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ABSTRACT
Although almost 70% of the world is covered by water, less than 3% is fresh. The
remainder—most of the Earth’s water is saline. To meet humanity’s increasing and
unavoidable need for water, we must convert saline water into freshwater through desalination.
Many desalination technologies are available, and membrane-based technologies, such as
reverse osmosis (RO), are widely used. Though RO is especially common, desalination through
RO faces several challenges. For example, high operation cost due to high pressure during the
process or its degradable polymeric active layer in contact with chlorine-containing
compounds. In terms of general functionality and energy consumption, water transport through
membranes could still be improved by increasing membrane permeability. Still, progress in
this area has been impeded by a lack of data about how polymer membrane chemistry and
structure affect fundamental transport properties. Current composite membranes have
permeability less than two times higher than those produced twenty years ago.
One of the most famous and recently studied candidates for use in RO or NF
membranes is graphene, which has excellent chemical and mechanical stability. In addition, it
is the most prominent thinnest possible membrane, with its one atom thickness acting as the
membrane. As a further benefit, graphene manifests greater resistance to chlorine than current
polyamide membranes. This research focused on the design and studies of CVD graphenebased membranes on modified support for water treatment applications.
In this study, the process of transferring chemical vapor deposition (CVD)
Graphene onto a physical, hot pressing, and chemical modified substrate like hydrogel will be
discussed. The method of transferring the single layer of graphene to the substrate is
challenging because the CVD graphene is fragile and can easily be torn if it is directly
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transferred to the unmodified support structure. A hydrogel substrate—polyvinyl alcohol
(PVA)—has been synthesized and crosslinked to allow graphene transfer without damage. The
degree of crosslinking, the thickness of the casting can affect the permeability of a PVA
membrane. The graphene is transferred onto the PVA support by a simple but unique approach
to decrease the chance that defects will form. Also, physically modification could reduce the
surface roughness, in this regardes the hot pressing on the substrate was used to modified the
support for a single layer of graphene, and then the results were analyzed.
It was reported that by using plasma through the graphene can create sub-nanometer
pores that make the graphene more selective and Making tunable nanometer pores by different
type of plasma. Consequently, the results of the nitrogen plasma treatment will be discussed
with the different conditions used to apply nanometer pores on the graphene surface.
Experimental work combined with membrane characterization methods (FESEM,
AFM, and LEXT) and membrane performance studies using a direct flow system to examine
the graphene as the membrane will be presented. These results will be compared with the other
synthesized membrane and different types of supports.
This research will provide insights into developing CVD graphene-based membranes
with low defects and high water permeability for water treatment applications.
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CHAPTER ONE
1. INTRODUCTION AND BACKGROUND
1.1 Research Background
1.1.1 Water Shortage

Access to fresh Water is a necessary and basic human right similar to proper nutrition
and livelihood. Despite covering the majority of the planet's surface, clean water is a valuable
resource to which most people have little or no access. Water shortages could affect up to 5.7
billion people by 2050, according to the United Nations, as more people continue to live in
water-stressed areas. Population development, urbanization, climate change, and depletion of
limited freshwater supplies are all factors leading to increasing water scarcity.
To meet our growing water needs, we must pursue new technology and take advantage
of alternate water sources such as seawater. Many readily available water sources, on the other
hand, have a complex composition and may contain large quantities of dissolved salts, which
must be extracted first through desalination.
The World Health Organization (WHO) established a drinking water standard of 250
mg/L of total dissolved solids (TDS) in 1970, suggesting that desalination is the primary source
of drinking water supply, while water recycling is primarily based on irrigation, water chilling
reservoirs, industrial processing water, and groundwater recharge.[1],[2]
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1.1.2 History of Desalination Technology

To satisfy humanity's growing and inevitable demand for fresh water, saline water
should be converted into fresh water through desalination. More than 300 million people rely
on water provided by 18426 desalination plants in 150 countries, which provide more than 86.8
million cubic meters per day, according to the International Desalination Association (IDA)
2015.[2]
The first desalination method can be traced back to Aristotle's time. “Saltwater, when
it changes into a vapor, becomes pleasant, and the vapor does not create saltwater again when
it condenses,” said Aristotle in his classic work Meteorology. Distillation aboard ships was the
first commercial application of desalination in the contemporary world. To separate water from
the salt, a heat source is used. Thermal desalination provides long-distance sea travelers with a
limitless supply of freshwater. Desalination plants were first commercialized at Tigne, Malta,
in 1881, and Jeddah, Saudi Arabia, in 1907. Although these desalination plants did not produce
a large amount of water, they set the stage for future efforts. In 1955, the United States
constructed the first industrialized seawater distillation plant, which used multi-stage
distillation. When Loeb and Sourirajan found that RO could be used in desalination, membrane
desalination became popular in the 1960s. [2]
To understand why we need to enhance desalination technology, we must first
understand how much the desalination processes require conventional energy and how much
CO2 emission during the traditional desalination method. The impact of conventional
desalination systems on global warming can be determined by calculating the quantity of fossil
fuel needed to generate a specific amount of freshwater. On average, obtaining 1000 cubic
meters of fresh water by thermal desalination technology uses around 5 tons of crude oil and
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emits about 10 tons of CO2 or roughly 5000 cubic meters of carbon dioxide.[3] This is evidence
that conventional desalination technologies need to be enhanced in terms of environmental
pollution.
Many desalination technologies are available. Desalination technologies can be
divided into four categories based on their energy sources: thermal, mechanical, electrical, and
chemical. Additional classification can be used for desalination based on the process. In this
type, the desalination method is divided into three categories: evaporation-condensation,
filtration, and crystallization. Figure 1 shows the most common desalination methods used
around the world. In this classification, the desalination method is divided into evaporationcondensation, filtration, and crystallization. Solar chimneys, greenhouses, natural vacuum,
adsorption desalination, membrane distillation (MD), membrane bioreactor (MBR), forward
osmosis (FO), and ion exchange resin (IXR) are some of the desalination technologies that still
in progress. [3]
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Figure 1 : Desalination Processes.(remodeled from reference [3])

The separation theory of mixtures explains distillation. The procedure divides a
chemical combination or solution into two or more different product mixtures. This technique
takes advantage of differences in chemical and physical properties. In the early 2000s,
distillation was a significant component of desalination procedures, producing the same amount
of water as the RO process. There are three widely applied distillation methods: multi-stage
flash distillation (MSF), multiple-effect distillation (MED), and vapor compression (VC). [2]
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MSF (multi-stage flash distillation) is a saline distillation method that eliminates
impurities from saltwater by flashing a portion of the water into steam at various stages. Each
stage is an air-tight chamber that will eventually be used as countercurrent heat exchangers.
MSF is based on the evaporation and condensation of water. These procedures are coupled
such that the heat energy of evaporation can be recovered and reused by preheating the
receiving water, as shown in Figure 2.[4]

Figure 2: Schematic diagram of multi stage flash distilation [4]
Each stage of an MSF unit operates at a reduced pressure to maximize water recovery.
Liquid phase boiling is a significant design point of MSF systems. Scale formation on heat
transfer tubes is no longer a concern. Large MSF units are commonly linked with steam or gas
turbine power facilities in the Persian Gulf region to utilize the fuel energy better. The turbine
expands steam produced at high temperature and pressure by the fuel to produce energy. The
desalination process is powered by the low to moderate temperature and pressure steam that
exits the turbine. [4]
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Multiple effect distillation (MED) is a distillation process consisting of various stages
or effects like MSF. In MED each step have their distillation cycle. After passing through all
the effects, the desalinated water elutes, as shown in Figure 3.

