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Abstract 

Pressure Driven Desalination Utilizing Nanomaterials 

Fangyou Xie  

Nanomaterials such as graphene oxide and carbon nanotubes, have demonstrated 

excellent properties for membrane desalination, including decrease of maintenance, 

increase of flux rate, simple solution casting, and impressive chemical inertness. Here, 

two projects are studied to investigate nanocarbon based membrane desalination. The 

first project is to prepare hybrid membranes with amyloid fibrils intercalated with 

graphene oxide sheets. The addition of protein amyloid fibrils expands the interlayer 

spacing between graphene oxide nanosheets and introduces additional functional 

groups in the diffusion pathways, resulting in increase of flux rate and rejection rate for 

the organic dyes. Amyloid fibrils also provide structural assistance to the hybrid 

membrane, which supresses cracking and instability of graphene oxide sheets. The 

second project is to fabricate polymer nanocomposite membranes with carbon 

nanotubes encapsulated by polymerized surfactants. The designed polymerizable 

surfactant forms lyotropic liquid crystalline mesophases in an aqueous medium with 

hexagonal packing of cylindrical micelles. The adsorption of surfactants on the surface 

of carbon nanotubes allows a stable dispersion of carbon nanotubes encapsulated in 

the cylindrical micelles, resulting in the ordered structure. After photo-polymerization, 

the composite membranes display enhanced dye rejection. Both projects have shown 

promising ways to improve membrane filtration by using nanomaterials.  
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1. Introduction  

1.1 Accessibility Of Water  

Water is one of the most abundant resources in the world and also one of the most 

essential resources for life on earth. The geological survey done by Shiklomanov in 

19931 showed that 96.5% of Earth’s water was in seas and oceans, 1.7% of Earth’s 

water was located in ice caps, and the remaining percentage was made up of ground 

and surface water (Figure 1). The accessibility to freshwater is vital to the development 

of any nation, however, issues of freshwater shortages have been a plague for many 

communities. Scientists have long searched for a solution to the limited supplies of 

freshwater on earth.  

 

Figure 1. Photo illustrating the breakdown of Earth’s water source in 1993.1  
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Today, the production of freshwater has become a worldwide concern, as population 

growth and increasing demand in living standards exceed the conventional available 

freshwater resources. As of 2019, an estimated 2.3 billion people, 41% of the world 

population, live in regions with freshwater shortages.2 Methods such as water 

conservation and dam construction have been in place to combat the increasing 

demand for freshwater. However, due to over-harvesting and misuse of traditional 

freshwater resources such as lakes, rivers, and groundwater reserves, these resources 

are diminishing at an alarming rate. As population increases and countries develop, the 

growing demand for freshwater will only continue to rise. As a result, the growing 

demands for freshwater are heavily reliant on solutions such as water recycling, 

desalination, and the water cycle. However, the water cycle is the least reliable method 

for freshwater production, because it is unpredictable and largely dependent on an one 

particularly important and uncontrollable variable: weather. 

Both water recycling and desalination have been successful in providing additional 

freshwater production for communities. In 1970, the World Health Organization (WHO) 

set the drinking water threshold to be 250 mg/L of total dissolved solids (TDS)3 which 

means desalination is the primary source for drinking water production4 and water 

recycling are mainly focused on providing water for uses in irrigation, water chilling 

reservoirs, industrial processing water, and groundwater recharge. 

1.2 Brief History Of Desalination Technology  

Desalination processes fall into two main categories: thermal and membrane processes. 

Thermal desalination, sometimes referred to as distillation, has been used for hundreds 

of years. It was commercialized at an industrial scale in the 1950s.4 Membrane 
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desalination was first introduced in the 1960s, utilizing the process of reverse osmosis 

(RO).5  

The very first process of desalination can be dated back to Aristotle’s era. In Aristotle’s 

classical work, Meteorology6 he stated, “Saltwater, when it turns into vapor, it becomes 

sweet and the vapor does not form salt water again when it condenses.” In the modern 

world, the first introduction of desalination for commercial usage is distillation aboard 

ships. The process uses a heat source to separate water from salt. Thermal 

desalination grants the sea-travelers unlimited supplies of freshwater for long-distance 

travel. The first attempts to commercialize desalination plants were in Tigne, Malta in 

1881, and Jeddah, Saudi Arabia in 1907.4 These desalination plants did not produce 

much water, but they did create a foundation for future efforts. The first industrialized 

seawater distillation plant, utilizing multi-stage distillation, was developed and 

implemented in the United States in 1955.7 Membrane desalination entered the market 

in the 1960s when Loeb and Sourirajan realized RO could be applied in desalination.8 

Development in distillation and membrane technology had led to the exponential growth 

in desalination capacity during the period from 1945 to 2005, as shown in Figure 2. 

Over the past 60 years, dramatic improvements in RO membrane technology such as 

greater than 99% removal of TDS and energy efficiency have elevated RO to be the 

primary choice for desalination.4  
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Figure 2. Graphic representation of total worldwide desalination production capacity 
starting from 1945 to early 2000s.9 

 

By the early 2000s, over 15,000 desalination plants were in operation worldwide, and 

approximately 50% of those were RO plants.4 The Middle East holds roughly 50% of the 

world’s production capacity and has become the world’s leader in large-scale 

desalination. In 2005, Israel opened one of the world’s largest seawater RO desalination 

plant, with a production capacity of 330,000 m3/day.10 The United Arab Emirates 

opened a hybrid desalination plant, and it is a combination of multi-stage flash 

distillation and RO technology to generate 454,000 m3/ day.11 Saudi Arabia is currently 

the world leader for desalination production approximated to 26% of the global 

production and the United States comes in second with 17% of the world’s desalination 

production.9 The distribution of desalination production capacity for the different 

methodologies is shown in Figure 3 for the entire world by 2006. These methodologies 

include osmosis (RO), electrodialysis (ED), nanofiltration (NF), vapor compression (VC), 

multi-stage flash (MSF), and multiple effect distillation (MED). The statistics for the 

world (Figure 3a) show that the distillation processes and the membrane process share 
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equal production capacity. However, the RO membrane plants represent 80% of the 

desalination plants worldwide and thermal desalination plants represent only 20%. 

Saudi Arabia being the leading usage of desalination water produces more than 86% of 

its water from MSF, while the United States has 84% of desalination water produced by 

membrane technology. 12 

 

Figure 3.Graphic Distribution of desalination production capacity by technology for (a) 
entire world, (b) United States, and (c) Middle East (countries include Saudi Arabia, 

Kuwait, United Arab Emirates, Qatar, Bahrain, and Oman).13  

 

Although membrane and distillation technologies shared similar desalination capacity in 

the early 2000s, the RO process has emerged as the leader in current desalination 

capacity, as shown in Figure 4. By 2013, RO process has increased the total 

desalination capacity to 67% of the world capacity. RO is the key to increase water 

supplies for drinking water production throughout the globe. As of now, RO technology 

has been producing freshwater at one-half to one-third of the average cost for distillation 

processes.14 m3/day  
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Figure 4. Global data on desalination capacity by process type, June 2013. 15 

 

1.3 Desalination Technology 

1.3.1 Distillation 

Distillation is the process of separating components or substances from a liquid mixture 

by using heating and condensation in unity. The general schematic of a distillation is 

illustrated in Figure 5. This process is based on the separation theory of mixtures. The 

process converts a mixture or solution of chemical substances into two or more distinct 

product mixtures. This process exploits differences in chemical and physical 

properties.16 However, distillation methodology may still result in partial separation due 

to relative volatility and the lack of boiling point differences between liquid mixtures. 

Distillation was a huge component in desalination processes in the early 2000s, 

generating the same production capacity as the RO process.13 Within the category of 

distillation, there are three widely used methods, multi-stage flash distillation (MSF), 

multiple effect distillation (MED), and vapor compression (VC).  
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Figure 5. General schematic of distillation methodology, it utilizes a heating reservoir to 
evaporate ocean water, producing freshwater and rejecting high concentration brine.17 

 

Multi-stage flash distillation (MSF) is a distillation process for desalination that removes 

contaminants from seawater by flashing a portion of the water into steam at different 

stages, stage is an air-tight chamber, to later utilize as countercurrent heat exchangers. 

A full cycle of the process results in an estimated 15% recovery of water. Such 

desalination process can operate at 23-27kWh/m3 or approximately 90MJ/m3 of distilled 

water.18 MSF was one of the first distillation processes to be implemented on an 

industrial scale in the 1960s.17,19 The MSF process begins when heated saline water is 

transfer into a stage. A vacuum is then applied to the stage, causing the heated saline 

water to change from liquid to vapor water and fill the upper spacing of the stage with 

pure water vapor. Then the vapor is chilled with cold saline water running through the 

heat exchanger. Water vapor condenses and is collected by the condensation collector. 
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To significantly reduce the amount of heating required for flashing saline water, the 

series of stages have different negative pressure, resulting in flashing at different 

temperatures. Therefore, each brine solution can undergo several flashing and 

condensation steps to extract the water.  

Multiple-effect distillation (MED) is a distillation process that is consisted of multiple 

stages or effects20, and each effect has a cycle of distillation, the desalinated water 

elutes after it travels through all the effects. This process can be looped up to 16 times 

resulting in as high as 50% recovery of water. MED is one of the more energy-efficient 

desalination processes in the distillation category with an energy output of 6.5-

12KWh/m3. However, due to incompatibility with higher temperature heat sources 

(>70oC), slow water generating speed, and scalability during spraying, most 

organizations avoid the implementation of MED.21 The energy efficiency on MED is 

higher, while the actual scalability and implementation are more difficult with MED.22 

The operation theory of MED is similar to MSF: heat, evaporate, condense, and collect. 

