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Abstract

Development of Durable Anti-Wetting and Anti-Fouling Membranes for Water Production

via Membrane Distillation (MD)
Tiantian Chen, Ph.D.

Concordia University, 2021

Membrane distillation (MD) has gained a growing interest in seawater desalination, wastewater
treatment, and separation of volatile compounds as of late due to its low operating pressure,
moderate temperature requirements, and high salt rejection. However, membrane fouling and pore
wetting are two major problems that hinder maintaining long-term stable flux and salt rejection of
MD when treating various feed solutions. Electrospun nanofiber membranes (ENMs) are
promising for MD applications due to the discernable advantages of their high hydrophobicity and
porosity. Utilization of micro/nano-particles and surface fluoro-silanization are effective
modification methods to enhance anti-fouling and anti-wetting properties of MD membranes. The
objective of this doctoral research is to develop effective membranes with durable fouling/wetting
resistance for water production by MD. To achieve this goal, a highly hydrophobic poly
(vinylidene fluoride-co-hexafluoropropylene)/ reduced graphene oxide (PVDF-HFP/ rGO)
flat-sheet membrane was prepared via a facile electrospinning technique. The rGO incorporated
membranes exhibited excellent stability and durability with a salt rejection of over 99.97% and an
average flux of 20.37 kg/m?h using 60 g/L sodium chloride as the feed solution. To expand the
application of conventional MD membranes to treat challenging wastewaters that contain low
surface tension contaminants, one simple modification method was applied by utilizing
fluoroalkylsilane of low surface energy on the pristine PVDF-HFP/rGO substrate to achieve
surface superamphiphobicity (both superhydrophobicity and near-superoleophobicity). The
resulting membranes demonstrated superamphiphobicity, confirmed by their wetting resistance
evaluated with water and low surface tension liquids. The antiwetting performance of the
membrane was tested through desalinating 35 g/L. sodium chloride solution in the presence of a

surfactant (sodium dodecyl sulfate, SDS) in the direct contact membrane distillation (DCMD) unit.
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Finally, a highly permeable membrane for membrane distillation applications by employing
porous MCM-48 silica as the nanofiller was developed. The addition of hydrophobic MCM-48
nanoparticles was found to significantly increase water vapor transport, with a flux enhancement

87.16% greater than that observed in the pristine PVDF-HFP membrane.

Keywords: membrane distillation, electrospun nanofiber membranes, superamphiphobicity,
MCM-48
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Chapter 1. Introduction
1.1 Problem statement

The global shortage of fresh water, due to increasing industrialization, urbanization, climate
change and human population growth, greatly impacts the quality of life. At present, over 1.1
billion people have a limited access to potable water and are suffering from the corresponding
adverse effects.! Efficient and cost-effective approaches to produce fresh water for human
consumption and irrigation are urgently needed and have been researched extensively in response
to the growing demand.? Desalination and water reuse are considered as reliable methods to
alleviate water scarcity by augmenting alternative water resources, such as seawater, brackish

water, wastewater, and other impaired waters.?

Currently, the most widely applied desalination technologies can be classified into two types:
thermal (phase change) and membrane-based processes (Figure 1.1).* Thermal processes are
based on the principles of evaporation and condensation. Simply put, water is heated to the
evaporation state, then the salts are removed while clean water is produced through the water vapor
condensation.’ Conventional processes include multi-effect distillation (MED), multi-stage flash
(MSF), and mechanical vapor compression (MVC). The membrane separation technology uses a
semi-permeable membrane to separate water from solutes. Reverse osmosis (RO), nanofiltration
(NF), and electrodialysis (ED) are the most common used membrane processes. Particularly, RO

accounts for 69% of the desalination plants worldwide.®



[ Desalination technologies W

L Thermal } C—f—L> Membrane
2 g ° 1
[ Emerging [ Conventional J Conventional [ Emerging J
[ I (oo I
( ) [ Mutt- stage Flas ( Reverse osmosis 2 Membrane )
Solar desalination desi‘:llg'a:tlon (RO) distillation (MD)
S J \ \
l ~\ s l ( . )
Multi- effect 7% ( e t :
Geothermal desalination Nanofiltration Forward osmosis
desalination NF FO
) L MED (NF) ¥ ( D)
s ~
Mi%hr:;:'c;ils\ulgsor Electrodialysis Pressure retarded
(MVC) (ED) osmosis (PRO)
N

J

[

[Nanomembranes}

Figure 1. 1 Contributions of desalination techniques around the world.®

However, conventional desalination technologies are energy intensive and are ultimately linked to
fossil fuels which are non-renewable and diminish fast. Energy consumption generally amounts to
50%—60% of the total water costs for the RO process.” In addition, many kinds of industrial
wastewater which always have very high salinity pose a challenge to the present popular

technologies.®

MD is expected to be a promising substitute for conventional treatment processes. MD is an
emerging thermally driven, membrane-based technology to produce fresh water effectively and
efficiently. In the MD process, a hydrophobic microporous membrane is used to only allow vapor
molecules passing through. The driving force for MD separation is a partial vapor pressure gradient
across the membrane, typically deriving from the temperature differential between the hot feed
and cold permeate streams.” MD is particularly suitable to desalinate highly saline brines where
the salinity is beyond the practical limit of RO (~70,000 ppm), such as RO brines, coal seam gas
water, and shale gas/oil produced wastewater, due to its relative insensitivity to salt concentration

and a theoretical 100% salt rejection.!? Low working temperature (40-85 °C) distinguishes MD



from conventional thermal distillation (60-110 °C), making it possible to utilize low-grade heat

sources, such as waste heat or solar thermal energy, significantly reduces the cost.!!

Despite such attractive advantages, MD is still in an early developmental stage and has not been
widely applied in industrial and commercial settings. One of the major difficulties in MD processes
is the lack of appropriate MD membranes. Hydrophobic microfiltration (MF) membranes are
widely used in the field of MD. However, these membranes are not specifically optimized for MD
as they always suffer from low flux, insufficient wetting resistance, and high fouling/scaling
tendency. Membrane fouling is generally caused by attachment of humic acid, proteins, and oily
substances onto the hydrophobic membrane through hydrophobic-hydrophobic interactions.
Moreover, deposition of inorganic species (scaling) will cause further complications. Membrane
wetting is another challenge that affects stable desalination performance of MD membranes. This
phenomenon occurs when the trans-membrane pressure exceeds the liquid entry pressure (LEP),
which is affected by liquid surface tension, membrane hydrophobicity, pore size, and pore shape. 2
In addition, conventional hydrophobic microporous membranes used in MD processes can be
easily wetted by low surface tension contaminants (i.e., oil, alcohols, and surfactants) which often
present in highly saline industrial waste streams, contaminating the distillate and jeopardizing

water treatment quality.

Many approaches have been employed to cope with the above issues, such as, engineering
amphiphobic surfaces, fabricating composite hydrophobic/hydrophilic membranes, and blending
with functional inorganic fillers. However, those attempts always involve multiple steps, usage of
special equipment (e.g., chemical vapor deposition reactors and plasma chambers), time-
consuming modifications.!*!* And the resulted membranes exhibit limited stabilities and low flux.
Therefore, this study is focused on the development of novel membrane materials and fabrication
techniques, as well as surface modification methods for water production via MD. Major efforts

have been made to improve the membrane permeability, fouling and wetting resistance.
1.2 Objectives of this study

As summarized above, membrane distillation (MD) is a promising thermally driven, membrane-
based technology as an effective and efficient separation approach to produce fresh water in zero

liquid discharge. Particularly, MD is suitable to desalinate hypersaline solutions, such as RO brine



and shale gas produced wastewater owing to its insensitivity to salts concentration and 100%
theoretical salt rejection. Currently, there is a lack of appropriate MD membranes. Hydrophobic
microfiltration (MF) membranes developed through phase inversion and stretching processes are
widely used in the field of MD. However, these membranes are not specifically optimized for MD.
This research aims to develop practically applicable, effective and durable membranes for the
application in MD treating various kinds of feed solutions. In particular, the following aspects are

comprehensively investigated:

(1) Evaluation of inorganic fillers incorporated composite membranes on the membrane

hydrophobicity and anti-wetting properties in the treatment of hypersaline solutions.

(2) Exploration of superamphiphobic membranes via surface modifications on the substrate and

their effectiveness in the challenging wastewaters disposal.

(3) Application of mesoporous silica nanoparticles in the fabrication of high permeable membranes.
1.3 Outline of thesis

Chapter 2 reviews the principles, applications, and major challenges of MD process. Membrane
materials, fabrication techniques, and modification strategies for MD application are also

introduced.

Chapter 3 presents the fabrication and characterization of highly hydrophobic electrospun reduced
graphene oxide (rGO)/PVDF-HFP membranes. The effect of rGO incorporation on membrane
surface morphology, physicochemical properties (e.g., contact angle, liquid entry pressure, pore
size) and separation performance was evaluated. Long-term stability of fabricated membranes was
investigated through a direct contact membrane distillation (DCMD) process using the feed

solution with high salinity (60 g/L sodium chloride).

Chapter 4 demonstrates the facile superamphiphobicity modification on the nanofibrous substrate
to render the necessary chemical and physical properties for anti-wetting performance. Low
surface energy fluoroalkylsilane perfluorooctyltriethoxysilane (POTS) was selected as the
modifier and coated on the nanocomposite membrane through a simple dip-coating process. The

superamphiphobic stability was challenged in various treatment scenarios. Anti-wetting properties



were compared with control membranes using a model surfactant (sodium dodecyl sulfate, SDS)

-containing saline solution as the feed.