Figure 3 : Schematic diagram of Multi Effect Distillation evaporation process[4]

In MED, vapor from each step condenses in the next step, giving up its heat and
allowing more evaporation to proceed. To improve performance, each stage is operated at a
lower pressure than the previous one. This permits the plant to be set for high (> 90 °C) or low
(90≤ °C) temperature operation. The highest boiling temperature of a low-temperature plant
can be as low as 55 °C, reducing corrosion and scaling while also allowing the use of reduced
waste heat. Due to scalability issues with the heat transfer tubes, it fell out of favor and was
replaced by the MSF process.[4]
This procedure can be repeated up to 16 times, resulting in a water recovery rate of up
to 50%. In the distillation category, MED is one of the more energy-efficient desalination
techniques.[2]
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Vapor-compression (VC) is a distillation method wherein saline water evaporates
using compressed vapor as a heat transfer medium. Vapor compression and vacuum vapor
compression are two methods for compressing water vapor. The temperature will rise in a
closed system as the pressure increases. When the system's temperature reaches the liquid's
boiling point with pressure, all energy is directed toward the liquid's phase change to vapor. On
a theoretical level, the VC approach is practical and energy efficient. As a result, it's frequently

Figure 4: Schematic diagram of Vapor Compression desalination

used to boost energy efficiency in other distillation processes like MED or MSF, resulting in
hybrid distillation facilities.[2]
Thermal desalination methods such as Multi-Effect Distillation (MED), Multi-Stage
Flash (MSF), and Vapor Compression Distillation (VCD) have been the traditional technology
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in the treatment of brackish water and seawater; but, their high energy demand requirements
make them unattractive compared to other nonthermal technologies such as membrane
technology.[5]

1.1.3 Brief History of Membrane Processes for Water Treatment

A membrane is a thin, selective barrier that permits some items to pass through while
blocking everything else. Molecules, ions, particles, and other contaminants are examples of
such substances. Biological membranes are where human cognition of membranes in nature
began. Tissue membranes, such as mucosae and serosae, and cell membranes, such as external
coverings of cells or organelles that allow certain constituents to pass through, are examples of
biological membranes. Nuclear membranes, which cover the nucleus of a cell, are another type
of membrane found in nature. All these membrane are important for the passage of components
in nature and life. Humans now create and manufacture synthetic membranes for various
applications in laboratories and industry, including water filtration. J Abbe Nollet, a French
cleric, was the first to introduce membrane in 1748, which led to the basic knowledge of
osmosis. Hassler was the first to introduce the idea of membrane desalination in 1950. Loeb
and Sourirajan developed the asymmetric membrane in 1962, an anisotropic structure of two
or more primary layers with different properties. The anisotropic structural membrane is a
game-changer in membrane desalination, allowing for multi-functional membrane
applications. In the early 2010s, substantial improvements in the membrane desalination
process increased output capacity and exceeded the distillation process.[7]
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Normally there are four primary types of pressure-driven filtering processes, which are
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). They
are divided into groups based on pore size or operational pressure range. As shown in Figure
5, Low-pressure membranes with significantly bigger pores include MF and UF membranes.
They are frequently used in the pretreatment of RO/NF processes to maintain the membranes.
They are also employed to help thin-film composite (TFC) RO and NF membrane fabrication.
The fundamental features of these four different types of membranes are mentioned in
table1.[6]

Figure 5: Membranes for water filtration are classified according to pore
size and species retained.
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Table 1: Typical Pressure-Driven Membrane Properties

Surface pore size
(nm)
Operating
pressure
(bar)
Water
permeability
(L/m2h/bar)

Targeted
contaminants

Membrane
materials

Microfiltration

Ultrafiltration

Nano filtration

Reverse
osmosis

50–10,000

1–100

~2

<2

0.1–2.0

1.0–5.0

2.0–10

10–100*

>500

20–500

5–50

0.5–10

Bacteria, virus,
colloids,
macromolecules

Di-and
multivalent
ions,
natural organic
matter, small
organic
molecules

Dissolved
ions, small
molecules

Polymeric, inorganic

Thin-film
composite
polyamide,
Cellulose acetate,
etc.

Thin-film
composite
polyamide,
Cellulose
acetate

Bacteria, algae,
Suspended
solids,
turbidity

Polymeric,
inorganic

Nanofiltration (NF) is a desalination technique that was first used in the late 1980s.
The pore diameter of NF membranes is typically between 1 and 10 nm, corresponding to a
molecular weight cut-off of 2 to 20 kDa. NF membranes operate without phase change at low
applied pressure and have strong rejections of multivalent inorganic salts (3.5-16 bar). When
compared to distillation, this makes the separation process more competitive in terms of
selectivity and cost-benefit. It can be used in various industries, including wastewater
treatment, pharmaceutical and biotechnological operations, and food engineering.[2]
Membrane-based technologies, such as nanofiltration (NF), are widely used because
of their efficiency and relatively low cost. Along with the current membrane-based water
desalination processes, the reverse osmosis (RO) method for water purification is currently
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considered the most energy-efficient, cost-effective, and practical, to accomplish water
desalination.[9]

Figure 6: (a) Osmosis (b) osmotic equilibrium (c) RO. [5]

Osmosis is a physical phenomenon that has been known to humankind for a long time.
In its most basic form, osmosis is a natural process in which solvent molecules spontaneously
migrate over a semipermeable membrane from a solution with low solute concentration (low
osmotic pressure) to a solution with high solute concentration (high osmotic pressure) (Figure
6a). Because the membrane is semipermeable, it rejects solids and solutes while allowing just
solvent molecules to flow through. The osmosis process continues until osmotic equilibrium is
established, at which point the chemical potentials across the membrane are equal (Figure 6b).
By applying external pressure to a solution with a higher concentration (feed solution), the flow
of water molecules can be stopped or reversed. Water molecules are forced to flow in the
opposite direction of the natural osmosis phenomena if the applied pressure difference is larger
than the osmotic pressure difference across the membrane. The process that occurs in this
scenario is known as reverse osmosis (RO) and is represented in Figure 6c.[7]
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The structural and chemical composition of the utilized membrane has a significant
impact on the performance of RO desalination in terms of flux and salt rejection.
The volumetric flow rate of permeate per unit surface area of the RO membrane is known
as permeate or water flux (Jw). It is usually proportional to the membrane's net pressure driving
force. Also, the percentage of an entering solute that is rejected by the RO membrane is known
as solute or salt rejection (SR).[8]
As a result, RO membrane development and developments in RO membrane materials
and qualities have always been vital to the RO desalination process's scientific progress and
economic and operational efficiency. High mechanical strength, thermal stability, permeate
flux, solute rejection, practical membrane life, chemical, and biological degradation resistance,
and low fouling tendency and cost are essential qualities of an excellent RO membrane. Until
the late 1980s, research on innovative RO membrane materials and membrane construction
technologies was the priority. Since then, research has focused on upgrading the materials used
in traditional RO membranes. Synthetic RO membranes made of cellulose acetate (CA) and
aromatic polyamide (PA) polymers are common in commercial desalination applications.
Asymmetric (anisotropic) polymeric RO membranes have a structural gradient in which a thin
dense layer (skin layer) is supported on a porous sublayer. The membrane's permeability and
rejection properties are determined by the top skin layer, while the porous sublayer serves as
mechanical support. Asymmetric RO membranes are commonly divided into two classes based
on their structure: (1) integrally-skinned asymmetric membranes and (2) thin-film composite
(TFC) membranes.[7]

12

Cadotte developed TFC membranes in the 1970s, but they were not widely employed
until the second part of the 1980s. Hoehn and Richter created polyamide (PA) membranes that
performed well in water filtration. A PA TFC membrane is made consisting of a thin selective
barrier layer on a porous substrate, as shown in Figure 7. The barrier layer has an ion separation
function, and the support has a microporous structure (UF membrane) that provides mechanical
strength and high water flux.[9]

Figure 7: Membrane structure made of thin-film composites.[9]

Since the active layer of the RO membrane is impermeable and needs substantial
pressure loading to push water through the membrane, salts are extracted. Water dissolves in
the polyamide and diffuses without salt through the active layer. The energy demands and flux
capability for RO-based desalination technology will be reduced and enhanced by developing
high-performance membrane materials. The high-performance membrane materials could
optimize process conditions and help RO-based desalination technology capture the
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marketplace steadily. At present, more than half of the new desalination plants in the world
utilize RO technology to produce drinking water at a competitively low price.[10]
RO is especially common because it allows for extremely fast transport of water
molecules through a membrane while obstructing all ions. Still, desalination through RO faces
several challenges. For example, in the case of biofouling, an oxidizing agent such as chlorine,
hydrogen peroxide, or peracetic acid is the most effective cleaning approach. The more
common thin-film polyamide reverse osmosis membranes do not tolerate oxidizing chemicals,
and can degrade the polyamide, which is widely used as an active layer in RO and NF
membranes.[11] This weakness will decrease the final performance of the RO membranes with
the polyamide layer.[7]
In terms of general functionality, water transport through membranes could still be
improved by increasing membrane permeability. Still, progress in this area has been impeded
by a lack of data about how polymer membrane chemistry and structure affect fundamental
transport properties.