MED process begins when seawater is sprayed onto a hot surface inside a stage, heat 

exchange tube, in the first effect. This causes the water to evaporate leaving 

contaminants behind. The hot vapor is transferred into the second effect’s heat 

exchange tube and any remaining seawater is recollected and recycled back into the 

spray system. The collected water vapor from the first effect is used as a heat source to 

evaporate the seawater in the next effect.20  

Vapor-compression (VC) is a distillation process where evaporation of saline water is 

obtained by the application of heat transfer of compressed vapor.23 The water vapor can 

be compressed in two ways, vapor compression, or vacuum vapor compression. In a 
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closed system, the rise of pressure will increase the temperature.24 When the 

temperature of the system reaches the boiling point of the liquid with respect to the 

pressure, all energy will be directed to phase change of liquid to vapor. Regardless of 

the vapor compression method, once the heated vapor is generated and compressed, it 

is passed along to a heat exchanger to condense the vapor into the distillate. VC 

methodology has been proven to be effective and energy-efficient at a small scale 

around 6.5-12KWh/m3. Therefore, it is often utilized as a way to increase energy 

efficiency in other distillation methods such as MED or MSF, creating hybrid distillation 

plants.25   

1.3.2 Membrane Technology 

The word membrane was first coined to be a selective barrier, allowing passage based 

on sizes such as micron, nano, and angstrom particles.26 The first introduction of 

membrane was dated in 1748 by a French cleric, J Abbe Nollet, and it led to the basic 

understanding of osmosis.27 The concept of membrane desalination was first introduced 

in 1950 by Hassler.28 By 1962, Loeb and Sourirajan developed asymmetric membrane, 

an anisotropic structure comprised of two or more main layers with diverse properties.8 

The anisotropic structure membrane is a breakthrough in the membrane desalination 

field and it allows for multi-functional membrane applications. The rapid improvement in 

the membrane desalination process had driven the production capacity up and 

surpassed the distillation process in the early 2010s.15 The advantages of the 

membrane can also be used in industries such as food, automobile, and medical, for 

separating, concentrating, and purifying. As of now, there are three main types of 
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membrane desalination, electrical dialysis (ED), reverse osmosis (RO), and 

nanofiltration (NF).   

The first introduction of electrodialysis (ED) to desalination was in 1890 by Maigrot and 

Sabates.29 The industrial-scale system of ED was implemented in the early 1970s.30 ED 

utilizes an electrically driven process, which is different from RO, a pressure-driven 

system. ED has been driven by the development of ionic exchange membrane (IEM) 

with enhanced electro-chemical and physicochemical characteristics.29 Inside ED stack, 

there are several IEMs, a mix of anionic and cationic, positioned between the cathode 

and anode electrodes. A spacer gasket is used between the IEMs to generate a 

concentration difference between the compartments. The IEMs work as a barrier to 

nurture migration, preventing or allowing passivation of ion in accordance with the 

electric charge. It has become a well-established system in treating industrial 

wastewater, brackish water, and municipal wastewater. This system has been heavily 

dependent on the drug and food industries for chemical processing, salt production, 

heavy metal removal, and acid-base production.31 The ED system typically operates in 

two ways: continuous and batch production. The difference between the two is the 

number of ED stack used for solution circulation. When a feed solution enters the ED 

stack, the applied potential causes reduction reactions at the cathode and oxidation 

reactions at the anode. As of now, the system has promoted for the production of 

irrigation water, because it has shown significant results for removal of ions such as 

NO3
-, Cl-, NH4

+, K+, Na+, PO4
3-, Mg2+, SO4

2- and Ca2+.31 The main advantages of ED are 

higher water recovery rate, easy operation, longer membrane lifetime, and higher 
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operating temperature. However, it also has drawbacks such as membrane fouling, 

decrease of efficiency on ion exchangers, high cost of IEMs and the scalability.3  

Osmosis, in simplest terms, can be defined as a natural process in which water 

molecules spontaneously move from a solution of low solute concentration, low osmotic 

pressure, to a high solution concentration, high osmotic pressure, through a 

semipermeable membrane.5 The semipermeable membrane rejects solutes and only 

allow molecules that are similar and or smaller than water to pass through.4 The 

process of osmosis will stop when a state of osmotic equilibrium is reached between the 

two sides. In osmosis, the flow of water can be changed by an application of external 

pressure and it can increase, decrease, stop, or reverse. In the membrane desalination 

process, reverse osmosis (RO) is desired. In the case of RO, the external pressure is 

acted upon the high solution concentration and it must greatly exceed the osmotic 

pressure difference across the membrane. There are four different types of membranes 

for RO desalination: plate and frame, tubular, spiral wound, and hollow fiber.5 For 

industrial applications, the requirements are, high packing density, easy membrane 

installation, cleaning, and replacement, while keeping cost low. The first type of RO 

membrane is based on the tubular and plate and frame configuration, because of low 

fouling and ease in cleaning.5 However, these two types of membranes have been 

phased out due to low packing density. All these membrane modules have a pore 

diameter between the range of 0.2-1 nm.  
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Figure 6. Cross-section view of a hollow fiber RO membrane Module.32 

 

A hollow fiber module is composed of numerous small-diameter fibers contained in a 

pressure vessel, illustrated in Figure 6. One side of the fibers is kept open for output 

and the other side is sealed to prevent contamination with the concentrate outlet. As 

pressurized feed enters the module through the core tube, water molecules permeate 

into the fibers and exit through the open end. Hollow fiber modules are economical and 

exhibit high packing density and recovery. As of now, commercial hollow RO 

membranes can reach up to 99.6% salt rejection for brackish and seawater.32 However, 

they are extremely difficult to clean and highly susceptible to fouling.33  

 

Figure 7. Spiral wound RO membrane module. 17 
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Another commonly used module is the spiral wound module (Figure 7) that is comprised 

of two membrane sheets spaced apart with a permeate spacer. The membrane sheets 

are glued from three sides, with the fourth side left open and connected to a core 

perforated permeate collector tube. The feed and the membrane are placed together 

with the spacer and wrapped around the collector tube to create a spiral configuration 

inside a pressure vessel. Feed water is introduced from one end of the models and 

travels along the length of the module. The water molecules are forced through the 

membrane and collected through the perforated permeate collector tube. The 

concentrate leaves from the opposite end of the feed. As of now, spiral wound modules 

are the most common type of module used for RO desalination. It is very cost-effective 

with a high packing density and a high mass transfer rate. However, the modules have  

proven to be difficult to clean and are very susceptible to fouling. 

As of now, RO is the common method for desalination due to its relatively low energy 

consumption in comparison to distillation methods. In recent studies19, the energy 

consumption of RO was calculated to be 3kWh/m3, boasting its energy efficiency 

compared to MED and MSF. By 2011, more than 66% of the world’s desalination 

capacity was from RO, with the others made up of mostly MED and MSF.15 The water 

recovery of RO is dependent upon pressure, feed water salinity, and the membrane 

permeability. For low salinity water, the RO system requires a range of pressure from 

225-376 psi (15-27bar) and can recover up to 80% of the water. For high salinity water 

such as seawater, the RO system requires a range of pressure from 800-1180 psi (55-

81bar) and the highest return of water recorded is 50%.34 While RO is a well-recognized 
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system for water desalination, sizable research efforts, and creativity are currently being 

investigated in order to address the challenges faced by the RO system. Some of the 

key challenges include membrane fouling, pre-treatments, post-treatments, degradation 

of the membrane by chlorine, discharging of brine, and organic contaminants.  

Nanofiltration (NF) is a desalination process introduced in the late 1980s.35 The pore 

diameter of NF membranes is typically limited between 1-10 nm, which corresponds to 

a molecular weight cut-off in the range of 2-20 kDa.36 NF membranes operate with no 

phase change and have high rejections of multivalent inorganic salts at modest applied 

pressure (3.5-16 bar).37 This makes the separation process highly competitive in terms 

of selectivity and cost-benefit when compared to distillation methodology. It opens a 

wide range of applications across industries such as wastewater treatment, 

pharmaceutical and biotechnological processes, and food engineering. NF is a complex 

process dependent on the hydrodynamic and interfacial forces occurring at the surface 

of the membrane and the inner wall of the nanopores. The rejections of ions and 

contaminants are attributed to a combination of steric, Donnan, dielectric, and transport 

effects.37 The steric mechanism is size exclusion and has been well established through 

many studies. The Donnan effect describes the potential interactions between a 

charged species and the charged membrane.37 The charged membrane comes from the 

dissociation of ionizable groups such as carboxylic and sulfonic acids, at the membrane 

surface. The dissociation of these surface functional groups is very sensitive to pH and 

can reach an isoelectric point at specific pH. Electrostatic repulsion and attraction occur 

according to the ion valence and the charge of the membrane that may vary depending 

on the environment. The charged specific exclusion mechanisms are also called image 
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forces and solvation energy barrier. Both of the mechanisms are the result of extreme 

spatial confinement and nanometer-length scales that set the condition in NF 

membrane separation.  

In summary, the membrane desalination technology was introduced a couple of 

decades ago28 and it has gained significant popularity since then. Membrane technology 

has become a well-developed and well-optimized desalination field. Due to its low 

specific energy and high output, RO has overtaken the thermal desalination methods in 

the early 2000s.15 Many improvements are attributed to this success, reduction in cost, 

lowering energy consumption, advancement in membrane properties, and optimized 

performance. However, improvements are still possible in many areas such as pre and 

post-treatment, brine discharge, membrane fouling, and organic contaminants.   