Chapter 5 describes the application of mesoporous MCM-48 silica nanospheres as the nanofiller
to enhance MD membrane permeability. MCM-48 silica nanoparticles with controlled particle
sizes were prepared under mild conditions and hydrophobilized with vinyl groups. A novel hybrid
PVDF-HFP/MCM-48 electrospun nanofibrous membrane was obtained by incorporating vinyl-
modified MCM-48 nanoparticles into the PVDF-HFP polymer matrix. The addition of
hydrophobic MCM-48 nanoparticles was found to significantly increase water vapor transport.
Not only is this the first attempt to fabricate PVDF-HFP/MCM-48 nanofibrous membranes by

electrospinning, but also the first to employ MCM-48 based membranes in MD processes.

Chapter 6 outlines the contributions and conclusions of this thesis. Limitations of this work and

recommendations for future research are also presented.



Chapter 2. Literature review
2.1 Basics and Principles of MD
2.1.1 Principles and applications of MD

MD is a thermally driven separation process, in which only vapor molecules are able to pass
through a porous hydrophobic membrane. This separation process is driven by the vapor pressure

differences existing across the porous hydrophobic membrane surfaces. !

As illustrated in Figure 2.1, the hydrophobic nature of the MD membrane prevents the feed liquid
from entering the membrane pores due to surface tension. First initiated by evaporation of the feed
liquid at the phase boundary, the volatile components in the hot feed vaporize and then diffuse

across the dry membrane pores. The vapors then condense on the permeate side. '®

6 Liquid () vapor O Non-volatile

1: Evaporation 2: Diffusion 3: Condensation

O

o

— 3

o

Cold permeate

111

Hydrophobic membrane

Figure 2. 1 Schematic representation of the direct contact membrane distillation process. '®

The possible configurations of MD process are divided into four types depending on the way the

permeate side is processed: direct contact membrane distillation (DCMD), air gap membrane



distillation (AGMD), vacuum membrane distillation (VMD), and sweeping gas membrane
distillation (SGMD).!” Each configuration has its own advantages and disadvantages, however,
DCMD is the most studied configuration in the lab due to its simplicity in both design and

operation.'®

Compared with other membrane separation processes, the main competitive advantages of MD are
as follows:!? (1) Theoretically, a 100% rejection of inorganic ions, macromolecules, and other non-
volatile compounds; (2) Relatively low operating temperatures below the normal boiling point of
the feed solution (40-85 °C); (3) Lower operating pressures than conventional pressure-driven
membrane separation processes; (4) Insensitivity to feed concentration for seawater desalination;

and (5) Potential to utilize low grade heat such as solar energy or waste heat.

MD was originally utilized in desalination processes as an alternative to RO and other thermal
desalination techniques.?® Then, with a better understanding of the heat and mass transfer
principles due to research over the last decade, MD processes have received worldwide attention
from both academia and industry because of its unique advantages. Many other interesting
applications of MD have been proposed, such as removal of boron and arsenic from aqueous
solutions, wastewater treatment, separation of volatile compounds, concentration of fruit juices,

production of chemicals, and in medical procedures.?!-*?

2.1.2 Membrane characteristics for application in MD

The role of the membrane design and structure is crucial for high efficiency MD processes. An
optimized membrane specifically designed for MD could further improve the performance. In
particular, the ideal characteristicsneeded for membranes are as follows:

(1) Surface hydrophobicity

A hydrophobic medium is a requisite according to the definition of the MD process. Highly
hydrophobic materials only allow vapor to pass, preventing water from wetting the inside of the
membrane. The currently available membranes used commercially and in academic research are
made mainly of polypropylene (PP), polytetrafluoroethylene (PTFE), and polyvinylidene fluoride
(PVDF).?* The surface could be made hydrophobic by using materials with a low surface energy
or by modifying the surface into rougher surfaces with hierarchical nanostructure surface

morphology.?*



(2) Thickness

In MD, permeate flux is inversely proportional to the membrane thickness. However, while mass
transfer is improved by reducing the membrane thickness, more heat loss also occurs, thereby
reducing the driving force. Hence, an optimal thickness exists, balancing mass transport (permeate
flux) and driving force (heat efficiency), which is always larger for higher salinity feed water.?>-¢

(3) Membrane pore size and pore size distribution (PSD)

Permeate flux increases proportionally with increases in pore size. However, small pore size is
needed to avoid pore wetting. Thus, an optimal pore size has to be balanced in terms of high
permeate flux and effective pore wetting resistance. Pore sizes for MD membranes usually range
from 100 nm to 1pum.?” Some studies indicate PSD should be as narrow as possible to enhance MD
performance while others conclude PSD has little effect on the flux.?®

(4) Liquid entry pressure (LEP)?°

LEP is the minimum transmembrane pressure where liquids will penetrate the pores of the
membrane. To avoid MD pore wetting, the hydrostatic pressure must be lower than the LEP.
However, even though the operating pressure is lower than the LEP, pore wetting can still occur
when fouling occurs at the membrane surface. In MD process, the LEP should be maintained as
high as possible. The LEP value depends mainly on the material hydrophobicity and membrane

pore size (Cantor—Laplace equation 2-1).
LEP = (-4B; 6¢c0s60) | dmax
where LEP is the liquid entry pressure of pure water in Pa, B, is a pore geometric factor, o is the

surface tension of the solution (N m™), # is contact angle in degrees between the solution and

membrane surface, dma is the largest pore size in m.
X

(5) Porosity?°

Higher porosity results in less conductive heat loss through the membrane, therefore, a higher
driving force, higher flux, and higher energy efficiency can be achieved. However, high porosity
membranes with low mechanical strength tend to degrade under even mild operation pressure,
resulting in the decline of membrane performance. The recommended porosity value is 80-90%.

(6) Thermal conductivity?!



High thermal conductivities increase heat transfer and reduce vapor flux due to reduced
interface temperature differences; therefore, the thermal conductivity of the membrane should be
minimal. Membranes with high porosity and thickness tend to have lower thermal conductivity.

The standard values of membrane materials used in MD range from 0.04 to 0.06 W-m'-K™!.
2.1.3. Membrane fabrication techniques

Hydrophobic microfiltration (MF) membranes are widely used in the field of MD. Stretched and
phase inverted membranes are both commercially available for this purpose. However, these
membranes are not specifically optimized for MD, which usually have large pores and low porosity,
consequently suffering from low permeate flux, although optimization is expected to dramatically
improve the process performance. Among the materials investigated or utilized for MD
membranes, hydrophobic polymers are preferred due to their easy fabrication, modification, and
scale-up as well as their low costs. Different fabrication processes, such as phase inversion
including thermally induced phase separation (TIPS), nonsolvent induced phase separation (NIPS)
and vapor induced phase separation (VIPS), melt extrusion stretching, sintering, and

electrospinning have been developed for the fabrication of MD membranes (see Table 2.1).2!

Table 2. 1 Characteristic properties of commercial polymer materials commonly used for MD

membranes.?’

Polymer Surface energy Thermal Thermal Chemical Fabrication
(*103Nm!)  conductivity stability stability methods
(W' m!- K—l)
PTFE 9-20 0.25 Good Good Sintering

Melt-extrusion

PP 30 0.17 Moderate Good Melt-extrusion
TIPS
PVDF 30.3 0.19 Moderate Good NIPS, TIPS
Electrospinning




2.2 Major challenges in MD separation process

Despite the potential of MD in the production of clean water, membrane fouling and wetting are
major obstacles in the widespread use of this separation technology. Fouling is a serious problem
that will affect MD performance and can cause major damages and costs in the MD process,
especially in long-term operation. In addition to fouling, membrane wetting is another challenge

that affects stable flux performance and salt rejection.
2.2.1 Membrane fouling

Fouling, in general, is the accumulation of unwanted deposits on the surface - or inside the pores
- of the membrane that degrades its permeation flux performance. Fouling can take place both
externally and internally (see Figure 2.2).32 External fouling refers to the formation of deposits on
the outer surface, while internal fouling occurs when foulant deposits are formed inside the pores

of the membrane.

The foulants found in MD process can be divided into inorganic, organic, and biological foulants.*
Inorganic fouling - usually termed as scaling - is the most studied fouling as it is one of the major
challenges that hinder the full-scale operation of MD for desalination.** The three most common
scalants in MD are calcium carbonate (CaCO;), calcium sulfate (CaSO,), and silicate. In real MD
processes, a mixed fouling is most likely to occur. Fouling mechanisms depend on several factors,
such as solution characteristics of feed waters, membrane surface properties, foulant properties,

and operational conditions.?’

Fouling may cause partial membrane wetting or severe membrane damage. It has also been

reported that fouling deposits can lower the hydrophobicity of the surface.>®
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Figure 2. 2 The fouling sites on a membrane can be divided into surface fouling (external) or pore

blocking (internal).*?

Currently, pre-treatment and membrane cleaning are the main techniques to control fouling.?’
Developing anti-fouling membranes has also been utilized to mitigate membrane fouling and will

be discussed in detail in the following section 2.3.
2.2.2 Membrane wetting

In addition to fouling, membrane wetting is another obstacle that may lead to long-term MD
operation inefficiency. As shown in Figure 2.3, there are four different degrees of membrane
wetting:*® (1) non-wetted, (2) surface wetted, (3) partial-wetted, and (4) fully-wetted. Surface
wetting (Figure 2.3 B) happens at the surface of the membrane, with the membrane maintaining a
gap for the vapor to pass through, where the vaporization process can proceed to the permeate side.
Under this degree of wetting, no leakage of feed occurs, thus high-quality distillate can be
produced. In the case of partial wetting (Figure 2.3 C), some portions of the membrane are open
for water to pass through, while other pores have decreased gaps for water vapor. Therefore, a
decreased water purity will occur in the permeate side. The MD process may continue until large
areas of open pores occur. Fully-wetted membranes (Figure 2.3 D) leads to complete MD
performance inefficiency and low quality permeate is formed as the feed just flows through the

membrane.