Consequently, improvements in membrane permeability have been

relatively slow. Current composite membranes have permeability less than two times higher
than those produced twenty years ago.[12],[13]
The structure and chemical composition of the employed membrane has a significant
impact on the efficiency of RO desalination in terms of flux and rejection. As a result, RO
membrane production and advances in RO membrane materials and properties have always
been crucial to the RO desalination process’s technical progress as well as its economic and
operational performance.[14],[7]
Since then, several advancements have been made, from developing new membrane
materials to the evolution of the entire membrane process until the 1990s. From that moment,
the development of new membrane materials has been intensively studied, but no discovery
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has been made at the industrial scale. Therefore, there is a constant interest in finding new
materials offering stability, selectivity, permeance, and excellent scale-up potential. [10]

1.1.4 New Materials like Graphene

The requirement for novel materials with promising properties for desalination has
attracted the attention of the entire scientific community, which is working to improve the
performance of current desalination technologies. Recently, the wonderful effects of
nanotechnology and nanomaterials have slowly crept into the field of desalination to enhance
the technology's success in all areas.[15]
Materials at this scale also have novel size-dependent properties not found in their bulk
counterpart. Many of these nanomaterials have been investigated and reported as potential
materials for water and wastewater treatment applications such as membrane filtration
adsorption and photocatalyst. Magnetic nanoparticles (NPs), dye-doped silica NPs, noble metal
NPs, quantum dots, carbon nanotubes (CNTs), metal oxide frameworks (MOF), nanofibers,
zeolites, aquaporin (AQP), graphene, nano-magnetite, and a variety of other materials are
among them.[16]
Nevertheless, none of these nanomaterials have yet to be proven effective in
desalination. Low salt rejection rates and the challenge of manufacturing highly aligned and
high-density CNT arrays have slowed down CNT-based membranes. In the case of zeolites,
research suggests that their poor water permeability makes them less appealing for desalination
applications.[17]
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Graphene is a single-atom-thick crystalline form of sp2-bonded carbon with a
hexagonal lattice. As the thinnest unsupported solid may be created, it is classified as a twodimensional (2D) material. To put it more simply, graphene could be described as a single, one
atom thick layer of the commonly found mineral graphite: bulk 3D graphite comprises multiple
stacked 2D graphene layers. [18]

Figure 8: The graphite of a regular pencil was peeled away by a layer of graphene
[18]

The scientific and technical communities have been fascinated with graphene not just
because of its unique 2D structure but also because of its equally unusual and frequently
spectacular physical qualities. At ambient temperature, graphene has a high electron mobility
of up to 120,000 cm2V-1s-1 and a saturation velocity of 3-7 x 105 m/s. In addition, graphene has
an exceptionally high current-carrying capacity, allowing current densities of up to 5 x 108
A/cm2 to be sustained. The sp2 bonding in graphene also gives it exceptional mechanical
properties: it has a high stiffness (Young's modulus of 1 TPa), fracture strength (130 GPa), and
fracture strain (0.1%). (27- 38 percent). Its strength-to-weight ratio is unsurpassed by any other
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material, with only a single atom thickness. In addition, the lack of surface bonding results in
a chemically inert surface and a highly stable molecular structure, even at temperatures above
1000 °C. Graphene has extraordinary optical and thermal properties and remarkable electrical
and mechanical qualities: 97.7% transparency in the visible spectrum and a more excellent
thermal conductivity of 600-5000 W/mK.[19]
Graphene offers excellent thermal, chemical, and mechanical stability; nanoporous
graphene is hydrophilic, promoting water transport; and it is also the thinnest possible
membrane, with a thickness of only one atom. As a further benefit, graphene manifests more
excellent resistance to chlorine than current polyamide membranes. This chlorine resistance is
a significant advantage for reversing membrane fouling without inducing membrane
degradation.
The mechanical and chemical exfoliation of high-quality graphene, direct growth on
metal or carbide surfaces using the chemical vapor deposition technique (CVD), and chemical
methods via graphene oxide and unzipping carbon nanotubes are all possible fabrication
pathways for graphene. Also, no single graphene sheet production technique is currently ideal
for all future applications, as each approach can have its benefits and drawbacks. Among the
numerous preparation methods, chemical vapor deposition of graphene onto copper (Cu) has
proven to be the most popular. The CVD procedure works by employing heat to break down a
carbon-based gas into a reservoir of carbon that can be rearranged to produce graphene on a
catalyst substrate. The CVD technique is cost-effective and has graphene sheets with a vast
area transferred to other substrates or utilized directly in an application. [20]
Graphene transfers onto selected substrates using multiple techniques are now
implemented in two ways: wet transfer and dry transfer. The simplest wet transfer method is to
chemically etch the metal away to generate free-floating graphene composites that can be
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scooped onto desired substrates. A wet etching method is used to remove the Cu substrate. A
copper etchant should be employed, such as ferric chloride or iron nitrate, in all wet transfer
methods to remove the copper. It is critical to achieving adequate adhesion between the target
substrate and the transferred graphene layer to reduce the cracking/tearing of transferred films.
The substrate's roughness and hydrophobicity control the graphene film's adherence.[16]
Surface roughness, porosity, and wettability were discovered to impact the quality of
transferred graphene (degree of hydrophobicity). To provide adequate contact between the
graphene and the substrate, the substrate should be smooth enough, and the pore size should be
as little as feasible to give strong support for graphene, which would otherwise rip and crack
during the transfer process. [16]
It is critical to have a smooth enough substrate to sustain the one-atom-thick graphene
membrane while permitting quick water diffusion to fabricate an effective graphene NF/RO
membrane.

1.2 Research Motivation

Commercial thin-film composite (TFC) membranes are highly successful at rejecting
salt today, but they fall short in other areas. First, their water permeability is extremely poor,
for instance, although this issue is not a limiting factor any more. A typical TFC membrane's
water permeability (i.e., the water flux over the membrane per unit of transmembrane pressure)
is just on the order of 0.5 -10 L/(m2-h-bar), which is 300 times less than ultrafiltration
membranes. Second, organic material and minerals escalate quickly to clog ordinary TFC
membranes. Membranes' practical lifetime in a RO plant is frequently less than three years due
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to fouling. Third, conventional TFC membranes are susceptible to chlorine and disinfectants
used in pretreat steps, and their lives will decrease significantly.[17]
Chemical vapor deposition (CVD) is a viable approach for making low-cost, large-area
graphene films, critical for commercializing graphene-based products. A single layer of
chemical vapor deposition (CVD) graphene, free from defects, will completely block the
transport of nearly all atomic, ionic, and molecular species. CVD Graphene is the thinnest
membrane known, with a one-atom thickness acting as the barrier. Because of the high flux, a
thin layer is preferable. High flux, on the other hand, must be accompanied by high salt
rejection.
Nanoporous materials – materials with well-defined pores – have a significant impact
on the amount of RO desalination over traditional TFC membranes. There is a multitude of
causes to believe that nanoporous membranes will surpass conventional TFC membranes.
Water moves slowly and follows the solution-diffusion model in traditional RO membranes:
water dissolves in the active layer of the membrane. It diffuses across to the permeate side
following a concentration gradient. Because molecular diffusion is a slow process, and because
the active layer in traditional TFC membranes is 103 times thicker than the usual size of a water
molecule, conventional TFC membranes are not very water permeable. New forms of ultrathin
membranes provide considerably higher water permeability since flux through a membrane
scales inversely with its thickness. The ultimate thin membrane is graphene, made up of a 2D
sheet of sp2 connected carbon atoms in a hexagonal honeycomb lattice.[21]
There are several popular ways for transferring the single layer of graphene on the
substrate, but they have their drawbacks. Such as, Spin-coating PMMA on the graphene/metal
interface is the most common method for transferring chemical vapor deposition (CVD)
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graphene onto various substrates. This PMMA-based approach has a few disadvantages:
completely removing PMMA residues is challenging, and most flexible substrates dissolve in
acetone or cannot sustain the annealing temperature. Other PMMA-free methods have been
examined, such as employing thermal release tape as a transfer membrane, directly transferring
onto polydimethylsiloxane (PDMS), or attaching graphene to other flexible substrates using
certain functional groups. [22]
In most cases, the final product had a wrinkle or deep cracking on the single layer of
graphene, But in this research, the hot press method was used to attached the CVD graphene to
the modified substrate without any wrinkle and lower cracks.[23]

1.3 Scope of Research

In this project, transferring CVD graphene onto a modified Ultrafiltration (UF)
membrane will be discussed. The CVD graphene is fragile and can easily be torn if it is directly
transferred to a pristine membrane support composition that has roughness on the surface. A
hydrogel underlayer—polyvinyl alcohol (PVA)—has been synthesized, cross-linked, and
applied to membrane support to allow transference without damage. The degree of crosslinking and the thickness of the PVA layer can affect the permeability of a PVA / support
membrane. PVA is a suitable material because it is the sufficiently flexible substrate (hydrogel)
to support the one-atom-thick graphene membrane while permitting quick water transmission
to produce an effective graphene NF/RO membrane.

