratio of 1.5:1,
with the presence of carboxyl, hydroxy, and ether functional groups determined by the
chemical structure through the high-resolution scan of XPS. The presence of polar
functional groups allows the possible functionalization of GO, which was undertaken by
grafting sulfanilic diazonium salt prepared by the sonication of sulfanilic acid and sodium
nitrite in DI water. The XPS analysis confirmed the successful grafting as indicated by
nitrogen attached to a phenyl ring. Additionally, a 0.3 atomic weight percent of sulfur was
detected in the elemental analysis of SGO through the quantification of the XPS analysis.
Moreover, the XRD analysis showed that the d-spacing of both SGO and SRGO was
reduced to 0.89 and 0.87 nm from 0.93 nm of GO. However, while calculating the crystal
size through Scherrer’s equation, it was observable that the crystal size of SGO had
increased to 9.06 nm from 8.86 after the attempted sulfonation of GO. The growth in
crystal size is corroborated in the literature with the successful functionalization of GO.
An increase in hydrophilicity was observed from the sulfonation of GO as the contact
angle dropped from 38° to 26°. This shows the effectiveness of the sulfonation of GO and
its promise in future work

Two paths were undertaken to overcome the challenge of poor transport properties
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of dense polymer gas separation films. The first was to fabricate free-standing membranes
incorporating SGO to improve the transport properties. The second was to fabricate
asymmetric Pebax membranes supported on an ultrafiltration PES membrane. The PES
membranes were fabricated at 17.5 wt.% of PES via phase inversion with loading 0.05,
0.10, 0.20, and 0.40 wt.%. The characterization of the PES-MMM vyielded that with the
loading of SGO, the dense layer of PES became thicker. This was concluded to be due to
the rapid immigration of SGO to the water interface during the phase inversion fabrication
process. Also, as confirmed by imaging, the pore size becomes smaller with increasing the
loading of SGO from 0 to 0.20 wt.%.

Moreover, based on the wettability analysis, the optimum SGO concentration in the
PES matrix was revealed to be 0.2 wt.% as the contact angle was reduced from 70.6 for
the PES membrane to 60.6° for the PES-0.2 SGO MMM. Although the contact angle
stayed ~ 59.6° with 0.40 wt.% loading, the error bars and tradeoff for twice the filler
amount did not prove conclusive enough to use 0.40 wt.% SGO/PES as the support
membrane.

Two sets of gas separation membranes were fabricated; the free-standing Pebax
membrane, including SGO as a filler in the mixed matrix, and a supported asymmetric
Pebax membrane on PES and PES-0.2 wt.% SGO supports. The thin-film fabrication on
the ultrafiltration support was done using coats of 0.5 wt.% via air spray. The cross-
sectional and surface imaging showed that the free-standing Pebax membrane resulted in
being about 11 pm thin. Furthermore, the qualitative surface imaging showed that adding

0.50 wt.% of SGO in the Pebax matrix resulted in a much rougher surface. The topography
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of the free-standing Pebax membranes was studied through AFM in the tapping mode
where the average roughness of free-standing Pebax was 8.5 nm, whereas the 0.5 wt.%
SGO/Pebax membrane had an average roughness of 18.4 nm. Lastly, the wettability
analysis to study the hydrophilicity of the free-standing Pebax membranes showed that
with the addition of 0.5 wt.% SGO, the dense Pebax membrane’s contact angle decreased
from 74° to 72°.

The second set of gas separation membranes were membranes fabricated by being
coated on the supports of PES and PES-0.2 wt.% SGO with 0.5 wt.% Pebax and 0.5 wt.%
Pebax-0.5 wt.% SGO substrates. The cross-sectional imaging showed that each coat of 0.5
wt.% Pebax added about 200 nm of a thin active Pebax layer. The topography of these
membranes left much to be desired as there were no visible effects between the number of
coats for the asymmetric Pebax membranes supported on PES. The resulting roughness
averaged around to be 11.3 nm for coatings with 0.5 wt.% substrate and 12.2 nm for
coatings with 0.5 wt.% Pebax-0.5 wt.% SGO substrates. A difference of a nanometer can
be concluded with the incorporation of SGO to form the active layer in the asymmetric
membrane. Moving on, the topography of the Pebax supported PES-0.2%SGO
membranes showed a reduction in roughness with each coat for each substrate.

Lastly, the nitrogen performance test was conducted on the PES-MMM, the two
sets of asymmetric membranes, and the free-standing Pebax-SGO MMM. The PES-MMM
showed significant rejection of nitrogen with the addition of SGO, where the PES-
0.2%SGO showed the least permeation and best rejection of nitrogen. Moreover, the

performance analysis of Pebax supported on PES and PES-MMM showed that with a
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thicker active layer, the nitrogen permeance decreases significantly. The difference is
0.5w.% Pebax and 0.5 wt.% Pebax-0.5%SGO were unidentifiable in either of their uses
for nitrogen permeance signifying the most critical parameter in transport properties for a
thin film composite is the thickness of the active layer. Lastly, the dense free-standing
Pebax membranes saw a 5-fold increase in nitrogen permeance and permeability with the
addition of 0.5 wt.% SGO. This is justifiable with the significant increase in roughness,

which increases the active sites for nitrogen adsorption.

5.2 Recommendation and Future Work

Polyether block amide is a promising material candidate for the application of gas
separation. However, this work remains incomplete without thoroughly testing water
permeance and water/nitrogen selectivity results. Moreover, there is a significant
shortcoming in the lack of investigation regarding various loadings of SGO in both the
free-standing Pebax membranes and the supported Pebax membranes, as only one loading
of 0.5 wt.% SGO is consistently used.

For future work, apart from adhering to the recommendations, it may be suitable to
dry other polymers that have shown excellent water/nitrogen separation properties like
sulfonated polyether ketone, which may work well with sulfonated GO. Moreover, various
other fillers should be investigated, and perhaps a more novel and higher loading of
sulfonation should be attempted as 0.3% of sulfur had significant effects. Still, it may be

possible to improve on that to enhance the filler properties even further.
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