As mentioned before, LEP is the critical pressure at which the liquid starts to penetrate the pores
of the membrane, which is a quantitative measure of wettability. To avoid membrane wetting, a

membrane material with higher LEP is preferred. Increasing the contact angle using hydrophobic
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or superhydrophobic materials, or reducing pore sizes, are effective methods. Fouling is the main
cause of pore wetting; however, some factors such as the presence of surfactants in the solution

can also increase membrane wetting.®

Figure 2. 3 A schematic presentation of various forms of membrane wettability in MD process:

(A) non-wetted; (B) surface-wetted; (C) partial-wetted; and (D) fully-wetted.*®
2.3 Developing membranes for enhanced MD performance

Recently, nanotechnology has gained significant attention in its application for desalination and
the treatment of both water and wastewater. Many researchers are now realizing the attractive
properties and functionalities of the membranes by employing nanofibers and nanoparticles, with
applicability in membrane preparation, fabrication, and modification. For instance, electrospun
nanofiber membranes have been reported in many studies recently and have shown very interesting
results. This report will discuss the preparation and characteristics of electrospun nanofiber
membranes (ENMs) for water treatment in the MD separation process. Considerable efforts have

been devoted to improving the hydrophobicity of the membranes by incorporating various

12



modifications. The main objective of the modification is to incorporate/enhance hydrophobic
character to the membrane surface. Particularly, when the wettability of the membrane surface is
shifted toward superhydrophobicity with a static water contact angle greater than 150° and a sliding
angle less than 10°, the interaction between the feed water solution and membrane surface could
be reduced, thereby reducing the fouling propensity. Superhydrophobic surfaces have
characteristic of self-cleaning, which means that particles adhered to the surface can be removed
easily while the droplet is rolling off. However, one critical concern of hydrophobic surfaces is
how to enhance their oil-repellency. To expand the application of traditional MD membranes to
desalinate challenging feed water like shale gas produced wastewater containing low surface
tension contaminants, amphiphobic modification can be more effective to prevent the contact
between contaminants and the membrane surface. The use of fluorosilanes and deposition of
micro/nano particles have gained popularity for such modifications. High thermal stability,

mechanical strength, and low surface energy are the main attractions for use of these modifiers.
2.3.1 Electrospun nanofiber membranes (ENMs)

Electrospinning is a versatile membrane preparation method, which can fabricate nanofibers in a
non-woven mat form by applying a high voltage to the polymer solution or melt.*° The diagram of
a typical electrospinning setup is shown in Figure 2.4, with the polymer solution placed inside a
syringe and pressure applied by a pump. Once the electric field overcomes the surface tension of
the polymer solution, a jet is ejected from the nozzle, the solvent is evaporated, and solidified
nanofibers are deposited on the grounded collector. The collected nanofibrous mat is usually
further dried in an oven or in the open air.*’ The mat formed shows very high porosity, excellent
hydrophobicity, very good interconnectivity, and very high surface to volume ratio making them
interesting candidates for desalination applications. The major challenge in electrospinning is the
optimization of these parameters to obtain nanofibers with the desired morphologies and properties.
Table 2.2 summarizes the effect of solution, processes, and other parameters on the fiber formation

during electrospinning.
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Figure 2. 4 Typical electrospinning set-up consisting of nozzle, high voltage power supply, and

grounded collector.*°

14



Table 2. 2 Effect of solution, process and other parameters on the fiber formation during

electrospinning.
Parameter Effect/observation
Solution e Increasing concentrationresults in bigger fibers
concentration e Very low concentration can form beads on fibers
Molecular weight e More bead formation at low molecular weight
e Increasing molecular weight produces bigger and smoother fibers
Viscosity Increasing fiber diameter with the increase of viscosity
Conductivity Thinner fibers are formed with the increase of conductivity
Surface tension Low surface tension generates smooth and uniform fibers at low electric fields
Applied voltage Generally, fiber diameter is decreased with the increase in applied voltage
Feed rate e Very high feed rate produces beads on fibers while very low feed rate cannot

continuously produce fibers
e Typical feed rate is below 3 mL/h
Too far or too near would result in bead formation

Distance to collector
e Needs sufficient time to elongate and dry

Temperature Increased temperature results in deceased fiber diameter

Humidity High humidity can induce internal porosity of fiber

The properties of nanofibers can be tailored according to the need of layer thickness, fiber diameter,
porosity, and functionalities by manipulating the electrospinning parameters, material selection,
and post-processing treatments. Depending on the desired properties, electrospinning can be done
via solution or melt electrospinning. In solution electrospinning, polymers are dissolved in a
solvent or a solvent mixture, which is the commonly used type because of its easy preparation and
set-up. A few notable polymers from a pool of over 200 potential polymers that have been
electrospun include nylon-6, cellulose acetate (CA), poly(vinyl alcohol) (PVA), polyacrylonitrile
(PAN), polyethylene terephthalate (PET), polystyrene (PS), polyether sulfone (Psf), polyurethane
(PU), and polyvinylidene fluoride (PVDF). Some examples of membrane prepared through the

electrospinning process along with their characteristics have been reported. '3
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Moreover, different functional materials can be incorporated into the nanofibers during or after
their spinning thus incorporating multi-functionality into the fibers. Several nanoparticles (NPs)
such as carbon nanotubes (CNTs), graphene, silver (Ag) NPs, titanium dioxide (TiO,) NPs, and
iron oxide NPs have been incorporated or decorated on/in nanofibers via direct dispersion of NPs
in polymer solution prior to electrospinning.*** It is known that if nanoparticles are properly and
uniformly loaded in a substrate such as nanofibers, it could dramatically improve the overall
properties and performance of the composite material. The incorporation of nanoparticles could
affect the mechanical, thermal, and surface properties of the material, including increasing or

decreasing the wettability of the surface.
2.3.2 Superhydrophobic membranes

To control fouling, researchers have tried feed pretreatment, increasing feed flow rate, hydraulic
and chemical cleaning, altering the hydrophilicity of the membrane surface, reducing roughness,
and changing the membrane surface charges.*® Since these techniques impose additional cost and
energy usage, a more efficient way of fouling mitigation is greatly needed. Shifting the wettability
of the surface toward superhydrophobicity could reduce the interaction between the feed water

solution and membrane surface, thereby reducing the fouling propensity.

Inspired by the lotus effect, a superhydrophobic membrane with water contact angle (WCA) above
150° and lower sliding angle can be fabricated to overcome pore wetting, in which a hieratical
structure of the surface created by micro- and nano- structures can enhance surface hydrophobicity

by introduction of air pockets between the rough surface and water drop.

(1) Basics of superhydrophobicity
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Figure 2. 5 (A) Leaves with water droplets on them, (B) Scanning electron microscopy of a Lotus

leaf microstructure.*’*?

The surface of the lotus leaf exhibits a complex structure that incorporates both nano- and micro-
scale roughness (see Figure 2.5 A and B). The plant’s self-cleaning mechanism arises from
valleys-like microstructure covered with nanoparticles of a hydrophobic wax material. Wettability
is an important property of a solid surface, and the contact angle is commonly used to characterize
the surface wettability. When a water droplet rests on a solid surface, three interfacial forces
(liquid-vapor surface tension, solid-vapor interfacial tension, and solid-liquid interfacial tension)
are in a thermodynamic balance.*’ These balanced forces determine whether the droplet spreads
into a thin film or reaches to an equilibrium shape. The surface wettability of solid is governed by
both chemistry and geometrical structure of the surface. Surface chemistry dictates the surface
tensions at microscopic level but geometrical structure governs how these forces act upon the
liquid.*® Surface modification is one of the ways to improve the roughness and modify the
chemistry of the surface to obtain a superhydrophobic material. Therefore, surface wettability can
be tuned by varying one of these two parameters. Reducing the surface free energy by the
functionalization of low surface energy materials (particularly fluorosilanes) is the most common
practice for the generation of superhydrophobic surfaces. Alternatively, attempts have been made
to generate a hierarchical nanostructure surface morphology with multilevel surface roughness in

order to modulate surface wettability toward extremes.>°

(2) Methods for producing superhydrophobic surfaces
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A variety of techniques such as plasma treatment, layer-by-layer assembly, dip coating, and
electrospray were used to fabricate superhydrophobic surfaces. These routes can generate
superhydrophobic surfaces via reducing the surface free energy of a rough surface or roughening
a low surface energy material or a combination of both.>°

(a) Plasma treatment

Plasma is an ionized gas, considered as the ‘fourth state of matter’. In order to create (excite)
plasma, enough energy has to be supplied to the gas to cause its ionization.>! Typically, the energy
is supplied through a source of direct (DC) or alternative current (AC), radiofrequency (RF), or
even microwave power (MW). It is possible to deposit very thin films or change the degree of
hydrophilicity-hydrophobicity by changing plasma parameters, or even induce surface roughening.
Plasma is a ‘dry’ technique free of the use of organic solvents, suitable to fabricate
superhydrophobic surfaces in an environmentally friendly manner, which could be realized by
either plasma deposition of a rough superhydrophobic material (e.g., hydrocarbon compounds,
fluorosilane compounds and organosilicon precursors) or for roughening of a low surface energy
material.>? Although very interesting systems have been reported, several issues must be taken into
account for future applications.? First of all, thermal plasma is typically limited to surfaces that
are not sensitive to high temperature, while the cold plasma technology requires complex and
expensive vacuum equipment and pumps. Furthermore, such processes are typically ‘batch’,
rendering difficult their incorporation in already existing industrial lines. Finally, the conformity
and especially the durability of the coatings should be considered, where practically no studies
have been reported.