20

Also, there is another hypothesis employed in this research that the application of
plasma methods can make the graphene membrane and its substrate controllably Nanoporous
to give the desired high flux and high salt rejection.
This study aims to transfer a single layer of Chemical Vapor Deposition (CVD)
graphene on the modified support then make sub-nanometer pores on it by applying the
Nitrogen plasma to create a nanoporous graphene base membrane RO or NF application.
In this research, experimentation and membrane characterization approaches were
carried out. These findings will be compared to other membranes prepared and different types
of supports.
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CHAPTER TWO
2. MATERIALS AND METHODS

2.1 Materials, Chemicals, and Instruments

Polyvinyl alcohol (PVA, MW= 31-50 kDa, degree of polymerization (DP)= 350-650
and 98–99% degree of hydrolysis) was purchased from Celvol company (Dallas, TX, USA).
Glutaraldehyde (50% solution v/v, mol. wt. = 100.1 g /mol), ammonium persulfate
((NH4)2S2O8, ASP), and sulfuric acid (H2SO4) were purchased from MilliporeSigma (St. Louis,
MO, USA). Acetic acid (CH3COOH) and Potassium chloride (KCl) were used as received from
ThermoFisher Scientific (Waltham, M.A., USA). Methanol (CH3OH,99.8%) was purchased
from VWR International, LLC (Suwanee, GA, USA). The CVD monolayer graphene was
procured from ACS Material Company (Medford, M.A., USA). Polyvinylidene fluoride
(PVDF) ultrafiltration membrane sheets (Trisep Membrane Filters UB70 series) and
polyethersulfone (PES) ultrafiltration membrane sheets (Trisep Membrane Filters UF5 series)
were purchased from Sterlitech Corp. (Kent, WA, USA). All chemicals were used as received
without any additional purification. Deionized (DI) water was used for all experiments. The
pure water permeance of modified supports without and with graphene was measured with
direct-flow filtration using a Sterlitech UHP25 Stirred Cell (Sterlitech Corporation, Kent, WA).
HI2315 Conductivity meter was purchased from HANNA USA.
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2.2 Preparation of Support

Table 2 lists the Ultra Filtration (UF) membranes utilized in this study. The flux and
MWCO demonstrated in Table 2 were determined by the manufacturers. Two alternative
methods of substrate modification were researched and compared in terms of their effectiveness
on surface roughness for CVD graphene transferring: Chemical modification and physical
modification. In the chemical modification step, a cross-linked PVA was cast on the UF
membranes to make the surface smoother. In addition, hot press as a physical modification
method was applied to decrease the surface roughness of the UF membranes.

Table 2: Ultra Filtration membranes specification

Series

UF5

UB70

Feed

Process

Dairy/Wastewater

Type

Protein Concentration (High Solids)

Industrial Wastewater

pH Range (25 °C)

2-11

2-11

Flux (GFD)/psi

50/20

48/3

Pore Size/ MWCO

5,000 Da

0.03 µm

Polyether sulfone (PES)

Polyvinylidene Fluoride (PVDF)

Polymer
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2.2.1 Chemical Modification by PVA Deposition

Because of high hydrophilicity, superior mechanical strength, and chemical resistance,
poly (vinyl alcohol) (PVA) has recently been widely used as a selective and functionalized skin
layer for a thin film composite membrane via adsorption-cross-linking. Many studies have
shown that the PVA-modified surface significantly increases hydrophilicity and a decrease in
hydrophobicity.[24]
2.2.1.1 PVA Preparation and Crosslinking

PVA solution was made by dissolving 6 wt. % of PVA powder in DI water at 75-85
°C for 3 hours with steady stirring. A cross-linking solution was then added to 50 mL of a 6
wt% PVA solution. In this experiment, the cross-linking solution contained 10% acetic acid (as
a pH controller), 50% methanol (as a quencher), and 10% sulfuric acid (as a catalyst) in a
volume ratio of 3:2:1, with an appropriate amount of 50 vol% glutaraldehyde.

Figure 9 : Crosslinking reaction between PVA and glutaraldehyde
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Then cross-linked PVA solution was cast on the UF commercial membranes by spin
coater (NiLo 4) and let dry at room temperature for 24 h. The spin coater was used to coat the
substrates with the cross-linked PVA. The solution (1ml) was poured on the substrate for 40
seconds at 3500 rpm during the spin coating procedure. To achieve a smooth dispersion of the
layer, no material was added in the last 20 seconds, and it was kept at room temperature or 60
°C until entirely dried. (Figure 10)

Figure 10 : Pouring the crosslinked PVA on the substrate

2.2.1.2 Swelling Test

The degree of swelling is usually calculated for hydrogels. That is, three-dimensional
networks were obtained from cross-links of one or more types of polymers. Swelling is one of
the essential characteristics of hydrogels, and basically, swelling is measured to chractrize that
a compound is a hydrogel. Swelling means that the hydrogel does not dissolve in the solvent
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but swells. The highly cross linked the cross-linked hydrogels, the lower the swelling ratio
(because the porosity of such hydrogels will be lower and consequently space will be lower for
solvent adsorption) and vice versa. Whether the low swelling or high swelling hydrogel is good
depends on the application of the hydrogel.
20 mL cross-linked PVA solution was poured into the Petri dish and dried for 24h at
room temperature. Then disc shaped cross-linked PVA was weighed and then immersed in DI
water. The hydrogel was removed from DI water at different periods and weighed after
excessive water on the surface was separated. The mean results of triplicate measurements were
used to display the data in this experiment. The following equation was employed to calculate
the results.:

𝑆𝑅 =

(M𝑠 − 𝑀𝑑 )
× 100%
𝑀𝑑

Equation 1: Swelling ratio

Ms is the mass in the swollen state, and Md is the mass in the dried form, where SR is
the swelling ratio.[25]
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2.2.2 Physical Modification by Hot Pressing

All UF membrane samples were flatted by hot pressing. In a Carver press, a glass slide
was utilized to smooth the membranes (model 3851-0, Wabash, IN, USA). The hot press plates
were set to 50 ° C. To spread the pressure evenly throughout the membrane, glass was placed
on top of the membrane, with its polymeric layer facing upward. Two pieces of thermally
conductive silicone rubber were used to sandwich the sample. The press plates were sealed shut
until the desired force was achieved. Hot pressing was carried out for 8 minutes at a force of
800 Ibf. The whole assembly was hot-pressed together, as shown in Figure 11.

Figure 11 : Physical modification set up
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2.3 Fabrication of Nanoporous CVD graphene on support
2.3.1 Transferring of CVD Graphene

Wet and dry transfer methods for CVD graphene can be identified depending on the
environment where the graphene meets the target substrate. In this study, a unique technique
that can prevent wrinkling and cracking was applied.
A hot press technique was applied for transferring CVD graphene onto the original or
modified substrates by using the Carver hot press (model No 3851-0). First, the large area of
CVD graphene (1.25 cm square) on copper (Cu) substrate was cut and placed on the top of the
modified UF membrane (as support). The sandwich of CVD graphene and the modified
membrane supported by a PTFE reinforced fiberglass and then hot pressed for 3 mins at 600
lbf, 140 °C (Figure 12). To remove the copper, fabricated membranes were immersed in etchant
solution (0.3 M ASP) to remove the underlying copper overnight.[23]

3

Figure 12: Transferring of CVD graphene
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2.3.2 Applying the plasma cleaner

Nitrogen was purged through the Harrick Plasma Cleaners. For plasma treatment, a
Harrick Plasma-PDC 32G was utilized using power and chamber pressure of 28 W at 0.2 Torr
for N2 plasma for 5 min. All samples were attached to the glass slides and then placed in the
chamber under the specific vacuum condition.

2.4 Characterization of The Membrane

FESEM: The morphology of prepared membranes was assessed by field emission
scanning electron microscopy (FE-SEM, HITACHI S 4800, Hitachi, Tokyo, Japan). FE-SEM
cross-section images of samples were taken by the fracturing of samples in liquid nitrogen. The
operating voltage of the FESEM instrument was about 10-20kV. The membrane samples
without CVD graphene were coated with platinum as a conducting layer prior to the FESEM
examination.
AFM: The UF commercial membranes surface morphology before and after
modification was observed by non-contact tapping mode atomic force microscopy (AFM) with
silicon cantilever probe tips (MikroMasch, Inc., HQ: NSC16/AL BS, Watsonville, CA) using
a Bioscope AFM (Bruker, Inc., Billerica, MA) and a NanoScope IIIa controller equipped with
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Nanoscope version 5.32R1 software. All images were captured with a 256 × 256 pixel
resolution over 10 μm × 10 μm areas at a scan rate of 0.5 Hz.
Laser Scanning Microscope (LEXT): The roughness of large areas of pristine and
modified membranes were taken with An Olympus LEXT OLS4000 3D laser measuring
microscope (Olympus Corporation, Tokyo, Japan), also LEXT software version 2.2.3 was used
to analyze images of the surfaces of the modified and pristine membrane. Images were taken
with a 20× objective lens.
Contact Angle: A Krüss DSA 10-Mk2 contact angle goniometer was used to measure
water contact angles. 30 seconds after placing a liquid drop (3µL) on the sample surface,
measurements were taken. Each sample was measured in three different places. The sessile
drop model was used in DSA version 1.80.0.2 Drop Shape Analysis software to evaluate
contact angle.
X-ray Photoelectron Spectroscopy: XPS is a surface-sensitive spectroscopic technique
for determining elemental composition from sample material based on the chemical and
electronic states of the elements. The method works by irradiating a material with X-rays,
which causes photoelectrons to be emitted from the surface at up to 10 nm. XPS can be used
to examine a material's surface chemistry in its raw condition. A PHI 5000 VersaProbe III
(Ulvac PHI Inc.) with a monochromatic, micro-focused Al K X-ray source operating at 25 W
and a vacuum chamber pressure of 1× 10-8 Pa was utilized to characterize graphene on the
samples using XPS.
The sample surface was scanned with a micro-focused raster X-ray beam. The survey
scans were gathered at a fixed analyzer pass energy of 112 eV and experimentally quantified
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using Ulvac PHI Inc's sensitivity parameters. The X-ray probe beam diameter was 100
micrometers for XPS spectroscopy of isolated portions of the sample.