1.3.3 Nanomaterials In Membrane Desalination  

Nanotechnology is the manipulation of matter on an atomic, molecular, and 

supramolecular scale. In the 21st century, a more generalized description of 

nanotechnology is created by the National Nanotechnology Initiative, which defines 

nanotechnology as the manipulation of matter with at least one dimension sized from 1-

100 nanometers.38 The ideas and concepts behind nanotechnologies were ignited with 

a talk titled “There’s Plenty of Room at the Bottom” by physicist Richard Feynman at the 

American Physical Society meeting at California Institute of Technology on December 

29, 1959.39 In Feynman’s talk, he explained the process in which a molecule and 

individual atoms could be manipulated.40 The main reason for nanotechnology to be so 

well sought after is the phenomena nanotechnology experiences, quantum effects; 

where classical physics is no longer a suitable model for explaining empirical 
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observations. Nanomaterials are believed to provide useful benefits or unique properties 

to current applications and or future processes such as desalination.   

Recent advancement in nanomaterials has offered significant advantages in water 

purification.41 Current water treatment, distribution, and discharge practices heavily rely 

on conveyance and centralized systems, which are no longer sustainable. The highly 

efficient, modular, and multifunctional processes enabled by nanotechnology may  

provide high performance, affordable water processing, and wastewater treatment 

solutions.42 Many of these nanomaterials have been explored and identified as 

materials for water treatments, adsorption, membrane filtration, photocatalysis, 

disinfection, microbial control, and sensing and monitoring. These include magnetic 

nanoparticles, dye-doped silica nanoparticles, noble metal nanoparticles, quantum dots, 

carbon nanotubes (CNTs), nanoscale metal oxide, nanofibers, zeolites, aquaporin, 

graphene, nano-magnetite, and many others.43 Carbon-based nanomaterials such as 

CNTs and graphene derivatives have been receiving special attention from the scientific 

community because of the unique features, large surface area, long-range porosity, 

high thermal and electrical conductivity, and extraordinary mechanical strength and 

stiffness.41 Previous research has shown that smooth and frictionless graphitic walls 

and the rapid absorption-desorption mechanism can facilitate faster transportation of 

water molecules. It has been proposed that with these novel properties potential 

breakthroughs are on track for the field of water desalination.42  

Carbon Nanotubes (CNTs) can be thought of as a sheet of graphene rolled into a long, 

hollow cylindrical nanostructure. CNT was first idealized in 1952 by Russian scientists 

Radushkevich and Lukyanovich.44 However, it was not fully understood until 1991, a 
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Japanese researcher, Sumio Iijima was able to do control synthesis of hollow carbon 

tubes and determined their crystal structure.45 CNTs can have a diameter as small as 1 

nm with length up to several centimeters. CNTs are reported to have the highest 

strength to weight ratio. The bonds between the carbon atoms are strong, and the CNTs 

naturally align in π-stacking resulting in a rope-like structure due to high van der Waals 

forces. The conjugated hexagonal lattice of carbon atoms in CNTs results in rapid 

electron localization. CNTs are also reported to have excellent adsorption properties 

against a wide range of contaminants, such as heavy metals, phenols, organic 

chemicals, and natural organic matters. There is major distinction between CNTs, 

single-wall carbon nanotube (SWCNT), and multi-wall carbon nanotube (MWCNT), as 

showed in Figure 8. MWCNTs are multi-layer graphene sheets rolled into cylindrical 

nanostructures.  

 

Figure 8. Molecular illustrates of single-wall CNT and multi-wall CNT. 

 

The outstanding outcomes in the adsorption capability of CNTs are mainly attributed to 

their structural and functional properties, such as high hydrophobicity and simplicity of 
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structure that allows water transport through CNT channels representing a unique 

nanofluidic system. They mirror those of biological water transport channels.46 At first, it 

is thought that the weak interactions of water to CNTs enable an almost “frictionless” 

transportation of water although the rapid water transport has yet to be fully 

understood.47 In order to fully utilize CNT's unique ability to rapidly transport water, a 

great understanding of the fluid flow mechanism in the cylindrical channel is needed. 

The usage of theoretical studies with a combination of molecular dynamic simulations, 

the transport mechanism of water molecules passing through the CNT channels 

become popular. Hummer et al.48 reported that the nanoscale confinement in CNTs led 

to the narrowing of the interaction energy, which in turn lowered the chemical potential 

and free energy. Kolesnikov et al.49 discovered that the confined water molecules in the 

CNT channels had a stronger attraction towards itself than the interaction with the CNT 

walls. These two findings, Hummer and Kolesnikov, provide insights into the rapid water 

transport mechanism through the CNT channels. The curvature of the CNT graphitic 

surface has also been identified as a determining factor for the flux rate of water in the 

CNT channel. Falk Et al.50 found that the curvature regulated the interaction energy 

between the water molecules and CNT walls such that the friction was higher between 

water and the outer surface of the CNTs and the magnitude of friction decreased with 

increasing CNT diameter. Melillo et al.51 observed the same phenomenon as Falk et 

al.50 and was able to show that the interaction strength between water molecules and 

the wall of CNTs had a significant impact on the ability of water transport. Zuo et al.52 

utilized molecular dynamic simulation to investigate the single-file water transport 

through CNTs under electrostatic potential. They found the water flow was easily 
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influenced by the external field, but the transport was observed through the nanotube. 

This phenomenon was attributed to the intermolecular forces, polar and van der Waals 

interactions of the transported water molecules to other surrounding water molecules.52  

CNT based membranes have been tested in a variety of separation applications in 

various formats. It has been shown in literature46,53–56 that the incorporation of CNTs 

into the membrane matrix makes it possible to manipulate membrane properties 

resulting in a great improvement in surface hydrophilicity, permeability, and solute 

rejection, reduced fouling tendency, enhanced tensile strength, and electrical 

conductivity along with controlled pore size, surface chemistry, and polymer crystallinity. 

An investigation to study the novel SWCNTs in a RO application was carried out by 

Dumee et al.55 A composite membrane was fabricated through interfacial polymerization 

of polyamide on bucky-paper, a thin film of aggregated CNTs, made with hydroxyl 

functionalized groups to entangle the SWCNTs. The hydrophilic supports in the 

composite membrane exhibited a water contact angle less than 20o, increased water 

capacity by 17 wt%, and enlarged in porosity by 90%. This is superior in the osmotic 

desalination system compared to the traditional polysulfone membrane. Zhao et al.56 

developed a composite membrane for forward osmosis (FO) by using SWCNTs as an 

intermediate layer between the polyamide surface and the polyvinylidene fluoride 

support layer, as shown in Figure 9. The result indicated that the interlayer spacing of 

CNTs provided more space and effective area to improve the separation performance of 

FO membrane. The water flux of the SWCNT incorporated membrane was more than 

double the original membrane and was the solution to concentration polarization in FO 

process.  
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Figure 9. Schematic diagram of the preparation process of the multilayer FO 
membrane.43 

 

The functionalization of SWCNTs is also another method in the desalination field. 

Bhadra et al.57 functionalized the SWCNTs through carboxylation and immobilized it in a 

membrane to improve desalination efficiency. The SWCNTs became more polar due to 

carboxylation and thus increased the interaction with water molecules. This prevented 

liquid from penetrating the membrane during membrane distillation. The incorporation of 

carboxyl-functionalized CNT was able to increase the desalination performance and 

consistently produced higher output than the conventional distillation membrane. The 

maximum permeate flux was at 19.2 kg/m2 and the salt reduction was greater than 

99%.43  

The experiment of MWCNT incorporated in polyamide RO membrane was carried out 

by Farahbakhsh et al.58 through the incorporation of two different types of MWCNTs, 

untreated and oxidized, at different concentrations. The result indicated both types of 

MWCNTs improved the saline solution flux for the RO process. The untreated MWCNT 

membrane with the highest increase in flux had 0.005 wt% loading at 25.9 L/m2, and at 

the same loading oxidized MWCNT membrane had a flux rate of 28.9 L/m2. However, 

the salt rejection was not changed remarkably with the incorporation of both raw and 

oxidized MWCNTs for the RO process, hovering around 96%. Another study was 

carried out by Zarrabi et al.54 through a modified composite membrane for the process 
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NF. The interfacial polymerization was utilized between piperazine, trimesoyl chloride 

monomer, and amine (-NH2) functionalized MWCNT as the hydrophilic modifier. The 

membrane containing amine-functionalized MWCNTs had improvement in the 

desalination performance, at 0.005 wt% loading of MWCNT offered the optimal 

performance, 36.17 wt% NaCl and 95.72% Na2SO4 rejection, and the highest antifouling 

ability compared to the unmodified membrane.  

Hybrid membranes incorporated with more than one nanomaterial have been 

considered as a way to further increase and create desired functionalities, such as 

hydrophilicity, charges, and surface roughness. Wan Azelee et al.59 was able to develop 

a highly permeable and selective thin film membrane containing MWCNT-titania 

nanotube (MWCNT-TNT). The combination of both porous nanotubes in this hybrid 

membrane provided additional water channels that enhanced the water permeability of 

the hybrid membrane. The highest water permeability obtained was 0.74 L/m2 h bar with 

a loading of 0.05 wt% of MWCNT-TNT, beating the classical membrane by 57%. The 

hybrid membrane also possessed high salt rejections, 98.07% of Na2SO4, and 97.97% 

NaCl, which was attributed to the enhancement of hydrophilicity and negatively charge 

surface. Falath et al.60 synthesized a novel cross-linked RO membrane, poly(-vinyl 

alcohol-diglycidyl ether), with the incorporation of a non-ionic block copolymer and 

MWCNT. They found that the addition of non-ionic block copolymer and MWCNT 

induced excellent performance for the RO membrane, including surface hydrophilicity, 

surface roughness, salt rejection, biofouling resistance, and mechanical strength.   