(b) Dip coating

Dip coating method involves the coating of a support layer by immersing it in the bath of a dilute
solution followed by cross-linking and drying the coated layer using heat treatment.>* When the
membrane is taken out of the bath, a thin functional coating is deposited on the substrate membrane,
and the solvent is removed by evaporation (Figure 2.6).°* The coating property is influenced by
several experimental parameters such as pH, temperature, adhesion of the solution, and presence
of additives. Membranes fabricated by this technique can be used in gas separation, pervaporation,
membrane distillation, and NF/RO applications. Compared with conventional thin film forming
processes such as chemical vapor deposition (CVD) or sputtering, dip coating requires

considerably less equipment and is potentially less expensive. However, the most important
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advantage of dip coating over conventional coating methods is the ability to tailor the
micro/nanostructured surface of the deposited film. Generally, the surface roughness is generated
by adding various micro/nanoparticles of TiO,, SiO,, and ZnO in different substances with low
surface energy.’> The dip coating process is used for manufacturing superhydrophobic surfaces
from many types of materials. In many investigations, due to the presence of materials with low
surface energy in the dip coating process, there is no other hydrophobic modification process

required.

Substrate Membrane .\1 : . Coated Layer
a\

PUTO O
N
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Figure 2. 6 General scheme of membrane fabrication using the dip-coating technique.>*

(c) Layer by layer assembly

The layer-by-layer (LBL) assembly technique is known as a simple and versatile method to
fabricate thin multilayers with tunable composition, thickness, and morphology for targeted
functionalization of solid surface (Figure 2.7). This technique usually involves processes where
multiple layers are alternatively deposited on the solid surface, followed by solution rinse to
remove the physically adsorbed materials. The driving force for LBL assembly is diverse,
including electrostatic interaction, hydrogen bond interaction, coordination interaction,
hydrophobic interaction, covalent bonds, amongst others.>® The most deeply studied driving force
for LBL assembly is the electrostatic interaction between oppositely charged species (mainly
polyelectrolytes). In each assembly step, a polyelectrolyte layer is adsorbed on the charged
substrate and reverses the surface charge so that in the next assembly step a polyelectrolyte layer
with opposite charge can be adsorbed. Layers of oppositely charged species (polymers, particles,
surfactants, etc.) are deposited one after another to create a multi-layer coating bound together

through electrostatic interactions. Two steps emerged to obtain artificial surfaces with
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superhydrophobicity:>’ (1) creating micro/nano-scale rough structure on substrate surface through
LBL deposition of synthetic polyelectrolytes (eg. poly(acrylicacid), poly(allylamine
hydrochloride)) and inorganic particles (eg. SiO,, TiO;); and (2) lowering the surface energy
through deposition of a final fluoroalkylsilane layer on top of the LBL stack. However, some of
the mentioned steps had to be conducted several times to reach suitable roughness, which further

indicates that this procedure is not only entirely complicated but also lengthy.

Figure 2. 7 Schematic of layer-by-layer technique.®’

(d) Electrospray

Electrospray is a simple, inexpensive, and convenient process for producing coated layers in an
ambient environment in a highly reproducible manner from solutions. When the viscosity of the
solutions is low enough, the solutions are sprayed in the shape of droplets, usually creatinga very
rough and particulated layer on a substrate. In this regard, electrospray deposition can be an
appropriate  method for producing rough layers, consequently exhibiting excellent
superhydrophobicity. Generally, to turn the electrospinning process to electrospraying, higher
voltage, lower distance, and less dense solutions are used.>® Under these conditions, the spinning
jet is destabilized and thereby fine droplets are formed on the collector. However, there are still
several challenges to be faced, as electrospraying techniques are very sensitive to the liquid
physical properties and the electric field in the vicinity of the emitter tip. Moreover, the nanofiber

continuity is a main issue before widespread application of the electrospray technique.
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(e) Silanization

Silanization is a versatile technique to introduce surface functional groups on nanoparticles or
membranes. It is considered as an ideal modification method, as it can be performed under mild
conditions without any particular or expensive equipment. The reaction mechanism is
schematically shown in Figure 2.8.°° Generally, silanization reaction starts with the activation of
silane molecules, which means the silanes (Si-OR) need to be hydrolyzed first to generate silanol
(Si-OH). Then condensation reactions will occur between the silanol groups and the hydroxyl

groups on the materials, leading to the formation of stable polymeric structure on the material

surface.
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Figure 2. 8 Schematic mechanism of silanization reaction.>’

2.3.3 Superamphiphobic membranes

A superhydrophobic or super water-repellent surface shows large WCA and low sliding angle (SA).
As a matter of fact, water drops easily roll off the surface producing a self-cleaning action, thus
rinsing the dirt and debris particles. Although great breakthroughs on water-repellent surface have

been made, the surface still has strong affinity to oil or surfactant and could be seriously
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contaminated by hydrophobic or amphiprotic foulant. For the challenging feed water containing
low surface tension contaminants such as oily substances and surfactants, amphiphobic
modification can be more effective to prevent the contact between contaminants and membrane
surface. Therefore, to satisfy the requirements of practical application, the superamphiphobic
membranes, i.e., both superhydrophobic and near-superoleophobic with comprehensive wetting
resistance, are in urgent demand.® If this is done, such water- and oil-repellent surfaces would
impart a promising potential for the engineering of robust anticontamination, antisticking, and self-

cleaning materials.®!

This section summarizes the research in this field, describes different techniques towards the
fabrication of superamphiphobic surfaces by combining design of surface roughness and surface
chemistry, and a variety of existing functional applications.

(1) Different techniques towards the fabrication of superamphiphobic surfaces by combining

design of surface roughness and surface chemistry

Oils and other organic liquids usually exhibit a higher solid surface attraction due to their lower
surface tension compared to water. Therefore, it is much more difficult to construct oleophobic
surfaces, especially oleophobic surfaces than superhydrophobic surfaces. In order to fabricate an
amphiphobic surface, the surface energy of the solid surface should be lower than that of oil. The
wettability of solid substrates is usually governed by their surface free energy and surface
geometrical structures. Two different models, the so-called Wenzel regime® (Figure 2.9 B) and
Cassie-Baxter regime® (Figure 2.9 C), were developed to explain the wetting behavior on a rough
surface. In the Wenzel regime, surface roughness can promote either wettability (WCA<90°) or
non-wettability (WCA>90°) depending on the chemical properties of the surface. Interestingly, if
the surface is composed of small protrusions that cannot be filled by the liquid and are thus filled
with air (i.e., trapping of air underneath the liquid droplet), the wetting phenomenon can be
described by the Cassie-Baxter regime. In such a case, the liquid touches only the top of the surface
with very limited contact area. The corresponding WCA is always much higher than that of a flat
surface composed of the same material since the pores are filled with air, which is hydrophobic.

Hence, surface topography plays a very profound effect on the wettability.

Tuteja et al. demonstrated that re-entrant surface curvature with semicircular ridges and grooves

(Figure 2.9 D), in conjunction with chemical composition and roughened texture, are critical
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factors in the design of amphiphobic surfaces that display excellent wetting resistance to a number
of liquids with low surface tension.®* For a liquid drop that is placed on the re-entrant structures,
the net traction on the liquid vapor interface is directed upward, which supports the metastable
Cassie state for the composite solid-liquid-airinterface at thermodynamic equilibrium.®* A variety
of methods have been employed to create re-entrant structures on several substrate materials to

impart surface amphiphobicity with low surface tension. %

(A (B) (C)

Figure 2. 9 Schematic illustration of a droplet placed onto (A) a flat substrate and (B, C) rough
substrates. Depending on the roughness of the surface, the droplet is either in the so-called (B)

Wenzel regime or the (C) Cassie-Baxter regime. (D) A surface with the re-entrant structure. %

In order to obtain superamphiphobic surfaces, it is essential to control both the surface chemical
composition and the surface geometry. Up to now, a wide variety of superamphiphobic surfaces
have been constructed by using different synthesis strategies. In this section, I will mainly focus
on the recent developments in the design and fabrication of superamphiphobic surfaces. Many
synthesis strategies used in superhydrophobic systems can be adopted to design superamphiphobic
materials. Two steps are involved: the generation of micro/nano-scale roughness and the
functionalization with low surface energy materials (mainly fluorinated molecules). Depending on
the sequence of the above two steps in the preparation process of a superamphiphobic surface, the
fabrication strategies can be mainly classified into two strategies (Figure 2.10): (1) the ‘pre-
roughening + post-fluorinating’ technique, and the (2) ‘pre-fluorinating + post-roughening’

technique.
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Figure 2. 10 Two strategies towards the fabrication of superamphiphobic surfaces: pre-roughening

+ post-fluorination and pre-fluorination + post-roughening.

(a) Pre-roughening + post-fluorinating

Functionalization with nanoparticles represents an important method to generate nanoscale
roughness on a substrate. The nanoparticles can be silica nanoparticles, ®® carbon nanotubes,®’” TiO,
nanoparticles,®® and so on. Silica nanoparticle is a common type of nanomaterial that is
inexpensive and frequently used in the fabrication of surface roughness. For carbon nanotubes
(CNTs), numerous applications have been found in many areas of science and engineering because
of their excellent electronic, mechanical, and chemical properties. Recently, they were used to
create surface roughness to impart super-repellant properties to the resultant surfaces. Aside from
silica nanoparticles and carbon nanotubes, carbon nanoparticles such as carbon nanofibers,
graphene-based materials, as well as other inorganic particles such as nano ZnO and CuO have
also been reported to generate surface roughness.®® In addition, etching is a facile and inexpensive
method that is frequently used in creating surface roughness.’® Depending on the nature of the
substrate, etching techniques can be classified into the following types: acid etching, base etching,

electrochemical etching, ion etching, plasma etching, amongst others. Furthermore, sol-gel
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synthesis, sputter deposition, lithography, and other strategies can be applied to construct surface

roughness.”!