2.5 Performance Evaluation of nanoporous CVD graphene-based membrane
2.5.1 Permeability test

The proportional flow rate of permeate per unit surface area of the membrane is known
as permeate or water flux (Jw). The net pressure driving force across the membrane is usually
proportional to permeate flux. [7]
The pure water permeance of modified supports with and without graphene was
measured with direct-flow filtration using a Sterlitech UHP25 Stirred Cell (Sterlitech
Corporation, Kent, WA). All modified UF membranes were cut in a disc shape with 1 in
diameter and were assessed at two different pressures (20 and 40 psi equivalent 137.9 and 275.8
kPa). The water flow rate was recorded over time, flux was calculated as a mass of water
transported divided by membrane area and time, so the pure water permeance was calculated
as the slope of the water flux versus the pressure plot. Two different UF membranes were tested
for each of two different modification methods. The measurement duration was varied between
35–45 min. The above procedure was also used for transferred CVD graphene-based
membranes before and after plasma treating. To ensure that only graphene and the underlying
layer were tested, the tested area was limited to 0.79 cm (5/16 in) in diameter by covering with
tape.
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2.5.2 Ionic Transport and Salt rejection study

The ionic transport across the CVD graphene on the modified substrate combination
were studied to determine the quality of transferred graphene. In this part of experiment 4
different samples was used. An unmodified UF5, CVD graphene on unmodified UF5 and a
single layer of graphene on the modified substrates. It should be notice non of samples with
graphene not treated with nitrogen plasma. A specific Side-by-Side glass diffusion cell for this
purpose, as shown in Figure 13(a), was provided. Two glass chambers with the same volume
capacity make up the cell (7 mL for each chamber). The two chambers are clamped and sealed
securely across a 2.5 cm (1inche) interface opening, through which the membrane is put to
conduct the ionic transport experiments. This method was adapted from Sean et al. work.[20]
With 7 mL of 0.5 M KCl solution, the ionic transport investigation was carried out.
The left chamber of the cell was filled with KCl solution, while the right chamber was filled
with 7 mL deionized water. During the diffusion phase, both solutions were magnetically
stirred to reduce concentration polarization effects. Ions of potassium and chloride diffused
through the graphene membrane and into the deionized waterside. The ions' diffusion rate was
determined by measuring the change in conductivity over time. The probe dipped in deionized
water on the diffusion cell's deionized waterside, as illustrated in Figure 13(a). For 30 minutes,
conductivity was measured every 30 seconds. Also, the solution temperature was 22–23 °C.
The conductivity-time curve's slope was measured and compared to the same slope for the bare
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substrate as received (without graphene layer). The difference between the slopes of the
conductivity-time curves for the bare and composite membranes was divided by the slope of
the bare membrane to get the percentage of ion blockage. This experiment can shows the
quality of transferred single layer of graphene on three different of supports.
Also for salt rejection direct flow cell as shown in Figure 13(b),with modified graphene
based membranes was used. A test solution (0.5 M KCl) was used to evaluate the graphene
selective layer of the membrane. The applied pressure was 50-60 psi, and permeate was allowed
to flow for 3min before sample collection. The solution temperature was 22–23 °C. The
percentage of an entering solute that is rejected by the membrane is known as solute or salt
rejection (SR). The apparent (observed) SR can be calculated as follows:

𝑆𝑅 = (1 −

𝐶𝑃
) × 100%
𝐶𝐹

Equation 2: Salt rejection

In Equation 2, CP and CF stand for permeate and feed solute concentrations in mg/liter,
respectively.[6] The concentration could be obtained with the conductivity of the solution. The
conductivity could be measured by HI 2315 conductivity meter. Nowadays, a variety of
conductivity measurement units are being used. Total dissolved solids (TDS) units, salinity
units, and concentrations are frequently converted from conductivity measurements. Equation
3 shows how to convert the conductivity to concentration:

TDS = SC × f
Equation 3: Conductivity conversion to concentration

where:
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TDS = Total Dissolved Solids in mg/L, SC = Specific Conductance (temperature corrected) in
uS/cm and f =conversion factor (it is 500 in US). The exact value for the conversion factor
depends on the water's ionic composition, especially its pH and bicarbonate concentration and
the TDS of the solution. Conversion factor for this experiment calculated based on conductivity
of 0.5 M KCl.
Two different set up, direct-flow filtration and ionic transport, were applied for salt leakage
and rejection. The diffusion cell set up shown in Figure 13(a&b).

(a)

(b)

Figure 13 : (a)Diffusion cell setup for study on ionic transport.(b)direct flow cell for permeation
and salt rejection
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Chapter Three
3. RESULTS AND DISCUSSION
3.1 Imaging Characterization of Original Substrates

FESEM, AFM, and LEXT characterization for both types of Ultra Filtration
membranes (UB70 and UF5 as a substrate for supporting graphene) was carried out to
understand the role of substrate modification on the roughness of the surface of the substrate
for the graphene transferability, including its quality.
The UF membrane's surface morphologies are presented initially. The AFM pictures
of the various membranes was used to explore the roughness of unmodified UF membranes as
shown in Figures 14 and 15. To enhance details, the vertical axes are adjusted to match the
height range in each image. Areas below and above the mean elevation are shown by the dark
and bright regions, respectively. The surface profile was explored in three sections, and the
average root mean square (RMS) values were calculated by the Gwyddion software. Surface
roughness values were also checked and qualitatively validated using 3D surface profiles.
According to the AFM results, the UB70 substrate with larger pore size has the roughest surface
with RMS = 62.11 nm. By comparing 3D AFM images of UB70 and UF5, the UB70 is seen to
have a rougher surface than UF5. The maximum height for UB70 was 206.3 nm which is almost
seven times higher than the peak point of UF5. Among the commercial UF membranes, the
UF5 illustrate smoother surface (RMS=7.733 nm).
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Figure 14:AFM image and three section profile with an average RMS equal to 62.11 nm of
the unmodifiedUB70 membrane.
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Figure 15: AFM image and three section profile with an average RMS equal to 7.733 nm
of the unmodified UF5 membrane.
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Laser Scanning Microscope (LEXT)was also utilized to examine surface morphology
or the asymmetric porous structure of polymer membranes. Figure 16 shows snapshot images
of both UB70 and UF5, the UF membrane's outer surface obtained with confocal scanning laser
microscopy. As can be observed, the images obtained are somewhat different. UB70 has
uniform grooves, but UF5 has a random rough surface. The average roughness height for UB70

(a)

(b)

Figure 16: Confocal laser scanning microscopy images of (a)UB70 and (b)UF5. (Scale bar 200µm)
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is 14.9 µm and for UF5 is 27.7µm. So, roughness of UF5 is higher than UB70 by Confocal
laser microscopy, but lower by AFM. Confocal laser microscopy investigated on the large area
compare of AFM, this could be the reason of the difference between the results between the
AFM and confocal laser microscopy.

3.2 Swelling test of PVA

Before starting the characterization of the modified substrate, it is essential to make
sure that the hydrogel of PVA is cross-linked very well. Because fundamentally, the PVA is
soluble in water, and it can be dissolved in water if it was not cross-linked very well. Also, it
should be noticed that the high degree of cross-linked of the PVA will reduce the permeation
of the graphene-based membrane. So first carried out the swelling test and investigated the
results to ensure the appropriate cross-linked PVA synthesized before the casting on the UF
membrane.
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Figure 17: Swelling behavior of hydrogel of PVA
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The swelling investigation was carried out for 180 minutes in water of pH 7.5 at T=
27°C. The swelling capacity of the PVA hydrogel steadily increases with time, as shown in
Figure 17. When conducting the swelling investigation in the presence of PVA and DI water,
the full saturation swelling time (data shown in Figure 17) was determined from the swelling
duration (0–180 min) of PVA hydrogel. The full saturation is achieved at a period of 60
minutes, as can be shown in Fig. 17. Following that, the swelling ratio was found to be
stable.This result indicates that the cross-linked PVA is permeable enough because it absorbed
only 90%, and it can pass more than this amount of water and as strong as smooth support for
graphene at high pressure.