Applications of CNTs have been proven to be a tremendous advantage in the field of 

desalination. It is realistic to affirm that CNTs might be one of the most reliable solutions 
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to lower the energy consumption to enable more sustainable development in 

desalination technology for the near future.43 However, several issues remain unsolved. 

One of the challenges is in synthesis and processing.61 It is difficult to synthesize CNTs 

with well controlled diameter and length; as a result, the existence of ideal CNTs is 

almost impossible due to the inconsistency in production. Another major hindrance to 

the usage of CNTs in desalination is the cost and operational issues.  The 

manufacturing cost of CNTs with the additional cost for pre-treatment prior to its 

application will impose a significant cost to the overall desalination process. Last major 

concern is the potential human health and environmental risk. Despite the many 

benefits CNTs may offer, CNTs might also create drastic safety and environmental 

impacts.62  

Graphene oxide (GO) is graphene that has been chemically modified to contain oxygen-

containing functional groups such as, epoxides, alcohols, and carboxylic acids.63 GO 

was first synthesized by Oxford chemist Benjamin C. Brodie in 1859, by treating 

graphite with a mixture of potassium chlorate and fuming nitric acid.64 Originally, GO 

was an alternative step for synthesis of graphene, it can be turned into reduced 

graphene oxide (rGO), which is the reduction of oxygenated functional groups by heat 

treatment to achieve properties similar to those of graphene. GO is made of cyclo-

hexagonal carbon structure, similar to graphene, but with oxygen functional groups and 

defects in the cyclo-hexagonal carbon structure, as shown in Figure 10. These 

oxygenated functional groups are responsible for many advantages over graphene such 

as providing liquid crystal properties in water, higher solubility in water compared to 

graphene due to the intermolecular forces, and surface functionalization which leads to 
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the opportunities for the usage of GO in nanocomposite materials.65 GO has proven to 

be an effective filler in polymer matrix thanks to their unique material properties and 

dispersibility.66 The tight packing from sp2 and sp3 carbon atoms have been shown to 

have good barrier properties to gas molecules, can benefit in the packing protection 

industries.67 For the same reasons, the fine-tuning of the GO filler content in 

nanocomposites can be used to adjust the selectivity of molecule sizes. Furthermore, 

the unique hydrophilic, thermal, and electrical properties can be used in a stimuli-

responsive nanocomposite.  

 

Figure 10. Chemical structures of graphene and graphene oxide. 

 

GO as a feasible membrane was first reported by Nair et al.68. They discovered that 

stacking graphene oxide film on a thin film polyamide allowed unique water permeation 

pathway and selectively hindered the motion of gases and non-aqueous solution.69 In 

2011 Geise et al.70 demonstrated ion rejection of GO membrane in comparison to RO 

with NaCl. Several GO membranes yielded similar ion rejection values to those of RO. 

Besides the rejection of NaCl, Wang et al.71 demonstrated rejections of other salts such 
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as CaCl2 and Na2SO4. In addition to this separation performance, GO membranes have 

also demonstrated excellent anti-fouling and antimicrobial properties while operating at 

a significantly reduced pressure relative to RO membranes.72 Consequently, the energy 

demand for water purification is lowered. Upon examination of GO membranes, energy-

saving ranges from 10%-76% with comparable ion rejection of 98-99%.73 Zhang et al.74 

reported the anti-fouling properties of the membranes made of Polyvinylidene fluoride 

(PVDF) doped with GO and CNTs in varying concentrations. A phosphate buffer 

solution (PBS) containing Bovine serum albumin (BSA) was used to test for antifouling 

properties. It was found that GO and CNTs doped membranes were able to prevent bio-

cake formation. In addition, GO membranes demonstrated a high antimicrobial 

response, enabling them to defeat microbial attachment.75 Further functionalization of 

the GO membrane with TiO2 can lead to toxic effects on the microbes. Wu et al.72 

reported the lethality of GO-TiO2 composites for E. coli to be estimated at around 90%. 

 

Figure 11. Schematic of the separation mechanism of (a) a monolayer graphene 
membrane with nanopores of controlled size and (b) a multilayer graphene membrane 

composed of stacked GO sheets.76  
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The key to this enhanced performance is the GO membrane architecture (Figure 11). 

The general methodology to fabricate the GO membranes is to cast the GO suspension 

onto a support membrane/structure like Polysulfone (PSF), PVDF, or Polyacrylonitrile 

(PAN). The GO sheets are stacked upon a support membrane/structure through forced 

stacking. The stacked sheets form a series of very narrow gaps, within the membrane.73 

The interlayer spacing between the GO nanosheets is theorized as the main 

mechanism for water purification in the GO membrane. Water molecules are small 

enough to travel through the interlayer spacing, 0.34 nm-0.78 nm77, while larger 

species, such as ions, heavy metals, and organic molecules cannot pass through.78 In 

theory, controlling the interlayer spacing can control the rejection of solute while still 

allowing water transport. However, a persisting challenge, hydration/swelling of the 

membrane remains. The swelling effect will increase the interlayer spacing beyond the 

limits needed for ions, heavy metals, and organic molecules rejection.79 Burress et al.80 

proposed an idea for tuning of the interlayer spacing between GO nanosheets. They 

developed a graphene membrane based on GO sheets covalently bonded by linkers, 

such as the boronic acid unit. This resulted in an increase in hydrophobicity for the 

membrane, causing a higher water permeability and filtration efficiency. Another 

mechanism for GO’s separation ability is the negatively charged GO sheets. A wide 

range of zeta potential can be observed, -20 mV to -40 mV.81 GO’s negatively charged 

surfaces enable interactions with species in solution, electrostatically repulsing like-

charges. However, the repulsing effect is only a part of the separation mechanism 

because it is influenced by solution concentration.79 
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Overall, GO has been demonstrated across the literature to be an effective material for 

use in water purification. Some research has shown GO as an effective adsorbent for 

target species.82,83 Other investigations have shown that GO membranes can 

significantly reduce the required pressure for salt separation and other impurities, 

translating into reduction of energy consumption.81,84 However, some challenges 

remain. The swelling effect of GO sheets will increase interlayer spacing and decrease 

the effective rejection rate for different species. The uniformity of GO membrane cannot 

be guaranteed, and each GO nanosheets are different in sizes and degree of 

functionality. This will affect the stacking ability and the interlayer spacing. Water 

instability of the membrane will increase the deterioration rate. Low mechanical 

durability will increase the cost of the process. Lastly, the scalability of the membrane is 

still unknown. Some methodologies have been implemented to address these the 

issues, such as reducing the polydispersity of GO sheets, implementing physical 

confinement through covalent bonds, incorporation of other nanomaterials, and 

functional group modifications.85 

1.4 Research Plan 

This work is divided into two parts aiming to enhance membrane desalination processes 

with the incorporation of nanomaterials, CNTs and GO, and to resolve the challenges 

that exist in the current technology. 

The first project of this work is comprised of graphene oxide incorporated with amyloid 

fibrils in aqueous solutions. The negatively charged graphene oxide sheets can interact 

with positively charged amyloid fibrils creating an intercalated hybrid film when cast on a 

substrate, such as polyethersulfone (PES) support membrane. The addition of amyloid 
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fibrils is an attempt to control the interlayer spacing between the GO sheets and 

enhance the structural integrity of the membrane.  

The second project of this work is comprised of single-wall carbon nanotubes 

(SWCNTs) incorporated in a matrix of polymerizable quaternary ammonium surfactants. 

Utilizing the lyotropic liquid crystal (LLC) behavior of the quaternary ammonium 

surfactants, the polymeric matrix will self-assemble into hexagonal packing surrounding 

SWCNTs. This method provides a facile way to induce directional packing of SWCNTs 

during membrane processing. Various organic dyes are tested to evaluate filtration 

performance for designed membranes.  
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2. Experimental Methods 

2.1 Graphene Oxide And Amyloid Fibrils  

All materials used in this thesis work were purchased from commercially available 

sources by Zhang’s Research Group and were used as received. Graphite flakes, 

concentrated sulfuric acid (H2SO4), concentrated nitric acid (HNO3), potassium 

persulfate (K2S2O8), phosphorus pentoxide (P2O5), potassium permanganate (KMnO4), 

30% Hydrogen peroxide, Beta-globulin, lysozyme, and 6 molars hydrochloric acid were 

purchased from Sigma-Aldrich. All chemicals were used as received without further 

purification. Polyethersulfone (PES) membranes (25mm and 47mm diameters with 

30nm pore-size) were purchased from Sterlitech. All chemicals were handled inside the 

fume hood.  