After surface roughness is created, the substrates must be further chemically modified with low-
surface-energy materials, normally fluorinated compounds, to achieve superamphiphobicity.
Generally, a fluorinated layer can normally be produced by depositing molecular perfluoroalkane
with a functional group at one terminal.”> However, it can be also achieved by coating a
fluorinated-polymer solution.

(b) Pre-fluorinating + post-roughening

Pre-fluorinating + post-roughening represents another strategy to fabricate superamphiphobic
surfaces. In such a case, fluorinated polymers or nanoparticles were synthesized first and
subsequently applied to substrates via spin-coating, spray-coating, dip-coating, electrospinning,
sol-gel transition, or other techniques, generating roughened structures with a low-surface-energy

layer on the surface.

73,74 spraying fluorinated carbon nanotubes,?

Spinning or spraying fluorinated silica nanoparticles,
electrospinning a blend of a fluoroalkyl polyhedral oligomeric silsesquioxane (POSS),” or a
common polymer are frequently used for the surface modification of a flat surface.

(2) A variety of existing functional applications of amphiphobic surfaces

With the increasing demand for functional materials with excellent anti-wetting ability, a great
deal of interest has been focused on the development of superamphiphobic surfaces displaying a
wide range of applications. The discussion below will focus on how surface superamphiphobic
modification brings about new functions related to membrane process such as anti-wetting, self-

cleaning, and anti-bacterial activity which are not readily available for current membrane materials.
(a) Anti-wetting

There is no doubt that most applications of superamphiphobic surfaces are based on their versatile
function in anti-wetting, and all the other applications are derived from this significant function.
Superamphiphobic surfaces display characteristics of both superhydrophobicity and
superoleophobicity, and thereby they share most of the functions as superhydrophobic surfaces.
However, compared with superhydrophobic surfaces, the biggest advantage of superamphiphobic

surfaces is their antiwetting ability not only for pure water but also for low surface tension liquids
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like detergent solution, underground water, shale gas produced wastewater, sea water, and organic
‘oils’ like hexane, hexadecane, toluene, mineral oil, and cooking oil. The antiwetting function can
be applied to many traditional materials such as glass,’® steel,”” textile,’® fabric,”® paper,® and so
on, protecting their surfaces from being wetted, contaminated, or fouled by water and oil pollutants.
Besides, superamphiphobic modifications bring about not only the antiwetting function but also
other derived functions such as self-cleaning, anti-fogging, anti-bacterial activity, corrosion

resistance, and oil transportation, some of which will be discussed in the following sections.
(b) Self-cleaning

Self-cleaning coatings can be broadly classified into two major types: photocatalysis-induced
superhydrophilic coatings and superhydrophobic or superamphiphobic coatings with
superhydrophobicity. In superhydrophilic coatings (WCA<5°), the surface is cleaned by the
sheeting effect of water and by breaking down the complex organic substances into carbon dioxide
and water. In contrast, in superhydrophobic or superamphiphobic surfaces, the air pockets that get
trapped between the nanostructured substrate and the water droplet result in the formation of a
composite solid/air/liquid interface, which leads to an increase in CA of the liquid droplet, thereby
facilitating the de-wetting of the surface and enabling the droplet to roll off easily, taking away the

dirt and other pollutants.®!
(c) Anti-bacterial growth properties

In addition to extreme non-wettability, superamphiphobic surfaces also exhibit antibacterial
activity. The antibacterial properties of superamphiphobic sol-gel coatings for cotton fabrics by
using E.coli bacteria as a model exhibited a long-lasting antibacterial effect without the addition
of any antibacterial agents.3? The antibacterial activity test revealed that the reduction of the
bacteria on superamphiphobic cotton fabrics was nearly 100%. In Huang’s group,®
superamphiphobic cellulose filter paper was confirmed to show effective inhibition of bacteria
adhesion by using alkaline etching to enhance the surface roughness, followed by depositing
ultrathin titania films via a facile surface sol-gel process, and subsequently surface treatment with
fluoroalkylsilane. Due to the combination of surface roughness and low surface energy of the
fluoroalkylsilane monolayers, the naturally hydrophilic filter paper was converted into
superamphiphobic.

(3) Limitations for current superamphiphobic surfaces
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By combining the design of surface roughness and surface chemistry, a variety of different
techniques towards the fabrication of superamphiphobic surfaces have been developed.
Nevertheless, there are still lots of challenges that need to be addressed. First of all, a majority of
the fabrication methods are limited to laboratory research and not suitable for practical production.
Meanwhile, many of these methods require expensive preparation and time-consuming procedures.
In addition, the lifetime of superamphiphobicity is another important issue which needs to be
considered for practical applications. Finally, most superamphiphobic surfaces face the problem

of poor mechanical stability. They cannot find practical use without enough mechanical stability.
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Chapter 3. Experimental

The permeability and long-term stability of MD membranes are closely related to the physical-
chemical properties of the membrane surface. Therefore, the resultant membranes should be
characterized to evaluate basic physiochemical properties and surface wettability. In this chapter,
general information about the frequently used chemicals, materials, and characterization
techniques are presented. In addition, the electrospinning setup for nanofibrous membranes
fabrication is briefly introduced. Finally, the DCMD configuration for water purification and

membrane performance evaluation are illustrated.
3.1 Materials and chemicals

The sources of chemicals for dope solution preparation utilized in the electrospinning process are
listed below. PVDF-HFP (average My: ~400,000), dimethylacetamide (DMAc), were purchased
from Sigma-Aldrich (Oakville, ON, Canada) and used without any pretreatment. Acetone (ACS
reagent grade) was purchased from Fisher-Scientific (Ottawa, ON, Canada). Single layer rGO
nanosheets, with a thickness of 0.7-1.2 nm and a length of 300-800 nm, were purchased from
Cheap Tubes Inc. (Grafton, VT, USA).

The chemicals used for feed solutions in DCMD tests are listed below. Deionized (DI) water was
prepared using a Milli-Q purification system (Millipore, Billerica, MA). Sodium chloride (NaCl
=99.5 wt%) and calcium chloride (CaCl,>85 wt%, anhydrous, 4-8 mesh) were purchased from

Fisher-Scientific (St Laurent, QC, Canada).
3.2 Electrospinning process

Electrospinning technique was applied here to fabricate the inorganic/organic composite
membranes in Chapter 4 and Chapter 6, or the nanofibrous substrate in Chapter 5. The needle-to-
collector electrospinning set-up (vertical configuration) in the lab consists of four main
components (Figure A-1): (1) the high voltage power supply for charging the dope solution; (2)
the syringe pump containing dope solution; (3) the spinneret for ejecting nanofibers; and (4) the
grounded drum, acting as the conductive substrate used to collect the charged fibers. However,
using this metallic collector alone, the detachment of the nanofibrous mat is difficult. Alternatively,

the drum can be covered with an additional material to gather the electrospun fibers which will be
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later removed. Aluminum foil and non-woven fabrics are commonly used for this purpose. The
covering materials can affect the arrangement of the resulting fibers. Therefore, the membrane
morphology and pore size. Both the process parameters (applied voltage, feed rate, rotating speed
for the drum collector, and distance to collector) and dope parameters (polymer concentration and
solvents) were adjusted during the electrospinning process to obtain the ideal nanofibrous mats for

testing.
3.3 Characterizations

(1) Surface morphology (SEM and AFM) and surface chemistry (XPS and ATR-FTIR)
Membrane surface morphology and chemical composition are two major factors determining
surface wettability and thus are discussed first. Electrospinning was applied to fabricate composite
nanofibrous membranes as this technique has been demonstrated as a versatile process to prepare
MD membranes with high hydrophobicity, high porosity, and controllable thickness. Moreover,
electrospun mats with three-dimentional nanofibrous network provide a re-entrant structure,
critical for improving surface superamphiphobicity. The surface morphology of the membrane
could be observed via scanning-electron microscopy (SEM, FE-SEM; FEI company, USA),
samples were coated with a thin 4 nm layer of palladium (Pd) before observation by microscopy.
The surface topography could be measured via atomic force microscope (AFM, Oxford
Instruments-Asylum Research, Santa Barbara, CA, USA). The average roughness (Ra) values
were obtained using the “Gwyddion” software. In order to confirm the molecular level
modification, X-ray photoelectron spectroscopy (XPS, SK-Alpha) was applied to test the
elemental content, thereby indicating the surface domain chemical composition. Furthermore, XPS
could be applied to analyze a single elemental peak and then test for the content of a certain
functional group on the surface, before and after modification. Finally, to find the existence of
chemical bonds on the membrane surface, the Attenuated total reflection - Fourier transform
infrared spectroscopy (ATR-FTIR) were utilized and thereby indicated the interaction between
modifiers and membrane surface. FT-IR was performed with a Nicolet 6700 / Smart iTR (Thermo
Scientific, Waltham, MA, USA) equipped with an attenuated total reflectance single logic (ATR)
accessory.

(2) Maximum pore size, mean pore size and pore size distribution
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An appropriate mean pore size and a narrow pore size distribution are suggested for the
permeability and selectivity of MD membranes. Higher permeate flux can be obtained at larger
pore sizes, however, smaller pore sizes are also needed to avoid pore wetting. The pore size
distribution should be as narrow as possible to prevent solutes from feed side passing through the
membrane. The mean pore size and pore size distribution of the as-prepared membranes were
characterized by using a capillary flow porometer (CFP-1500AE, Porous Materials Inc. (PMI),
Ithaca, NY, USA) based on the wet/dry flow method, where membranes were first wetted using a
wetting liquid called Galwick (surface tension: 15.9 mN/m) and then placed in a sealed chamber
through which gas flows. The maximum pore size of the membranes was characterized by the
bubble point pressure test.