3.3 Imaging Characterization of Modified Substrates
3.3.1

Adding cross-linked PVA on the support

After casting the cross-linked PVA on the substrate UF membranes, the surface
morphology was investigated, and compared with the results of the pristine UF membrane

(b)

(a)

Figure 18: AFM images of (a) Original UB70, (b)modified UB70 with PVA
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charactrization. The maximum height for the roughness on the pristine UF membranes, UB70
and UF5, from the AFM was 206±12 nm and 37± 17 nm, respectively. Also the root mean
square of the UB70 was 62.11 nm and UF5 was 7.73 nm respectively. These peaks and average
RMS are the surface's roughness, and they were significantly decreased when the PVA layer
modified them with the spin coating process. The average RMS for UB 70 after modification
by PVA decrease from 62.11 nm to 23.29 nm and for UF5 the average RMS was reduced from
7.73 nm to 2.9 nm. Also from the 3D AFM images, it could be observed that the maximum
peak decreases to 19±3 nm and 3±1 nm for UB70 and UF5, respectively. Figures 18 and 19
show the roughness of the UB70 and UF5 before and after chemical modification, respectively.
As it was expected the modified UF5 with PVA has the smoothest surface compare to all
samples.

(a)

(b)

Figure 19: AFM images of (a) Original UF5 and (b) modifies UF5 with PVA

These results are in good agreement with the confocal scanning laser scanning
microscopy analysis (LEXT) outcomes that shows the roughness reduce after modification.
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The LEXT images in Figure 20 and 21 show, all samples have uniformity in the surface
after the casting of the PVA. Also, the reports of the LEXT image show the average roughness
height for pristine UF5 and UB70 were 27.7µm and 14.9 µm, respectively. These average
roughness heights significantly were decreased to 8.5 µm and 2.2 µm for UF5 and UB70
independently. As shown in Figures 20 and 21, surface roughness is smoothed out, and the
surface of cross-linked treated membranes becomes less rough.

(a)

(b)

Figure 20: Laser confocal microscopy images outer surface of UF5 as a support(a)
pristine, (b) modified membrane with PVA (Scale bar 200 &500 µm)

(a)

(b)

Figure 21: Laser confocal microscopy images of outer surface of UB70 as a support(a)
pristine, (b) modified membrane with PVA (Scale bar 200 µm)
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(a)

(b)

Figure 22 :FE-SEM images of the Surface structure of (a)original and (b)PVA modified
UF5

Figure 22 depicts the morphological structures of the modified PVA UF5 membrane
surface before and after chemical modification. These images could show the pores of the
surface of original and modified membrane. Also, they cover bigger area compared to the AFM
pictures.
The porous structure of the UF support was made of a polymer framework with a rather
unsmooth surface. There are some damages and defects on the original UF5, and those defects
disappeared after the casting of cross-linked PVA on the surface. The same procedure has been
done on the UB70 as support.
As the manufacturer reported, the surface of the UB70 has larger pores compare to the
UF5, and the FE-SEM images confirmed it. The images (figure 23) show that the cross-linked
PVA completely covered the surface and the pores of the surface.
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(b)

(a)

Figure 23: FE-SEM images of the Surface structure of (a)original and (b) PVA modified
UB70
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3.3.2

Hot Pressing

Glass slides were used to press UF membranes directly. The surface was smoothed via
hot pressing. The membranes modified in both ways are shown in Figure 25 as typical LEXT
images. The membrane surfaces were clearly smoothed, as evidenced by the photos. The
average roughness height after hot pressing decreased to 2.2 µm and 4.8 µm for UB70 and
UF5, respectively. The roughness of the UB70 was decreasing to the same extent in both
methods, but hot pressing for UF5 has effectively reduced the surface roughness and make it
smoother. Figure 24 shows the roughness of the UF5 and UB70 UF membranes with different
treatments. All results were obtained with LEXT method.
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Figure 24: Summary of the roughness of UF5 and UB70 with LEXT
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UF5+ PVA

(Spin Coating)

(a)

(b)

(c)

(d)

(e)

(f)

Figure 25: LEXT image of (a) original UF5, (b) modified with PVA, (c) hot pressed UF5, (d)
original UB70, (e)modified with PVA, (f) hot pressed UB70
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Figures 26-31 show cross-sectional FE-SEM images of original UF membranes and
the membranes with a PVA coating on a commercial UF membrane, as well as hot pressed
commercial UF membranes.
Figure 26 shows the cross-sectional FE-SEM images of original UB70 which has a
larger pore compared to the UF5 on the surface. The active layer in the UB70 is the
Polyvinylidine Fluoride (PVDF).

Polyvinylidene
Fluoride
(PVDF)

polypropylene

Figure 26: FE-SEM image of cross-section of unmodified UB70

The FE-SEM image of the hot pressed UB70 shown in Figure 27. As it can be observed
the pores on the surface were destroyed and compacted after hot pressing. The polymeric active
layer active layer was compacted after applying the force on them. There is still PVDF on the
UF membrane because the melting point of PVDF is 177 °C and the hot pressing temperature
was under the melting point.
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Polyvinylidene
Fluoride (PVDF)
polypropylene

Figure 27: FE-SEM image of cross-section of hot pressed UB70

The modified UB70 with PVA shows in Figure 28. The FE-SEM image shows a crosslinked PVA layer on the UB70. The thickness of the PVA on the UB70 is lower than UF5 with
PVA.

Crosslinked PVA
Polyvinylidene
Fluoride (PVDF)

polypropylene

Figure 28: FE-SEM image of cross-section of modified UB70 with PVA
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The roughness of original UF5 can be seen from FE-SEM image in Figure 29. The
polymeric active layer in the UF5 is polyether sulfone (PES). The image shows the pores on
the UF5 is smaller than UB70.

Polyether
sulfone (PES)

polypropylene

Figure 29: FE-SEM image of cross-section of unmodified UF5

The PVA modified UF5 is illustrated in Figures 30 and 31. Figure 31 shows the
modified UF5 with cross-linked PVA. It is clear that the roughness of the original UF5
significantly decreases after the casting of PVA on the surface. The pore structures are not
perfectly shown because they took this formation during the cutting after freezing fracture in
liquid nitrogen.
Figure 30 shows the cross sectional of the hot pressed UF5. In this case hot pressing
method dose not damage the pore on the surface, it shows smaller pore can tolerate the force
that applied in hot pressing process. The same as figure 31, the pores structure were affected
by cutting after freezing fracture.
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Crosslinked PVA
Polyether
sulfone (PES)

polypropylene

Figure 31: FE-SEM image of cross-section of modified UF5 with PVA

Polyether
sulfone (PES)

polypropylen
e

Figure 30: FE-SEM image of cross-section of hot pressed UF5
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3.4 Effect of Surface Modification on Water flux through the membranes

Figure 32 illustrated the effect of surface modification on the UF membrane's water
permeation ability. The improvement of the surface of the pristine membrane has an impact on
membrane water flux. The modified membrane must have enough permeation after the
modification to allow for water permeation after a supported graphene layer is applied. Figure
32 shows how DI water flux is reduced from 50 L/m2h to 18 L/m2h at 20psi and from 80 L/m2h
to 30 L/m2h at 40 psi for modified UF5 with cross-linked PVA. This result demonstrated that
the skin layer of pristine UF membrane created by coating with cross-linked PVA became
denser. Thus, the pure water flux was decreased. As a result, the cross-linking PVA had a
significant impact on the permeation of the modified UF5 membrane.
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Unlike the UF5, the flux of the modified UB70 with cross-linked PVA was dropped to
near zero at 20 and 40 psi. The surface morphology of UB70 could be described as this. UB70
has vast pores on the surface, and cross-linked PVA filled the pores and blocks them, and stops
the permeation of modified UB70 at a specific pressure.
The DI water permeation of hot pressedUF5 was decreasing from 50 to 24 LMH at 20
psi and 80 to 33 LMH at 40 psi. These results are higher than for chemical modification because
in this method a new layer has not been added. Each new layer will have some resistance for
water permeation in the membrane.
The flux of pure water for hot pressed UB70 was decreasing from 207 to 54 LMH at
20 psi and 430 to 105 LMH at 40 psi, as shown in Figure 32.