2.1.1 Graphene Oxide (GO) Synthesis  

Graphene Oxide (GO) was synthesized via the modified Hummers’method86 as shown 

in Figure 12. Typically, 5.0 g of natural graphite flakes were added to a 500 mL round 

bottom flask followed by addition of 150 mL of concentrated sulfuric acid and 50 mL of 

concentrated nitric acid in an ice bath. The system was placed at room temperature for 

24 hours. Then, the reaction mixture was diluted with 1.0L of deionized water to stop 

pre-oxidization. The resultant solid was isolated using a 0.2um acid-resistant porous 

filter and an aspirator pump (Cole-Parmer aspirator pump 7049-00), and washed until 

the resulting filtrate reached pH > 4. Then the washed solid was placed into an oven at 

50oC for 24 hours. After drying, the solid was transferred into the ceramic crucibles, 

which were then placed into a furnace and heated to 1000oC for 10 seconds to obtain 

expanded graphite (EG).  
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Figure 12. Generalized Graphene oxide synthesis schematic. 

 

Next, 5.0 g of EG was added into a 500 mL round bottom flask, followed by addition of 

300mL concentrated sulfuric acid, 4.2 g of potassium persulfate, 6.2 g of phosphorus 

pentoxide in an ice bath. The reaction mixture was placed under stirring at 80oC for 5 

hours. Then, the system was allowed to gradually cool to room temperature. The 

reaction product was obtained by diluting the reaction mixture with a large amount of 

deionized water and filtered through a 0.2 um acid-resistant porous filter with an 

aspirator pump. The solid was collected until the filtrate solution reached a pH of 4. The 

resultant pretreated EG was dried at room temperature for 2 days. 

Next, 5.0 g of pretreated EG was added into a 500 mL round bottom flask, followed by 

addition of 200 mL of concentrated sulfuric acid in an ice bath. Under heavy agitation 

15.0 g of potassium permanganate was slowly added into the mixture. The reaction 

vessel was kept at 45oC for 3.5 hours. Then the reaction mixture was transferred into a 

1.0 L beaker, diluted with 700 mL of DI water and followed by addition of 10 mL of 30% 

hydrogen peroxide. The reaction mixture gradually changed the color from black to 

brown finally to golden. The mixture was place and undisturbed for 24 hours. The 

mixture was centrifuged with 1.0M hydrochloric acid at 20000 rpm at 5oC for 1 hour to 

get yellow paste. The paste was further washed with deionized water until the pH 

reached 4.  
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2.1.2 Synthesis Of Amyloid Fibrils  

The synthesis of amyloid fibrils was under the acidic system87,88 of denaturing and 

misfolding of protein as shown in Figure 13. Typically, 0.4 g of beta-globulin or lysozyme 

was added into a 20 mL vial with 19.6 g of pH=2 HCl solution, resulting in a 2 wt.% 

solution. The system was left undisturbed for 7-10 days or until the solution became 

milky, indicating the formation of amyloid fibrils.  

 

Figure 13. General synthesis schematic of amyloid fibril denaturing and misfolding.  

 

2.1.3 Film Preparation Of Graphene Oxide And Amyloid Fibrils  

Neat GO films were prepared via pressure-drived filtration, as shown in Figure 13. 

Typically, 0.3534g of 0.025wt.% GO dispersion was added to a 10 mL beaker followed 

by addition of 2.0 mL of deionized water. The diluted GO dispersion was transferred to 

the filtration cell pre-loaded with a PES membrane as shown in Figure 14 and the 

pressure was set to 6 bar. The resultant membranes are illustrated in Figure 15. We 

found that the GO membranes were readily damaged upon any physical contact,  in 

particular when the solution was not completely eluted out, as shown in Figure 15 b.  
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Figure 14. Apparatus and schematic mechanism of pressure filtration for casting GO 
films. 

a.  b.   

Figure 15. a) A defect-free film on PES membrane; b) Irregular and defected film on 
PES membrane. 

 

Amyloid fibril intercalated GO membranes were prepared using the same method as the 

neat GO membrane (Figure 14). Typically, GO and amyloid fibrils dispersions were 

prepared separately. To avoid aggregation upon combination, the pH of GO dispersion 

was adjusted to greater than or equal to 4, and both amyloid fibrils and GO dispersions 
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were diluted to 0.025wt.%. Typically, GO and amyloid fibrils solutions were added to a 

10 mL beaker, followed by 1-2 mL of deionized water. The mixture was then transferred 

into the filtration cell with a pre-loaded PES membrane to fabricate hybrid membranes 

under a pressure of 6 bar. The homogeneous mixtures with different GO: amyloid fibril 

ratios were made as shown in Table 1.   

Table 1. Illustrated the amount of materials used for casting 100nm thickness and 
12.5mm radius membrane. 

GO Loading Amyloid loading Amount needed 

100% 0% 0.3534 g 

95% 5% 0.3720 g 

90% 10% 0.3926 g 

85% 15% 0.4157 g 

 

2.2 Carbon Nanotube In a Polymeric Matrix  

All materials used in this thesis work were purchased from commercially available 

sources by Zhang’s Research Group and were used as received. 2-(Dimethyl-

amino)ethyl methacrylate (DEMA), 1-bromohexadecane (C16Br), N,N-

methylenebisacrylamide, 2,2 dimethoxy-2-phentlacetophenone, diphenyl(2,4,6-trimethyl 

benzoyl) phosphine oxide, cetyltrimethylammonium bromide (CTAB), and hydroquinone 

were purchased from Sigma-Aldrich. All chemicals were used as received without 

further purification. The single-walled carbon nanotubes (1 nm diameter, 10-30um 

length, >99wt.% purity) were purchased from Cheaptubes.   
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2.2.1 Synthesis Of C16MA (Lyotropic Liquid Crystal (LLC)) 

The reaction schematic for C16MA is shown in Figure 16. Typically, 0.06 moles of 2-

(dimethylamino) ethyl methacrylate and 0.05 moles of 1-bromohexadecane were added 

to a 500 mL round bottom flask, followed by addition of 250 mL of acetone as a reaction 

medium. To prevent self-polymerization of 2-(dimethylamino) ethyl methacrylate, 0.003 

moles of the radical inhibitor, hydroquinone, was added to the reaction vessel. The 

mixture was then heated to reflux with an attached condenser (fisher Scientific Isotemp 

Refrigerated Circulator Model 900) at 55oC for three days. After reaction, acetone was 

removed via a rotary evaporator (BUCHI Rotavapor RII). Subsequently, the crude 

product was isolated by diethyl ether and purified by recrystallization with ethyl acetate, 

yielding white powders. The purified product was placed and dried in a desiccator.  

 

Figure 16. Reaction schematic of C16MA.89 

 

2.2.2 Solution Preparation (SWCNTs) Embedded In LLC Polymeric Matrix  

SWNTs were dispersed in water with assistance of the surfactant prior to incorporating 

them into a polymeric matrix. Typically, 0.0048 g of SWNTs, 5.2 g of D.I. Water, and 

0.0874 g of cetyltrimethylammonium bromide (CTAB) were added to a 20 mL vial. The 

system was tip-sonicated for 6 hours in an ice bath with 15 seconds pulse and 10 

seconds off. The homogenous suspension was obtained when no significant 

aggregations were observed under optical microscope.  
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a) b)   

c)  

Figure 17. a) Photoinitiator (2,4,6-trimethylbenzoyl) phosphine oxide); b) crosslinker 
(N,N’-Methylenebis(acrylamide)), c) Cetyl Trimethyl Ammonium Bromide (CTAB). 

 

Next, 4.8 g of C16MA was added to the vial, along with 0.070 g of N,N’-

methylenebis(acrylamide) and 0.096 g of Diphenyl (2,4,6-trimethyl benzoyl) phosphine 

oxide. The vial was wrapped with aluminum foil or tin foil to reduce the light exposure. 

The mixture was mechanically stirred for 1 hour to get a homogeneous solution. The 

system was then centrifuged to remove any bubble/air that was introduced during the 

mechanical stirring. The resulting solution is shown in Figure 18.   

 

Figure 18. SWCNTs in LLC polymeric matrix. 
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The membrane was prepared by a drawdown method with a 5 mil bar as shown in 

Figure 19 and the system was secured to a glass slide before exposing it with UV light 

(UVG-11 Compact UV Lamp, 254nm- 4watt). The curing time varied from 20-50 minutes 

to optimize the polymerization conditions.  

 

Figure 19. Illustration of the polymer matrix-CNT film preparation method. 

 

2.3 Characterization Methods  

Fourier transform infrared (FT-IR) spectra were obtained using a Nicolet IS10 FT-IR 

spectrometer in an attenuated total reflection (ATR) mode at a resolution of 16 cm-1 of 

32 scans. Atomic force microscope (AFM) was performed using under a tapping mode 

on an Asylum MFP-4D-SA AFM under ambient conditions. Commercial silicon 

cantilevers with force constants of 12-70 N/m were used for imaging. The AFM images 

were analyzed using Gwyddion Scanning Probe Microscopy (SPM) open-source 

software. Amyloid fibril specimens were prepared by drop-casting a 2.0 wt.% of amyloid 

fibril solution on a glass slide and dried overnight in a desiccator. GO specimens were 

prepared by spray coating of 0.01wt.% GO suspension onto a glass slide and dried 

overnight in a desiccator. Scanning electron microscope (SEM) was performed using a 
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FEI Quanta 200 microscope operated at an acceleration voltage of 20kV. The 

specimens were coated with a layer of gold using a gold sputter to improve the imaging 

quality. Polarized optical microscope (POM) was performed on a Leica DM 2500 P 

POM equipped with a Leica ICC50 high definition video camera. The hot stage, Linkam 

LTS420, was programmed using Linksys32 software. UV-vis absorption spectra were 

obtained using a Cary-Win UV-Vis spectrophotometer. The instrument was set to 25oC 

and all samples were seal from ambient light during data collection. Dynamic light 

scattering (DLS) data were collected using DynaPro NanoStar. The static light 

scattering and dynamic light scattering methods were used to collect a spherical model 

prediction of GO’s hydrodynamic volume. The determined radius was used to estimate 

the polydispersity index of the GO solution. Proton nuclear magnetic resonance (H-

NMR) was performed using BRUKER ADVANCETM III  400MHz NMR, with a scan rate 

of 128. The specimens were prepared in deuterated chloroform (CDCl3) using 

tetramethylsilane (TMS) as an added reference. X-ray diffractometer (XRD) was 

performed using a Siemens Diffractometer D5000 with the settings at a rate of 1deg/min 

with a 0.1 increment. The interlayer spacing values were calculated by Bragg’s Law.  