(3) Liquid entry pressure of water (LEPw) measurement

The liquid entry pressure of water (LEPw) was measured by placing the membrane in a dead-end
filtration cell. Compressed nitrogen was used to apply pressure to the cell. Pressure was recorded
when the first drop of water came out from the cell. The experiment was carried out three times
using different membranes fabricated under the same conditions. The results were averaged to

provide a final LEPw value. LEPw measurement system is shown in Figure 3.1.

2 Membrane

Figure 3. 1 Setup for LEP measurements: (1) nitrogen cylinder, (2) pressured container, (3)
membrane cell, (4) pressure regulator, (5) pressure meter, and (6) outlet.

(4) Surface wettability (Contact angle)
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The surface wettability of the membrane before and after modification could be evaluated via
observation of contact angles between membrane surface and liquids interfaces. The liquid
repellency of a surface is determined by its contact angle with the selected tested liquids. In this
research, surface wetting of the membranes was evaluated by contact angle measurements of
deionized water (y = 72.5 mN/m, diiodomethane (y = 50.1 mN/m) and water-ethanol mixtures (y
=53.4~22.2 mN/m) using a video contact angle system (VCA; AST Products, Inc., Billerica, MA,
USA). The static contact angles were measured by using the system software (VCA optima XE).
The water sliding angles were measured by tilting the fixed membrane samples until the water
droplet (10 pL) started to move on the surface. At least three desiccator-dried samples were
selected for contact angle measurements and a minimum of three points were measured for each

sample. The data was averaged between the samples.
3.4 DCMD performance tests

Evaluation of DCMD performance was conducted with the apparatus shown in Figure 3.2. A
picture of the DCMD set-up is presented in Figure A-2. The flat-sheet membrane, with an effective
area of 34 cm? (8.5 cm x 4 ¢cm), was tightly affixed into the PTFE membrane cell (CF042P-FO,

Sterlitech Corporation, USA). The hot feed solution was maintained in a constant temperature
water bath. The feed and cold solution were respectively moved at the same speed across the
bottom and upper face of the membrane cell with the help of two gear pumps (GH-75211-10, Cole-
parmer, Canada) at around 0.8 psi (GH-68930-12, Cole-Parmer, Canada). The circulation feed and
permeate rate were detected by two flowmeters (0.1-1 LPM, McMaster-CARR, Canada) and held
at a constant value. The experiments were first carried out with 3.5 w.t.% NaCl solution to
determine the water flux of the membranes. Subsequently, feed solutions containing various kinds
of contaminants were employed to investigate salt rejection. The operational temperature was
monitored at the inlet and outlet of the module using four thermocouples (SCPSS-032u-6,
OMEGA, Canada) connected to a thermometer (EW-91427-00, Cole-Parmer, Canada). The weight
gain in the cold side was recorded at a fixed time interval by a digital analytical balance. The
conductivity of salts in the distillate was investigated with an electric conductivity meter (Oakton
Instruments, Vernon Hills, IL, USA). The permeate flux, J, of the prepared membrane was

calculated according to the following equation (3-1):
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_ AM
V!
where J is the permeate flux (kg m2h™'), AM is the quantity of distillate (kg), A is the effective
membrane area (m?) and At is the operation time (h). The salt rejection R was calculated by the

following equation (3-2):

R=Cf—Cp
Cr

X 100%

where Cfand Cp are the concentration of the feed and permeate, respectively.
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Figure 3. 2 Schematic diagram of the DCMD set-up.
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Chapter 4. Highly Hydrophobic Electrospun Reduced Graphene Oxide
(rGO)/PVDF-HFP Membranes for Use in Membrane Distillation

Membrane distillation has seen a growing amount of industrial interest due to its low operating
pressure, minimal temperature requirements, and high salt rejection. This body of work involves
the fabrication of a microporous nanocomposite membrane with enhanced hydrophobicity for use
in direct contact membrane distillation (DCMD). Reduced graphene oxide/poly (vinylidene
fluoride-co-hexafluoropropylene) (rGO/ PVDF-HFP) flat-sheet membranes were prepared via a
facile electrospinning technique. These fabricated membranes were characterized using techniques
including SEM, XPS, TGA test, liquid entry pressure (LEP), and contact angle measurement in
order to investigate the effect of rGO incorporation on membrane surface morphology and
physicochemical properties. Results demonstrated that a maximum water contact angle of 139°
was achieved with an increased LEP up to 103.42 kPa. Anti-scaling and anti-wetting performance
of fabricated membranes were investigated with 60 g/L sodium chloride for 2520 min. The rGO-
incorporated membranes exhibited excellent stability and durability with a salt rejection of over
99.97% and an average flux of 20.37 kg m2 h'!, indicating the promise of rGO-based hydrophobic

membranes for applications in desalination, wastewater disposal, and food processing.
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4.1 Background

Membrane-based technologies play an important role in water and wastewater treatment as well
as desalination. Currently, several membrane-based technologies, such as reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF), are widely used.?*%> Among
them, RO 1is the most energy-efficient technology for seawater desalination which is the
benchmark for any new desalination technology.® In comparison with RO, MD is expected to be a
cost-effective technology due to its low heat and operating pressure demands, showing potential
for the use of waste heat.

Membrane Distillation (MD) shows promise for use in turning highly saline water into potable
water with mild operating conditions required (low operating pressure and temperature) while
theoretically offering complete (100%) salt rejection.®®” This process is driven by a vapor
pressure difference between porous hydrophobic membrane surfaces, through which only water
vapor molecules can pass.5®

Poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) is a copolymer that has been
identified as a potential material for use in membrane applications.® In comparison with
poly(vinylidene fluoride) (PVDF), which is one of the most commonly used materials for MD
membrane fabrication, PVDF-HFP has lower crystallinity due to the incorporation of a
hexafluoropropene (HFP) comonomer into the main molecular backbone.” It is also believed that
the presence of HFP groups results in an increase of fluorine content and provides PVDF-HFP
with better hydrophobic chains.’' Therefore, PVDF-HFP is a prime candidate for use in MD
applications.

Little work has been conducted where PVDF-HFP was used to produce MD membranes. Among
those that do exist, Sufyan Fadhil et al®? prepared PVDF-HFP flat sheet membranes for DCMD
via phase inversion using triethyl phosphate (TEP) as an ecological solvent. They found that all
membranes prepared from different concentrations of PVDF-HFP exhibited a similar sponge-like
structure, and a DCMD permeation of 16.1 kg m2h'! and a salt rejection of 99.3% were observed
across all membranes.

In various fields, the use of graphene-based materials—particularly graphene oxide (GO) and
reduced graphene oxide (rGO)—has been growing, due to their specific 2D structure, and unique
mechanical and electrical properties.®*** Although rGO has been widely proposed for applications

ranging from conductive thin films®® to nanofiller materials® to versatile platforms for anchoring
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functional polymers, very limited efforts have been devoted to incorporating them into the fields
of wastewater treatment and desalination via MD separation processes.’’ Improving surface
wetting resistance and hydrophobicity by using rGO films has been demonstrated both
theoretically and experimentally.®® This material is hydrophobic due to high density of carbon
atoms in its surface. Experimental reports have shown that the contact angle of rGO can reach
125°.%° In addition, the hexagonal honeycomb lattice found in a sp?-bonded carbon graphene
scaffold can serve as effective sorption sites for water vapor while still repelling water
molecules.!?° Therefore, rGO may be a suitable reinforcement candidate for the realization of high
contact angle and flux with polymer, ceramic, and metal matrix composites in MD applications. !
Moreover, rGO nanosheets demonstrate excellent antifouling properties.!’? The potential
application of GO in water desalination and purification has also been explored. !%*1% However,
the practical application of rGO is challenging because it is difficult to identify affordable and
scalable graphene frameworks while still maintaining the desired molecular and ion sieving
performance.'%

Recently, electrospun membranes have gained considerable attention in energy production and
environmental applications such as filtration, catalysis, and solar cells.!% The unique features of
these non-woven membranes include controllable membrane thickness and higher porosity, which
are achieved by various solution viscosities, applied electrical potentials, and controlled flow rates
of dope solutions.!?” Due to these unique properties, non-woven electrospun membranes have been
applied in water filtration and chemical separation processes.'%!1%° Moreover, electrospun PVDF
membranes have also been proposed for use in MD.!'!? However, the LEPw (liquid entry pressure
of water) values of most electrospun nanofiber membranes being used in MD are lower than 100
kPa, a higher LEP is desired to improve wetting resistance.'!!

The objective of this research is to incorporate rGO with hydrophobic PVDF-HFP in order to
fabricate highly hydrophobic flat-sheet membranes for MD. To the best of our knowledge, there
i1s no comparable studies in the literature concerning the fabrication of electrospun membranes
composed of both PVDF-HFP and rGO for MD applications. Electrospun membranes, PVDF-
HFP-rGO, were prepared with different thicknesses at varying electrospinning times. These
membranes were used for desalination via direct contact membrane distillation (DCMD).
Fabricated membranes were characterized using different techniques such as SEM, XPS, TGA

test, LEPw, pore size distributions and contact angle measurement to investigate the effect of rGO
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incorporation on surface morphology and physicochemical properties. Finally, anti-scaling and

anti-wetting performance were evaluated with 60 g/L sodium chloride for 2520 min.
4.2 Materials and methods
4.2.1 Materials and chemicals

PVDF-HFP, DMAc, acetone, and reduced graphene oxide were used to prepare the dope solution.
NaCl and DI water were used to prepare the feed solution during the DCMD performance tests.