3.5 Transfer of CVD Graphene onto the Modified Support

Figure 33, as an FE-SEM result, has been done to investigate the transfer of CVD
graphene onto the UF membrane surfaces as support. These pictures will help us to visualize
the defect structure of CVD graphene following the transfer process. The FESEM pictures
show transferred graphene with some defects (tears and cracks) on both unmodified UF
membranes as support. Figure 32(a) is related to UB70, and (b) is linked to UF5. FE-SEM
images show that the cracks on the UB70 are deeper and more than UF5. These defects may
be due to the roughness of the surface of the supports because they were prepared and fabricated
in the same protocol. Also, these results are in good agreement with the characterization
findings. Based on the AFM results, UB70 has a rougher surface than UF5.
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During the transfer of CVD graphene onto the supports followed by removal of copper
foil by etching, for the effect of concentration of the etchant was investigated. Figure 34 is the
FE-SEM images of two different concentration of APS that was used as an etchant. The results
show that the higher concentration can increase the defects and number of graphene cracks.
Generally, etchants with high concentrations can expand the defect of graphene.

(b)

(a)

Figure 33: Effect of different concentration of etchant solution on CVD graphene on UB70
(a) 1 M APS, (b) 0.3 M APS
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(b)

(a)

(c)

Figure 35: Transferred CVD graphene on (a)original UF5, (b) Hot Pressed
UF5, (C) modified UF5 with PVA

(a)

(b)

Figure 34: FE-SEM images of defect visualization of CVD graphene on (a) pristine UB70,
(b) pristine UF5 supports
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It can be observed from Figure 34 that the CVD graphene on the UB70 has more
defects than the UF5. But unattached areas are lower in unmodified UB70. The bright spots
indicate that the single layer of graphene was not attached well to the support. As expected,
FE-SEM images reveal the roughness of the support can impact the graphene's defect structure,
which is the active layer of the graphene-based membrane. Figure 35(a) is the transferred
graphene on the original UF5 without any modification. As observed, it has more cracks and
unattached areas compared to the hot pressed (Figure 35(b)) and modified with PVA (figure
35(c)) UF5 as support. The bright spots in the images are tears or free areas between the
graphene and the support. The bright spots in the sample of single layer of graphene on the
physically modified support, as shown in Figure 35(b) is lower than the sample with cross
linked PVA modification(Figure 35 (c)).

55

(a)

(b)

(c)

Figure 36: Apply the N2 plasma to the transferred CVD graphene on the unmodified
UF5

The nitrogen plasma was used under the specific condition mentioned in the last
chapter and results at three different magnification levels are shown in Figure 36. Most of the
pores created around the cracks (figure 36(b)) can reduce the strength of the graphene and
consequently decrease the functionality of the membrane. The pore density, as shown in the
pictures, has a good distribution.

56

(b)

(a)

(c)

Figure 37: Apply N2 plasma to graphene layer on(a) unmodified UF5, (b) modified UF5
with PVA, (c) hot pressed UF5

Figure 37 displays the nanoporous graphene-based membrane on different modified
supports. Figure 37(a) shows the graphene-based membrane on the original UF5 supports after
applying the N2 plasma. The pores on the original UF5 are bigger in terms of diameter and
deeper compare to the pores on the modified supports. The pores on the transferred graphene
on the modified support with PVA are not clear as the original UF5 supports. It was suggested
to use the Pt coating to get better results, but it can fill the pores and cover them.
After applying the N2 plasma, the DI water permeation test was carried out to
investigate the permeation of water through the nanoporous graphene-based membrane before
and after employing the plasma.
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Table 3 :Membrane permeation before and after plasma treatment
20 psi

40 psi

50 psi

LMH

LMH

LMH

Unmodified

73

90

N/A

PVA- modified

32

56

N/A

Thermally modified

25

43

N/A

Graphene on unmodified

6.35

12.28

N/A

Graphene + PVA modified

0.48

2.16

N/A

Graphene + thermally modified

4.35

6.13

N/A

Graphene + N2 plasma

N/A

N/A

16.34

Graphene + PVA modified + N2 plasma

N/A

N/A

3.2

Graphene + thermally modified + N2 plasma

N/A

N/A

8.7

Type of UF5
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As can be seen in table 3, the flux of transfer graphene on the modified support with
PVA decrease from 32 LMH to 0.48 LMH at 20 psi and 55.8 LMH to 2.16 LMH at 40 psi. It
should be noticed that the surface of all samples in this experiment were limited by tape to 0.49
cm2 . The CVD graphene could not fully block the diffusion of the water molecule, but it could
significantly decrease the permeability of DI water. It seems this flux is due to the defects of
the CVD graphene. The permeation of the nanoporous graphene-based membrane was
investigated at 50 psi. This pressure was carried out for salt rejection step.
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3.6 Contact Angles

The water contact angle determines the surface hydrophilicity and wettability of a
membrane. In general, the lower the water contact angle, the greater the hydrophilicity of the

(b)

(a)

Ave. CA = 23°± 8

Ave. CA =86°± 6

(c)

Ave. CA = 40°± 4
Figure 38: Water contact angle of (a) cross linked PVA, (b) pristine CVD graphene
on PVA, (c)nano porous CVD graphene on modified UF5 with PVA
membrane surface, and the higher the contact angle, the lower the hydrophilicity of the
membrane surface.[27] PVA has many OH groups (96 percent hydrolyzed); hence it has a
higher hydrophilic surface and is a water-soluble substance. The coating was remarkably stable
in water due to the employment of GA as a cross-linker via acid-catalyzed acetalization.[28]
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As a result, the modified PVA had hydrophilic characteristics due to the residual uncross-linked
fraction of hydroxyl groups. Figure 38(a) shows that the average contact angle (CA) of water
on the modified UF5 with cross-linked PVA is 23°. The average contact angle of transferred
graphene on the modified UF5 is about 87° (figure 38(b)). Based on the literature review, it
was expected that the defect-free graphene is hydrophobic. It seems the defects on the
transferred graphene decrease the contact angle of the pristine CVD graphene. Figure 38(c)
shows the average contact angle of the CVD graphene after treatment with the Nitrogen plasma
is 40°.
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3.7 XPS analysis

The XPS spectra can be generated by irradiating the material with an x-ray beam while
also detecting the kinetic energy of escaping electrons from the near-surface region (usually,
0-10 nm). XPS experiments were conducted on four different samples, original UF5, modified
UF5 with PVA, transferred CVD graphene on the PVA - modified UF5 and nanoporous CVD
graphene on the PVA- modified UF5 with applying nitrogen plasma. The representative XPS
scan survey on the membrane is shown in Figure 39. The survey spectra indicate the three
different membrane predicted components, oxygen, carbon and nitrogen.

Figure 39: Chemical binding state of (blue or S_1) original UF5, (green or S_2)
modified UF5 with PVA, (yellow or S_3) transferred CVD graphene, and (red or
S_4) transferred CVD graphene after Nitrogen plasma
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The blue or S_1 line is representing the original UF5. The active layer of the
unmodified UF5 is Polyethersulfone (PES). The XPS spectra of S 2p and S2s demonstrate that
the sulfur binding states are 180 and 240 eV, respectively. In the green or S_2 line, which is
cross-linked PVA on UF5, no peak is related to sulfur. It can be observed these two peaks in
the yellow or S_3 line, and green or S_4 line that is associated with transferred graphene on
the modified UF5 sample before and after using the plasma, respectively. These two peaks
could be for remaining Ammonium persulfate (APS), etchant solution used for removing the
copper, which was not thoroughly washed, and residual on the graphene.

Nitrogen

(b)

Oxygen

(a)

Carbon

(c)

Figure 40: XPS spectra of 4 different samples for (a)Nitrogen, (b)Oxygen and (c)Carbon
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The nitrogen peak in Figure 40(a) can be seen around 400 eV for the red line
corresponding to the transferred graphene after nitrogen plasma treatment. The reason for this
peak could be explained because of nitrogen plasma which could have resulted in some
nitrogen bonded to the carbon. Unsurprisingly, the carbon peaks have been observed in all four
samples. But oxygen peaks surprisingly have been seen in samples of transferred CVD
graphene before and after nitrogen plasma cleaning. This finding may be because the CVD
graphene was transferred on modified supports with cross-linked PVA, and PVA has a
hydroxyl group. Also, the CVD graphene has defects and nanopores on the surface before and
after plasma cleaning. So, these peaks have come from defects or pores on the surface of
transferred graphene, and the defect might include oxygen or OH bonded groups.
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3.8 Membrane Performance for Water Desalination