     𝑛𝜆=2𝑑𝑠𝑖𝑛(𝜃) 

where 𝜆 is the wavelength of the incident x-ray, and 𝜃 is the angle between the incident 

x-ray and the surface of the sample, d is the spacing between the atoms.   
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3. Result and Discussion  

3.1 Graphene Oxide Amyloid Fibrils Composite Membrane 

The synthesis of GO was characterized by FTIR, and the significant loading of water 

overshadowed any of the OH peaks coming from GO, ranging from 3000 cm-1 and 

upward. In literature, Kumar et al.90 stated, GO have three significant peaks above the 

fingerprint region and some minor peaks around 1400-1600 cm-1. The three significant 

peaks are 2350 cm-1 representing CO2, 2850 cm-1, and 2915 cm-1 representing the 

different C-H bonds. The minor peaks around 1400-1600 cm-1 represent C=O, C=C, 

and C-O. According to Furukawa et al.91, amyloid fibrils have high binding affinity for 

CO2 and a FT-IR peak at 2360 cm-1 can be observed. FT-IR scans results of a series of 

GO and GO amyloid solutions shown in Figure 20. Sharp peak is observed at 2360 cm-1 

in the neat amyloid fibrils sample and the peak signal at 2360 cm-1 gets stronger with 

higher loading of amyloid fibrils. Amyloid fibrils samples with addition of GO exhibit a 

broad peak covering most of the non-fingerprint region from 3000 cm-1 onward. A 

masking effect is also taking place with the increase of amyloid fibrils. The peaks at 

2850 cm-1 and 2915 cm-1 represent the different C-H bonds in GO which decreases with 

the increase of amyloid concentration.  
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Figure 20. FTIR spectra of neat graphene oxide with increasing loading of amyloid 
fibrils, 10%, 25%, and 50%. 

 

To study the GO nanosheet size and distribution, two samples of GO were 

characterized using DLS and a spherical model to give an estimate of the GO 

nanosheet radius distribution as showed in Figure 21 and 22. The DLS results are 

expected to yield a rough estimate/idea on the polydispersity of the GO suspension. A 

low polydispersity indicates most of the GO nanosheets are in similar sizes, and a high 

polydispersity will show a large discrepancy between the nanosheets.  

1000 1500 2000 2500 3000 3500
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25% amyloid fibrils

50% amyloid fibrils
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Figure 21. DLS distribution of Pre-centrifuge GO. 

 

Figure 22. DLS distribution of Post-centrifuge GO, 10 times. 

 

Figure 21 and 22 show that both samples of GO have multi-modal peaks. After 

centrifuging, multi-modal peaks become more apparent and shift towards the larger 

size. The shift in the peak radius indicated the small GO nanosheets are isolated in the 

discarded supernatant during the centrifuging process. Following this phenomenon, the 
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process of centrifuging can be used to further decrease the polydispersity of GO. In 

theory, decreasing polydispersity will result in more uniform film formation92, as shown 

in Figure 23.  

 

Figure 23. Showing the potential packing patterns of GO film between 2 different 
polydispersity. 

 

AFM imaging was employed to visualize individual GO nanosheets. The GO dispersion 

was drop cast on a glass slide and dried in a desiccator overnight. However, the sample 

did not result in any comprehensible AFM images because the coffee drop effect93 lead 

to concentration gradient during the GO film formation. The most effective method of 

preparing the GO sample for AFM imaging turns out to be a spray method. A diluted GO 

sample was prepared ~0.001 wt.%, which was sprayed using an airbrush. The idea of 

the airbrush is to have the droplet to be nearly dried once it touches the glass substrate. 

This method negates the coffee drop effect and allows for nanosheet separation.  

 

Figure 24. AFM image of GO nanosheets with height profile extrapolation. 
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Figure 24 shows the GO nanosheets which seem to be stacked on top of each other. 

The line across the image is the height trace. The largest surface area length is 

estimated ~5-6 um and the thickness ranging from 3-6 nm. From literature searches, the 

GO thickness ranges from 1-1.4nm due to oxygen functionality.86,94 The thickness 

values are obtained in Figure 24 matches relatively close with literature values when the 

nanosheets are stacked on top of each other.  

 

Figure 25. Polarized Optical Microscope image of GO with LC texture at 0.8 wt.%. 

 

The solution property of synthesized GO was examined by the Polarized Optical 

Microscope (POM). GO aqueous dispersion exhibits liquid crystal behavior95, as shown 

in Figure 25. Recent studies have found the liquid crystal behavior of GO in aqueous 

solution can be manipulated into photonic liquid crystal.96 It was reported that the 

concentration of GO dispersion and the alignment of the nanosheets could determine 

the coloration and the interlayer spacing of GO in aqueous suspension.96  
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a. b.  

Figure 26. a) unknown weight percentage shows different colors due to unbalance 
concentration; b) 0.5-0.6wt.% GO shows uniform color achieved by centrifuging. 

 

Figure 26a shows, different regions of color in the same droplet of GO suspension. We 

believe this is largely due to the heterogenous packing of the nanosheets as the droplet 

is cast on the glass slide. The heterogeneous packing will induce different interlayer 

spacing between the GO nanosheets and reflect different wavelength coloration 

corresponding to the Bragg’s law.96 Figure 26b shows a semi-uniform gold/yellow 

coloration of GO solution. This sample of GO is 0.5-0.6 wt.% and the coloration was 

obtained by utilizing the centripetal force of a centrifuge to align the GO nanosheets. 

This process will induce similar interlayer spacing between the nanosheets and reflect 

similar wavelength color. A tinge of green can be seen on the bottom of Figure 26b; this 

is due to the centrifuging effect and the density gradient.97 The solids closest to the 

bottom of the vial will have the higher packing density due to the centripetal force.   
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a. b.  

c.  

Figure 27. a) AFM height retraces of lysozyme Amyloid fibril film; b) profile extraction of 
line 1 in image a; c) POM image of 2wt.% Amyloid fibrils spherulite film. 

 

Figure 27a shows the AFM height image of a dried amyloid fibril film under tapping 

mode, demonstrating linear strand crystal structures. Figure 27b is the height retrace 

profile of the amyloid fibrils. Multiple peaks are plotted in Figure 27b, and the average 

signal for amyloid fibril height is roughly 2-4 nm, which is similar to the AFM data 

reported by Marcus Prass et al.98 
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Figure 28. Data on Interlayer d-Spacing of GO amyloid fibril film vs. loading of Amyloid 
Fibrils, obtained using XRD. 

 

In general, the average interlayer spacing between the GO nanosheets are found to be 

7-8 Å.99 Many methods have been implemented in order to tune the interlayer spacing 

of GO, such as chemically modified terminal diamine100, external pressure regulator to 

prevent swelling or shifting of nanosheets101, or cationic swelling using metal ions such 

as K+, Na+ or Ca2+.99 The incorporation of amyloid fibrils into the GO nanosheets is to 

increase mechanical properties, enhance heavy metal ion removals, and to tune the 

interlayer spacing. Figure 28 shows the extrapolated data from XRD of GO-amyloid fibril 

composite membrane, interlayer d-spacing versus the amyloid fibril loadings. Increasing 

amyloid fibril loading results in an increase in the interlayer spacing. This may serve as 

a potential testimony for the hypothesis on increasing the interlayer spacing with the 

addition of amyloid fibrils. However, for samples with greater than 20% loading of 
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amyloid fibrils, the mixture tends to aggregate and cause issues for film formation which 

influence the data collection in XRD. Potentially, there is a max loading of ~20% amyloid 

fibrils in the GO membrane composite film. Further experiments need to be conducted. 

From the calculated values in Table 1, each of the sample mixtures was cast five times 

to avoid from reusing the same membrane for the dye filtration test. Due to time and 

material constraints, triplicating each test and filtration was unable to be achieved. The 

lack of triplication will prove to be fatal in any variation of error calculation and 

unpredictable error, such as membrane failure midway of the filtration test. Prior to any 

filtration test, some prepared membranes are examined using SEM, to confirm the 

surface structure and to observe any defects.  

a. b.  

Figure 29. a) SEM image of a neat PES membrane. b) SEM image of GO-amyloid fibril 
film cast membrane. 

 

First, a neat PES membrane was tested by SEM imaging as a reference for the coated 

membrane. On the neat PES membrane, a variety of different pore sizes can be 
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observed on the surface, as shown in Figure 29a. Figure 29b shows an SEM image of a 

GO-amyloid fibril coated membrane. Most pores are covered by the GO-amyloid fibril 

film and there are a few defects on the film that looks like swelling effect.102 These 

images provide an understanding of how well the pores on the PES membrane are 

covered and if the film surface is defect-free. It cannot indicate the possibility of film 

breakage during filtration. When the water filtrate in-between the GO and GO-amyloid 

fibril interlayer channels, the GO nanosheets can be sheared along the direction of flow, 

creating defects, separations, and changes in the interlayer morphology. However, if the 

water flow is induced by a fixed pressure, it will  mitigate the drag effect on the GO 

nanosheets and reduce the chances of changing the interlayer spacing.101 The shift or 

changes in the interlayer spacing can be examined by XRD data of pre-filter film versus 

post-filter film, this will provide an insight into the shift of interlayer spacing over 

filtration.  