Detailed information about the chemicals was described in Chapter 3.1.

4.2.2 Electrospun membrane preparation

A picture of the electrospinning system is presented in Figure A-1. The dope solution was prepared
by dissolving PVDF-HFP (3.0 g) in a 20 mL of mixture of DMAc/acetone (8/12, V/V). The
mixture of rGO and PVDF-HFP was prepared by suspending 30 mg (0.15 wt%) of rGO in the
aforementioned mixture by probe sonication (Branson 3510, Shanghai, China) for 10 min, then

stirred overnight on a hot plate at 45 °C.

The main challenge of electrospinning the PVDF-HFP/ rGO suspension is the limited solubility of
rGO in DMAc/acetone. Nonetheless, due to the sonication treatment and the increase in the
solution viscosity, the prepared solution was stable enough for electrospinning before the
agglomeration of the nano-sheets. The solvent ratio of DM Ac/Acetone varied from 8/2 (v:v) to 2/3
(v:v) to generate uniform nanofibers. Only under the ratio of 2:3, continuous fibers ejected from

the nozzle and finally formed a smooth nanofibrous mat on the collector (Table A-1).

30 mL of each solution were loaded into a Luer-lock syringe (Vitaneedle, MA). Electrospinning
of the dope solutions was conducted using a Nanospinner (NE300, Inovenso, Turkey). Polymeric
solutions were delivered to the metallic nozzle at a flow rate of 2.0 mL/h. High voltage (25 kV)
was applied between the nozzle and the electrically grounded metallic drum. The distance between
nozzle tip and collector (12 cm), temperature (24 °C) and relative humidity (25 %) were held

constant during the process.
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4.2.3 Membrane characterization

The morphology of pristine PVDF-HFP and rGO-incorporated membranes were observed by SEM.
Fiber diameter distribution and frequency were measured via Imagel software. The elemental
compositions of the membranes were evaluated by XPS. The presence of rGO was confirmed via
Raman spectroscopy (Invia Reflex-Renishaw). Thermal properties of the membranes were
characterized by thermal gravimetric analysis (TGA Q5000 V3.15). Surface hydrophobicity of the
membranes was evaluated by contact angle measurements of deionized water using the VCA video
contact angle system. The mean pore size and distribution were examined by capillary flow
porometer. LEPw was measured by the home-made filtration system (detailed information was

described in Chapter 3.3).!!?
4.2.4 Porosity

The flat-sheet membrane porosity (&) was determined by the gravimetric method and calculated
by the following equation (4-1).

E_Ww—Wd
- pAl

where W, is the weight of the wet membrane, W, is the weight of the dry membrane, p, is the liquid
density. Isopropyl alcohol (Fisher Scientific, USA) was used as the wetting liquid, as it can
penetrate the pores of the hydrophobic membrane while water cannot. 4 is effective area of the

membrane (2.83 ¢cm?), / is the membrane thickness.
4.2.5 Membrane performance evaluation (DCMD Performance)

Evaluation of membrane performance was conducted with lab-scale DCMD set-up (detailed
information was described in Chapter 3.4). The circulation feed and permeate rate were detected
by two flowmeters (0.1-1 LPM, McMaster-CARR, Canada) and held at a constant 0.75 LPM. The
experiments were first carried out with DI water to determine the pure water flux of the membranes.
Subsequently, 60 g/L of NaCl solution was employed as feed solution to investigate salt rejection.
The inlet temperature of the hot feed varied from 50 °C to 75 °C, while the cold side was held at a
constant 25 °C. The conductivity of NaCl in the distillate was investigated with an electric

conductivity meter. The permeate flux and salt rejection of the prepared membrane were calculated.
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4.3 Results and discussion
4.3.1 Membrane morphology

Pristine and composite PVDF-HFP nanofibers were successfully synthesized via electrospinning.
Morphology and fiber diameter distribution were investigated by SEM analysis and the results are
presented in Figure 4.2. It can be seen from Figure 4.2 A-B that both the PVDF-HFP and rGO-
incorporated mats possessed very smooth fiber surfaces, without any observable beads in their
structure. Furthermore, pristine PVDF-HFP nanofibrous membranes produced by electrospinning
of 15.0 wt% PVDF-HFP polymer solution contained fibers with diameters in the range of 225.42
+ 24.99 nm (Figure 4.2 C). However, by adding rGO into the dope solution, thinner fibers were
formed with the mean size of 164.94 + 52.98 nm due to the conductivity increase of the dope
solution (Figure 4.2 D). The SEM micrographs demonstrated that the incorporation of rGO into
the PVDF-HFP precursor solution significantly influenced the morphology of the nanofibers.
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Figure 4. 2 SEM images for (A) PVDF-HFP, (B) PVDF-HFP-rGO membranes and corresponding

diameter distribution of nanofibers (C and D)

4.3.2 Successful incorporation of rGO investigated by Raman spectra, TGA, and XPS

analysis

Raman spectroscopy was used to further investigate the changes of reduced graphene oxide
nanosheets in combination with polymeric chains and the corresponding impact on the PVDF-HFP
structure. The typical features of graphene-based materials under the Raman spectra are the D band
(about 1344 cm™) attributable to the multiple photo scattering of defects or amorphous carbon, and
the G band (about 1600 cm™) attributable to the stretching of conjugated double bonds of sp?

hybridization.!!3:!'4 The intensity ratio of G band and D band (defect) characterizes the number of
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defects and impurities in rGO.!'>!16 The Is/Ip = 1.20 showed suitable crystal structure of the

composite membrane and supported the successful incorporation of rGO into the PVDF-HFP

matrix (Figure 4.3).
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Figure 4. 3 Raman spectra of pure PVDF-HFP and PVDF-HFP-rGO membrane.

The effect of rGO on the thermal stability of PVDF-HFP matrices was investigated by TGA
analysis (Figure 4.4). TGA of pristine PVDF-HFP and rGO/PVDF-HFP composite membranes
are shown in Figure 2B. Major weight loss of the two samples took place at 450 °C, which could
be attributed to the decomposition of the PVDF-HFP matrix in these two samples.!!” There is no
obvious difference in the decomposition temperature of pure PVDF-HFP and PVDF-HFP-rGO,
which means the introduction of the rGO layers did not significantly affect the thermal stability of

the polymer matrix.
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Figure 4. 4 TGA analysis of pure PVDF-HFP and PVDF-HFP-rGO membrane.

Elemental composition of pristine and modified membranes was studied by XPS analysis and is
presented in Figure 4.5 A-B. Results indicate the presence of C and F atoms in the pristine PVDF-
HFP membrane without any trace of O atoms. The samples of reduced graphene oxide were
purchased from the Cheap Tubes Company (Brattleboro, Vermont, USA). According to the product
manual, elemental analysis obtained by XPS: C: 91.05%, O: 8.01%, H: 0.94%, therefore the O/C
ratio in rGO is 8.8%. By incorporating rGO nanosheets into the dope solution, the intensity of the
C2p peak at 293 eV increased, with another peak appearing at 520 eV, corresponding to oxygen-
containing functional groups of rGO (Figure 4.5 A). The changes of F/C and O/C ratios in different
membranes were presented in Figure 4.5 B. The F/C ratio decreased from 1.28 for the pristine
PVDF-HFP membrane to 0.98 for the PVDF-HFP-rGO composite membrane, which could be
attributed to the high density of carbon atoms in the reduced graphene oxide scaffold after
successful incorporation of rGO into the polymer matrix. Moreover, the O/Cratio clearly increased
in the PVDF-HFP-rGO composite membrane resulting from the epoxy, carboxyl, and hydroxyl
groups in the rGO.
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Figure 4. 5 (A) XPS survey scans and (B) F/C, O/C ratio of pure PVDF-HFP and PVDF-HFP-

rGO membrane.
4.3.3 Contact angle and liquid entry pressure of water (LEPw)

In general, hydrophobicity is evaluated by water contact angle, and a higher hydrophobic surface
exhibits a larger contact angle. As noted, fluoropolymers usually exhibit low surface energy, which
may be attributed to intensive electronegative characteristics of the element fluorine. Thus, its
attractive force in relation to other substances is weak.!'® Due to its fluorinated composition, the
electrospun PVDF-HFP nanofibrous membrane exhibited high water contact angle values around
123° (Figure 4.6), which confirmed its inherent hydrophobicity. Hydrophobicity was improved by
introducing rGO into the polymer matrix whereby the contact angles of the PVDF-HFP-rGO
membranes increased to 139°. The observed rise in hydrophobicity suggests that the incorporation
of rGO significantly affected membrane wettability, as the water contact angle increased
significantly.

Liquid entry pressure (LEP) is the minimum transmembrane pressure where liquids will penetrate
the pores of the membrane. To avoid MD pore wetting, the hydrostatic pressure must be lower
than the LEP. In the MD process, the LEP should be maintained as high as possible. The LEP
value depends mainly on the material hydrophobicity and membrane pore size. The average liquid
entry pressure of water (LEPw) for a pure PVDF-HFP membrane and PVDF-HFP/rGO composite
membrane are shown in Figure 4.6. It was observed that that the PVDF-HFP-rGO membrane
presented a higher LEPw value of 103.42 kPa than the original membrane (34.4 kPa), regardless
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of its relatively higher porosity (Figure 4.7). This can be mainly attributed to the increased
hydrophobicity of the rGO membrane with a high-water contact angle of 139° (a thickness of 390
um), which creates sufficient air pockets on the membrane surface and effectively improves the
water penetrating resistance of the membrane. The LEPw value of the PVDF-HFP-rGO membrane
is impressive, as most electrospun nanofiber membranes used in MD possess LEPw values lower

than 100 kPa.!'1:119
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Figure 4. 6 Comparison of contact angle and LEPw of pure PVDF-HFP and PVDF-HFP-rGO

membrane.