To examine and confirm the quality of transferred graphene, KCl ions were found to
be transported through the CVD graphene on modified substrate membranes. This method was
accomplished using a primary diffusion cell with a 0.5 M KCl solution in the left side chamber
and deionized water in the right-side chamber. The KCl ions are transported from the left side
to the right side across the graphene/modified substrate composite membrane due to a
concentration difference. Monitoring the change in deionized water conductivity on the righthand side of the cell over time is used to calculate the rate of ion transport. Because defect-free
graphene is impermeable to even extremely tiny species like helium[29], the quantity of ion
leakage (or ion blockage) via the membrane can be used to determine the quality of the
transferred graphene.[20] Figure 41 illustrates the KCl ionic transport data as conductivity vs.
time for salt transport across the transferred CVD graphene on all modified substrates before
plasma treatment. The slopes of the curves for each substrate can be used to estimate the
percentage of ion blockage.
The unmodified UF5 with CVD graphene could block 54% of KCl ions or 46% lekage
of KCl ions, and modified UF5 significantly improve the stopping of ion transport of KCl. Hot
pressed UF5 and modified chemical UF5 with single layer of CVD graphene inhibited 57%
and 41% of KCl ions. These findings show that the transferred CVD graphene on the modified
substrate has better barrier properties than unmodified UF5.
To learn more about the mechanism of salt rejection by transferred CVD graphene on
the modified supports, the solution test permeance and salt rejection of modified supports with
CVD graphene was measured with direct-flow filtration using a Sterlitech UHP25 Stirred Cell.
The maximum pressure that could apply for this setup is around 55-60 psi. In this part of
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experiment first the conversion factor should be calculated based on the known test solution(0.5
M KCl). The conductivity of the test solution in lab temperature was 54.4 mS/cm while the
conductivity of 0.5 M KCl at 25 °C is 58.67. with conductivity the conversion factor could be
calculated. The conversion factor in this calculation is 685.2 . The salt rejection with
conductivity and conversion factor could be obtained. The salt rejection in this method is 57%
for pristine UF5 as a support, 70% for hot pressed UF5 as a support, and 79% for modified
UF5 with cross-linked PVA as support for CVD graphene. These results are shown in Figure
42.

3
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Figure 41: Measuring the transport of KCl ions via modified substrates and CVD graphene
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Figure 42: Rejection of the CVD graphene-based membrane for KCl

Table 4: Salt rejection data

mS cm-1

Molar
concentration
mole liter-1

mg liter-1

Salt
Rejection
percent

54.4

0.5

37274.9

--

23.44

0.215

16061.09

57

16.86

0.155

11552.47

70

11.42

0.105

7824.98

79

685.2

mg mS-1 cm-2

Conductivity
Feed, 0.5 M KCl
Permeate for graphene on pristine
UF5
Permeate for graphene on hot
pressed UF5
Permeate for graphene on PVAtreated UF5
Conversion Factor
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TDS

4. CONCLUSION

The research aims to design and study CVD graphene-based membranes on modified
supports for water treatment applications. Membranes made of polyamide, which is extensively
employed as an active layer in reverse osmosis (RO) and nanofiltration (NF) membranes, can
be degraded by chlorine-containing chemicals so a need exists for improved materials. Water
transport through membranes could still be improved in terms of general usefulness by
improving membrane permeability while still refining separation effectiveness. Still, progress
has been limited by a lack of data on how polymer membrane chemistry and structure affect
fundamental transport features. As a result, the rate of improvement in membrane permeability
has been poor. With a thickness of only one atom, graphene has great thermal, chemical, and
mechanical stability; nanoporous CVD graphene is hydrophilic, enabling water movement; and
it is the thinnest conceivable membrane. In addition, graphene betters contemporary polyamide
membranes in terms of chlorine resistance. This chlorine resistance is a huge help in reducing
membrane fouling without causing membrane degradation. It was assumed that a single layer
of chemical vapor deposition (CVD) graphene, free from defects, will completely block the
transport of nearly all atomic, ionic, and molecular species. Such a layer could then be modified
to allow for selective transport, However, if CVD graphene is directly transferred to an
unmodified membrane support with roughness on the surface, it is fragile and easily ripped.
Therefore, transferring CVD graphene onto a modified Ultrafiltration (UF) membrane with a
smooth surface decreased the defects and imperfections of a single graphene layer. Two
different approaches were used to modify the surface of the UF membranes as a support,
physical modification, and chemical modification.
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In the physical modification technique, hot pressing at a specific force and temperature
was carried out to decrease the roughness of the surface of unmodified UF membranes. In the
chemical modification procedure, a cross-linked PVA with spin-coater was coated onto two
various commercial UF membranes, UF5 and UB70. Three different imaging methods with
different mechanisms and magnifications were applied to study the surface morphology before
and after modifications. AFM results show the initial roughness of the sample (10 µm ×10 µm)
was reduced from 206 nm to 19.2 nm for UB70 and 37.7nm to 7.7 for UF5 following PVA
chemical modification, respectively. In addition to FE-SEM, Confocal laser microscopy for a
large area was employed, and results show the roughness of the surfaces was reduced
significantly in both modification methods. The initial roughness of the UB70 was decreased
from 23 µm to 2.2 µm in hot pressed modified and PVA – modified, respectively. The
roughness of the modified surface is the same for hot pressed, and cross-linked PVA changed
UB70. But the surface of the PVA- modified UF5 is smoother than hot pressed UF5. According
to the LEXT results, the initial roughness of unmodified UF was decreased from 17.5 µm to
almost 5 µm for the hot pressed sample and 2.5 µm for PVA – modified UF5.
The DI water permeability test on UF5 before and after the modification at two
different pressures shows the initial flux decline from 80 LMH at 40 psi and 50 LMH at 20 psi
to 33.5 LMH and 24 LMH for hot pressed modified UF5, respectively. The DI water
permeation for hot pressed samples was higher than the PVA – modified UF5.
The initial water flux on UB70 was higher than UF5 due to its bigger pores but the flux
of the PVA – modified UB70 was very small, near zero. As a result, the flux on the hot pressed
samples was reduced from 430 LMH at 40 psi and 220 LMH at 20 psi to 105 LMH and 55
LMH, respectively. Cross-linked PVA on the UF membrane with larger pores could fill and
block the pores and reduced the permeation.
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It is interesting that in many other cases based on literature review, the finished product
of graphene based membrane on the support had a wrinkle or deep fracturing on the single
layer of graphene on the unmodified substrate, but in this study, the CVD graphene adhered to
the modified substrate when applied using the hot press method, which resulted in no wrinkles
and fewer cracks. To transfer graphene with high quality, the substrate surface must be smooth
to allow the graphene to conform and adhere with minimal tears and cracks, as well as
hydrophobic to prevent etchant penetration between the graphene and the substrate during
copper etching, which would otherwise result in graphene detachment. It was exciting to obtain
these results while the modified substrates were hydrophilic. It was expected to have a gap or
unattached area between the modified UF membranes and the single layer of graphene. Also,
in terms of the delamination effect of swollen crossed link PVA, as a hydrogel, transferred
CVD graphene could tolerate at tested pressure and was not torn, which shows the cross-linked
degree was proper for this research goal. The cross-linked PVA layer not only cross-linked
very well that does not dissolve in the water during the experiment but also has a permeability
on the specific pressure.
A plasma cleaner can make the graphene membrane and its substrate nanoporous in a
controlled way, according to O'Hern et al.[30]. As a result, nanoscale pores will be applied to
the graphene surface using a plasma cleaner. Nitrogen plasma was applied to make some pores
on the single layer of graphene. After the plasma cleaning technique, water permeability was
measured, and the results show that the nitrogen plasma was applied. The permeation of the
graphene-based membrane was increased slightly. Also, the FE-SEM images show the density
of the nanopores most formed around the cracks.
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FESEM characterization and simple diffusion of potassium chloride ions (KCl)
through the transferred graphene/substrate membrane were used to assess the graphene's
quality. The results show there are defects alongside the nanopores on the membrane.

71

5. FUTURE WORKS

The exceptional performance of graphenes in water desalination applications has been
disscused in several studies, mainly from a theoretical perspective. High-quality fabrication
and maintenance of structural strength of graphenes to obtain separation performance are
currently the primary issues needing attention in the near future.
The manufacture of high-quality and large-area graphene materials, first in proof-ofprinciple tests in the laboratory and then in a scalable and cost-effective fashion appropriate for
industry, is the first and most crucial step toward the possible development of graphene-based
membranes. For membrane applications, the quality of graphene is essential, as defects such as
holes, tears, and wrinkles would significantly reduce separation performance, particularly
selectivity. In this regard, some other new generation of materials as a support for a single layer
of graphene can be investigated.
To one side from technical advancements toward the experimental realization of
predicted separations, theoretical studies on fundamental principles are still needed, such as
finding new applications for graphene membranes and improving their separation performance
by learning more about how molecules behave inside graphene nanopores.
The molecular sieving process, in particular, is known to govern mass transport across
neutral graphyne pores, where larger particles than the pore size can be separated. In this
context, a reasonable selection of graphene types and appropriate chemical modifications is
beneficial for designing membranes for other critical separation applications, including water
pretreatment and ultrapure nitrogen or oxygen synthesis.
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The function of nanoporous graphene membranes depends on pore size and density
control in the nanometer or subnanometer range. This work takes a step toward utilizing
graphene in membrane applications such as reverse osmosis, nanofiltration, or ultrafiltration,
with experimental progress in tunable membrane performance and theoretical analysis
correlating membrane transport properties to the measured pore size distribution.
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