One of each type of the membrane, shown in Table 1, is tested using the DI water and 

four different dyes: alcian blue, methylene blue, methyl orange, and rhodamine. The 

dyes were diluted to known concentration and measured for the absorbance. This step 

allows us to create a baseline for each dye. Each of the tested dye solutions was 

prepared to the absorbance of 1 with their respective wavelength. Results for the DI 

water filtration test are shown in Figure 30. Methylene blue filtration test results are 

shown in Figure 31. Methyl orange filtration test results are shown in Figure 32. 

Rhodamine filtration test results are shown in Figure 33. Alcian blue filtration test results 

are shown in Figure 34.  
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Figure 30. Flux rate of pure water vs. different types of PES membranes. 

 

In Figure 30 shows the flux differences between the neat PES support membrane and 

the hybrid membranes. The neat PES support membrane has a significantly higher flux 

rate compared to the hybrid membranes. This is aligned with our prediction about 

decreasing channel sizes will reduce the flux rate. For hybrid membranes, a more or 

less linear trend can be observed between the flux rate and the increasing loading of 

amyloid fibrils. We believe this phenomenon may be attributed to the increased 

interlayer spacing between the GO nanosheets with the addition of amyloid fibrils 

(Figure 28). However, the experiment for each filtration was not triplicated we are not 

sure if the variation between the flux rate falls under error or actual differences, and 

further investigations are needed.  
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Figure 31. methylene blue rejection rate results, and molecule size. 

 

Methylene blue has one of the smaller sizes of the four dyes being tested through 

filtration. In Figure 31, the neat PES support membrane has a very lower rejection rate 

compared to the GO and GO-amyloid hybrid membranes, with neat GO film having the 

highest rejection rate of methylene blue. A negative linear trend is observed with the 

increase of amyloid fibrils loading and a decrease in rejection rate is founded. This 

effect may be attributed to the increase of interlayer spacing between the GO 

nanosheets by increasing the loading of amyloid fibrils as showed in Figure 28, leading 

to an increase of the permeating rate of methylene blue dye and the lowest rejection 

rate of methylene blue at 15% loading of amyloid fibrils besides the neat PES 

membrane. It should be noted that due to the large polydispersity of GO nanosheets, 

the film formation and the interlayer spacing are not uniform throughout the film. It is 

possible that some area of the film has more variating GO nanosheet sizes, creating a 

wide range of interlayer spacing. This may also be related to potential variability 

between each membrane casting. However, due to time and material constraints, only 
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one sample of each was tested and it is impossible to determine the error and further 

investigations are needed.  

 

Figure 32.  Methyl Orange rejection rate test results and molecule size. 

 

In Figure 32, there is an increase in the rejection rate with the incorporation of GO and 

GO amyloid compared to the neat PES support membrane. However, there does not 

seem to have any correlation between the amyloid loading and rejection rate. We 

believe this is attributed to the flaws and defects that form during in the film cast and or 

during the filtration. Some of these defects are the most obvious on neat GO and 5% 

loading of amyloid fibril hybrid film in Figure 32. However, other membranes may also 

have invisible defects. From previous dye filtration as shown in Figure 31, methylene 

blue is 1.4 nm and has a high rejection rate through the GO and GO amyloid films with 

a negative linear trend to amyloid loading. We believe the irregular rejection rates in 

Figure 32 are largely attributed to the micron size defects that are formed during casting 

and flare up during filtration testing. This set of methyl orange dye data should be 

reevaluated and triplicated to confirm the error in each data point. Overall, we 
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speculated the neat GO and 5% amyloid fibril membranes have visible surface defects 

that cause the dye to directly filter through the membrane instead of through the 

channel pathways between GO nanosheets.  

 

Figure 33. Rhodamine rejection rate test results and molecule size. 

 

Figure 33 shows an increase in rejection rate of rhodamine with the implementation of 

GO nanosheets and amyloid fibrils. From previous dye results, methylene blue is 1.4 

nm which has significant rejection rates at 0-15% of amyloid loading (Figure 31). 

Rhodamine is 1.8 nm but seems to have lower rejection rates at 0% and 5% loading of 

amyloid fibrils compared to the smaller dye, methylene blue. We believe this lowering of 

rejection rate of rhodamine is attributed to the visible defects in the membrane  

illustrated in Figure 33. Overall, the addition of GO and amyloid fibrils increases the 

rejection rate of rhodamine. The irregularities in 0% and 5% loading of amyloid fibril 

films have been suspected to be caused by visible defects in the film which leads to a 

decrease in the rejection rate of rhodamine during filtration. However, due to time and 
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material limitation, triplication of this experiment is not conducted. Therefore, the 

variability of the increased rejection rate of rhodamine needs to be confirmed with 

further testing.  

 

Figure 34. Alcian Blue rejection rate test results and molecule size. 

 

In Figure 34, hybrid membranes containing 0-15% amyloid fibrils have significantly 

higher rejection rates of Alcian Blue than the neat PES support membrane. The 

rejection rates of hybrid membranes are relatively similar bouncing around 93%. We did 

observe the visible defects on the hybrid membranes after filtration and we believe the 

defects form during the removal of the membrane from the filtration cell. Another 

possible reasoning for high rejection of Alican blue is amyloid fibrils are found to have a 

high affinity to heavy metal ions103 such as alican blue contains Cu2+. However, due to 

time and material constraints triplication of each sample data point is not conducted. For 

further studies into the possible correlation of amyloid fibrils to the rejection rate of 

alican blue more experiments are required.   
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3.1.1 Conclusions  

Part 1 of this work is to fabricate the amyloid fibril intercalated GO membranes for 

enhanced nanofiltration. We investigate four organic dyes to evaluate filtration 

performance, including methylene blue, Alcian blue, methyl orange, and rhodamine .   

The water flux rate of the PES support membrane is significantly higher than any of the 

hybrid membranes, largely due to larger pore size/pathway. For GO-amyloid hybrid 

membranes, the interlayer spacing between GO sheets increases with increasing 

amyloid fibrils and thereof the flux rate of hybrid membranes increases with increasing 

amyloid fibrils. The dye rejection rate of hybrid membranes remain in general constant 

compared to the neat GO membrane. We attributed the high dye rejection to the 

adsorption mechanism in hybrid membranes. However,we also find the imperfect 

coverage of the membrane during casting and cracking of membrane during filtration.  

Overall, we demonstrate the feasibility of GO-amyloid hybrid membranes to enhance 

the membrane filtration performance. To fully utilize and understand the system, more 

experiments and data collections are required.   

 3.1.2 Future Work  

GO-amyloid hybrid membranes have demonstrated potential to enhance membrane 

filtration and, however, efforts are needed to further improve membrane performance.  

There are scenarios about breakage, defects and poor uniformity, which can cause 

variability to observations. As such optimation of membrane fabrication is required. In 

addition, defects can also occur during filtration due to membrane instabilities. Methods 

to reduce the membrane instability include covalent bonding the hybrid membranes to 
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the PES support membrane, surface coating the hybrid membrane, or sandwiching of 

the hybrid membrane between two support membranes.  

We have examined four dyes for evaluating filtration performance. Future work could 

include mono and multivalent salt solutions, a mixture of ions in solutions, and 

seawater. This will give us an insight on how well the designed hybrid membranes will 

perform under real-life conditions.   
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3.2 Carbon Nanotube Based Polymer Composite Membranes 

 

 

Figure 35. Proton NMR spectra of C16MA. 

 

The synthesis of C16MA, white powder, is confirmed by Proton NMR, as shown in Figure 

35. 0.00 (TMS, reference peak), 0.88(t, -CH3), 1.22-1.34(m, CH3-(CH2)14-), 1.95(s, C=C-

CH3), 3.51(s, 2(CH3)-N), 3.61 (t, CH2-N), 4.19(t, N-CH2-CH2-), 4.68(t, COO-CH2-), 

5.68(s, CH2=C), and 6.15(s, CH2=C). Excessive peaks are solvent residue such as 

chloroform at 7.32 ppm. 

According to Kasprzak et al.104 C16MA possesses hexagonal packing at a minimum of 

48wt.% in water. We prepared several composite membranes with 48wt.% C16MA, 
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52wt.% water, 0.1wt.% SWNTs by monomer weight, 4 mol.% Crosslinker (CL), and 

2Wt.% photoinitiator (PI) by monomer weight.  

Prior to casting and curing of the C16MA-SWCNT solution onto the PES support 

membrane, the C16MA-SWCNT solution is examined under POM to study the liquid 

crystal behaviors, as shown in Figure 36. 

a. b.  

Figure 36. a) POM image of C16MA-SWCNT mixture shear induced alignment; b) POM 
image of C16MA-SWCNT mixture drop cast. The white arrow in (a) shows the shear 

direction.  

 

In Figure 36a, the C16MA-SWCNT mixture, exhibits a uniform coloration under shear 

indicating the shearing of the mixture induces alignment of the materials in liquid crystal 

phases. As in Figure 36b, the C16MA-SWCNT mixture displays liquid crystal texture 

without shearing. The unsheared sample forms different liquid crystal domains with 

micro-order strucrures.105 Overall, after the incorporation of all the components into the 

aqueous mixture, the LLC properties of C16MA is still observed.  

Prior to curing the polymer matrix, an understanding of the curing time and effect on the 

membrane should be noted. As a preliminary test, eight membranes were made and UV 

exposure time varies from 1 minute to 30 minutes. Each of the membranes is examined 
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using ASTM D3359 adhesion tape test106, as shown in Figure 37. The ASTM D3359 

test is a short and dirty way to identify if the film is cured or not by adhesion. It 

completely disregards the ultra-violet, heat, or oxygen in the system. A 10-minute UV 

cure membrane is shown in Figure 37a. After the peeling of the tape (Figure 37b), the 

membrane surface has some bare patches, indicating the film is not fully set/cured. 

Overall, the standard operating procedure time of the UV cure was set for 30 minutes.  

a.  b.  

Figure 37. 10-minute UV cure, ASTM D3359 to check for the degree of cure; a) pre-
peeled membrane; b) post-peeled membrane. 

 

The streaks of lines in Figure 37 appeared on the membrane after the drawdown 

causes deformation on the membrane and uneven coverage of materials on the 

surface. We believe it is caused by the insoluble PI and CL that is dragged across the 

film using a drawdown bar. This has caused membrane breakage, uneven curing of the 

polymer matrix, and deformation of the membrane structure.   
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Figure 38. flux rate of water through PES and C16MA-SWCNT membrane, with different 
cure times. 

 

Figure 38 showns the water flux rate of C16MA-SWCNT membranes with different cure 

time and pes support membrane. It shows that 20 minutes cured C16MA-SWCNT 

membrane has a higher flux rate compared to a neat PES membrane. This is possible 

due to the high water transport rate of CNTs52. However, the 30 minutes and 50 minutes 

cure C16MA-SWCNT membrane show the opposite trend. There is a possible 

correlation between the cure time and the flux rate of water in this experiment. As UV 

time increases, the flux rate decreases. C16MA matrix forms spontaneous formation of 

order structure before crosslinking. Crosslinked composites may alter the spontaneous 

order structure, decreasing nanochannels. However, it is more likely that the difference 

between the cure time and flux rate varies among membranes. Since the collected data 
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is not taken in triplicates, due to time and material constraints, Further testing of 

polymerization optimization is warranted.  

 

Figure 39. water collected after filtering through C16MA-SWCNT membranes. 

 

It is interesting to note that the filtered water shows bubbling after filtration as shown in 

Figure 39. C16MA is considered a surfactant with a cationic head and hydrophobic tail. 

We believe the formation of the bubble may come from the unpolymerized C16MA. If 

that is the case, there is a possibility that SWCNTs are also coming out of the 

membrane into the filtrate. A possible cause for this effect is the insolubility of CL and PI 

that may produce partical polymerization and cross-linking, resulting in localized curing 

and certain locations uncured.  



59 
 

 

Figure 40. Methylene blue rejection rate results. 

 

The SWCNTs used in the polymeric matrix ranges from 0.7-1.2 nm in diameter. If the 

particles are bigger than the diameter it will not pass through. Methylene blue has a 

molecular size of 1.4 nm, which will not pass through the C16MA-SWCNT membrane. 

However, the data in Figure 40 shows that the rejection rate is similar to PES support 

membrane with 30nm pores. We believe that the C16MA-SWCNT film was not covering 

all the pores in the PES support membrane, and the exposed pores are the primary 

cause for the low rejection rate of methylene blue. The data collected is not done in 

triplicate, indicating a large amount of unaccounted error. For a more accurate result of 

rejection rate, more experiments are required.  
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Figure 41. Methyl orange rejection rate results. 

 

Figure 41 show the filtration performance of methyl orange. Methyl orange is an anionic 

dye with a size of 1.2 nm. The C16MA-SWCNT membrane have a drastic increase in the 

dye rejection rate compared to the neat PES support membrane. We believe the 

increase in rejection rate is largely due to the cationic polymer matrix, C16MA. The 

cationic polymeric matrix can servee as a counter ion for negatively charged methyl 

orange. To further understand the variability in the rejection rate of methyl orange, 

triplication of the experiment is needed for future investigation.  
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Figure 42. Rhodamine rejection rate results. 

 

Figure 42 shows the filtration performance of rhodamine. Rhodamine is a non-ionic dye 

with a size of 1.8 nm. C16MA-SWCNT membrane has a very low and similar rejection 

rate to the neat PES support membrane. This observcation is similar to the one of 

methylene blue, which shows no change in the rejection rate of dye with C16MA-

SWCNT. At this point, we believe the C16MA-SWCNT film was not able to cover all the 

pores on the PES support membrane, allowing the dye solutions to just bypass the 

C16MA-SWCNT membrane. The variability in rejection shown in Figure 42 is the direct 

result of not triplicating the data. For further verification of the rhodamine rejection rate 

result, triplication of the experiment is needed. 
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Figure 43. Alcian blue rejection rate results. 

 

Figure 43 displays the filtration performance of alican blue. Alican blue is a cationic dye 

with a size of 2.6 nm. From figure 43, we see the rejection rate between the C16MA-

SWCNT membrane and PES support membrane showed no significant difference. 

Similar to results in rhodamine and methylene blue, disregarding the molecular size of 

the dye being bigger than the SWCNTs diameter, the dyes are still able to pass through.  

a. b.  

Figure 44. a) SEM image of neat PES membrane; b) SEM image of C16MA-SWCNT 
coated membrane. 
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Figure 44 shows SEM images of neat PES support membrane and C16MA-SWCNT 

membrane, showing surface morphologies. It clearly shows that pores of PES are still 

visible on the C16MA-SWCNT membrane (Figure 44b), indicating the PES support 

membrane is only partially covered by C16MA-SWCNT composites. We believe this is 

the main cause for the low rejection rate of dyes. The filtration pathway is not going 

through the SWCNTs, instead the pathway is going through the PES membrane pores.  

3.2.1 Conclusion  

We design a polymeric surfactant C16MA with lyotropic liquid crystal behaviors in an 

aqueous solution that can self-assemble into hexagonal phases with respect of 

concentration. SWNTs are incorporated into the cylindrical micelles of C16MA polymeric 

matrix, which then self-assemble into hexagonal packing.89 

We utilize a drawdown methodology to induce shear and alignment of membranes 

along the direction of the shear force. Filtration performance of membranes are 

evaluated in terms of flux rate and dye rejection. Four organic dyes including cationic, 

anionic, and nonionic are investigated. No significant difference in flux rate between 

PES support membrane and C16MA-SWCNTs membrane. Alcian blue, rhodamine, and 

methylene blue exhibit no difference in the dye rejection rate between PES and C16MA-

SWCNTs membrane. However, a significant increase in rejection rate of methyl orange 

is found, which is likely attributed to the cationic matrix serving as the counter ion for the 

anionic methyl orange.  
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Overall, no significant improvement in the membrane filtration system with the C16MA-

SWCNT membrane is reported. The underlining problem in this experiment ultimately 

falls on the methodology on the membrane preparation as well as photo-polymerization 

conditions. 

3.2.2 Future Work  

The processability of the SWCNT based polymer composite membranes proves to be 

difficult. C16MA-SWCNTs are not able to cover all the pores of the PES support 

membrane, causing leakage during filtration. This indicates that the drawdown method 

is not suitable for this application. An alternative method such as screen printing may be 

the breakthrough in the membrane preparation.  

Second, the photo initiator (PI), diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide, is 

poorly water-soluble at 2wt.% loading. It is suggested to switch with a water soluble PI 

The crosslinker (CL), N,N’-methylenebis(acrylamide), is more soluble than the PI at 4 

mol.%. However, higher soluble CL may be also required to prevent future solubility 

issues.  

Lastly, we only selected four different dyes to do the filtration tests. The real-life aspect 

in membrane filtration cannot be captured by four different dye tests. The filtration tests 

should be broadened into the mono and multi-valent salt ions, large particle mixtures, 

seawater, and even sewage water. The comparison of C16MA-SWCNTs membrane to 

the industry standard filtration membrane may also give us a better insight on the 

benefits of utilizing CNTs in membrane filtration. 
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4. Summary 

In this work, amyloid fibrils intercalated graphene membranes and single-walled carbon 

nanotube based polymer composite membranes have been investigated for separation 

of organic dyes. Filtration performance of designed membranes has been evaluated in 

terms of flux rate and dye rejection. Four organic dyes including methylene blue, Alcian 

blue, methyl orange, and rhodamine have been selected for filtration studies. 

Part 1 of the work is focused on amyloid hybrid intercalated GO membranes. It is found 

that the interlayer spacing between GO sheets increases with increasing amyloid fibrils, 

and thereof the flux rate of hybrid membranes increases with increasing amyloid fibrils. 

The dye rejection rate of hybrid membranes remains in general as high as the neat GO 

membranes and it is explained by the adsorption mechanism. However, some 

specimens demonstrate unexpected leaking due to cracking of the membranes during 

filtration. 

Part 2 of the work is focused on SWNT based polymer composite membranes. It is 

found that no significant increase in flux rate of composite membranes compared to 

PES support membranes. The dye rejection rate of composite membranes remains the 

similar to PES support membrane except for methyl orange that displays an enhanced 

rejection rate. Microstructure analysis indicates the PES support membranes are not 

fully covered by designed composite membranes. 

Overall, this work have illustrated that both graphene and carbon nanotubes are 

promising in nanofiltration. Further investigations on optimization of membrane 

fabrication are required to improve filtration performance.   
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