4.3.4 Porosity, Pore size, Pore size distribution

It is generally agreed that higher porosity results in less conductive heat losses through the
membrane, therefore, a higher driving force and higher flux can be achieved.'?° MD membrane
porosity values range from 30 to 85%.'?! As shown in Figure 4.7, PVDF-HFP and PVDF-HFP-
rGO membranes both have the reasonably high porosities required for MD applications (79.25%
and 76.45%), which can be attributed to the interconnected, open structures of the electrospun
nanofiber membranes. The incorporation of rGO into the PVDF-HFP polymer matrix has very

little influence on the porosity of the prepared membrane.
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Figure 4. 7 Porosity of pure PVDF-HFP and PVDF-HFP-rGO membrane.

Importantly, an appropriate mean pore size and a narrow pore size distribution were suggested for
the permeability and selectivity of MD membranes. Higher permeate flux can be obtained at larger
pore sizes, however, smaller pore sizes are also needed to avoid pore wetting. It was suggested
that pore sizes should be below 0.5 um to avoid pore wetting.!?? In general, the larger fiber
diameter will result in the larger pore size.!?* The pore size distribution should be as narrow as
possible to prevent solutes from feed side passing through the membrane.!?* As shown in Figure
4.8, PVDF-HFP-rGO membranes contained a narrow distribution of pore sizes in the range of
0.20~0.92 mm with a mean pore size of 0.47 pum. While the pristine PVDF-HFP membrane showed
a relatively broader pore size distribution from 0.22 to 1.22 um with a mean pore size of 0.55 pum.
Its larger fiber diameter indicates a correlation between pore size and fiber diameter in accordance
with the previous SEM analysis. The maximum pore size reduces from 1.22 to 0.92 um after rGO

incorporation, a higher LEP shown in section 4.4.3 can be obtained with smaller maximum pore

size from the Cantor-Laplace equation.
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Figure 4. 8 Comparison of pore size distribution of (A) PVDF-HFP and (B) PVDF-HFP-rGO

membrane.
4.3.5 DCMD performance (short-term)

Transmembrane temperature led to a significant impact on permeate flux, producing a flux
around 11.42 kg m? h! at AT=35°C and 20.53 kg m? h! at AT=50°C (Figure 4.9 A). The
increase in temperature difference resulted in a greater difference in vapor pressure across the
membrane, creating the driving force for a higher water vapor transportation.'?> This positive
correlation between flux and AT has been demonstrated in previous DCMD studies. 26

According to the literature, the thickness and the permeation flux of the membrane generally
demonstrates an inversely proportional relationship.!'%!2? Two samples with different thicknesses
(150 pm and 390 um) were chosen to investigate their suitability for the same feed concentration.
Figure 4.9 B demonstrates that for the PVDF-HFP-rGO membrane sample with a thickness of 150
um at a temperature difference of 50 °C, a higher water flux (53.05 kg m2 h!") was obtained for
the feed solution of 60 g/l NaCl. However, the membrane with a 390 um thickness exhibited a
relatively lower water flux (20.53 kg m2 h™') at the same temperature difference and identical feed
conditions. This is because the thicker membrane increased the mass transfer resistance. For both
samples, the salt rejection remained at a stable value (99.98%)—even with different thicknesses—
when testing the feed solution of 60 g/L NaCl salt concentration at a temperature difference of

50 °C. These high salt rejection and fluxes obtained are attributable to the unique structure of rGO.
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Firstly, this material is hydrophobic due to high density of carbon atoms in its surface. The
enhanced hydrophobicity via incorporation of rGO helps to repel the salt-water solution and delay
wetting time. In addition, the hexagonal honeycomb lattice found in the sp2-bonded carbon
graphene scaffold can serve as effective sorption sites for water vapor while repelling water
molecules. Due to large, non-oxidized areas inside rGO nanocapillaries, the nanochannels provide
a low-friction pathway for ultra-fast water vapor transport.'?® However, in terms of wetting
resistance, the LEPw value of the membrane of a thickness of 150 um was 55.1 kPa as compared
with 103.42 kPa for membranes of a thickness of 390 um. Therefore, a thicker membrane (390
pm) was chosen for the long-term stability test.

In short-term experiments, pristine PVDF-HFP membranes were also tested to investigate the
effect of rGO on the overall performance of DCMD. Results showed that there is no obvious
decrease in flux between the PVDF-HFP membranes with and without rGO (22.26 kg m? h!,
Figure 4.9 C). The similar fluxes could be attributed to the similar thermal conductivity of the
pristine PVDF-HFP membrane and rGO incorporated membrane, which is consistent with the

previous TGA analysis.
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Figure 4. 9 (A) Permeate flux versus time for the PVDF-HFP-rGO membrane (with a thickness
of 390 um) under a temperature difference of 35 °C and 50 °C. (B) Permeate flux versus time for
PVDF-HFP-rGO membranes with different thicknesses. (C) Pure water flux versus time for the
pure PVDF-HFP, PVDF-HFP-rGO membrane (AT=50 °C). Feed water was 60 g/L. NaCl solution
circulated at 0.75 LPM with a feed temperature of 75 °C and a distillate temperature of 25 °C.

4.3.6 Long-term stability

The long-term DCMD experiment (2520 min) with the 60 g/L. NaCl solution was conducted to test
membrane scaling (Figure 4.10 A) to determine the operating time profile of permeate flux. It was
observed that the flux of the PVDF-HFP membrane decreased significantly, while that of the
PVDF-HFP-rGO membrane decreased only slightly. As mentioned above, the membrane used in
the MD process is inclined to be wetted during the long-term operation required for the treatment
of high salinity solutions.

Compared with the pristine membrane, the rGO-incorporated membrane exhibited better stability

and durability. In the first 360 min, the flux of the PVDF-HFP-rGO membrane remained lower

48



than that of the original one. This is primarily because of the high thermal conductivity of graphene,
increasing conductive heat losses as previously stated. Furthermore, pristine membrane scaling
was not substantial in the initial period.

After this initial period, the PVDF-HFP membrane became more and more wetted and scaled. As
a result, the PVDF-HFP-rGO membrane presented higher flux than that of the original one. The
detected conductivity of the cold distillate for the PVDF-HFP-rGO membrane stabilized at about
5-20 puS/cm, indicating that the NaCl rejection of the modified membranes was above 99.97%,
which can be attributed to its higher LEPw and hydrophobicity. This result illustrates the feasibility
of using rGO incorporated membranes in the the MD process. However, the permeate conductivity
of the original membrane gradually increased to about 253 ps/cm after 1380 min (as shown in
Figure 4.10 B), indicating that the membrane pores suffered wetting due to scale formation on
membrane permeate side. Inorganic scaling has been reported to suppress permeate flux as well as
cause membrane wetting.!?° NaCl crystals grow on the surface and inside the membrane pores

during distillation, and membrane wetting occurs increasingly as salt crystals grow.’’
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Figure 4. 10 (A) Flux and (B) permeate conductivity vary with operating time in long-term DCMD
experiments. Feed water was 60 g/L NaCl solution circulated at 0.75 LPM with a temperature of

75 °C, the distillate temperature was 25 °C with the flow rate of 0.75 LPM.

4.3.7 Reported permeate flux and salt rejection of different electrospun nanofibrous

membranes used for desalination.

Table 4.1 compares the properties and DCMD performance of various PVDF nanofiber

membranes developed in this work to data from the literature. In addition to a high rejection rate
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of over 99.97%, the electrospun membrane with a thickness of 150 pm offered enhancements in
flux and long stable performance, attributable to the highly porous nanofibrous PVDF-HFP matrix

and effective sorption of water vapor with the rGO addition.

Table 4. 1 Comparison with different electrospun nano-fibrous membranes used for desalination.

Feed solution Permeate solution Permeation Salt
Long-term
Membrane flux rejection
Solution Tt in(°C) Solution Tp.in (°C) performance
(kg/m?h) (%)
PVDF-clay
35 g/L NaCl 80 -2 17 6 98.27 Wet in 8 h
nanofiber!3°
PVDF nanofiber!!? 35 g/L NaCl 60 distilled water 20 11 >99.99  Stablein 10 h
PVDF nanofiber!? 30 g/L NaCl 60 distilled water 20 28 99.4 Stable in 25 h
PVDF hollow fiber!3! 35 g/LNaCl 79.3 ultrapure water  17.5 41.5 99.99 -2
PVDF hollow fiber!32 35 g/L NaCl 70.5 distilled water 20 28.1 99.8 -2
60 g/L NaCl 75 DI water 25 20.53 >99.97 Stable in 42 h
This work
60 g/L NaCl 75 DI water 25 53.05 99.98 -2

2: The data was not mentioned in the paper.

4.3.8 Proposed mechanism for enhanced stability of rGO incorporated membrane

The proposed mechanism for enhanced stability due to the presence of rGO is shown in Figure
4.11. Graphene consists of a 2D sheet of sp?-bonded carbon atoms in hexagonal honey-comb
lattices which serve as effective sorption sites for water vapor freed from hydrogen bonding, while
repelling water molecules and salt ions.'?®!33 At the same time, enhanced hydrophobicity via
incorporation of rGO also help to repel salt-water solution. This is in line with previous published
studies on oxidized carbon nanotubes.!3* The above factors contribute to excellent anti-scaling,
anti-wetting properties, and enhanced stability of the membrane. Our research provides new facets
for the future application of reduced graphene oxide to enhance hydrophobicity of MD membranes.
Since oxygen-containing functional groups are found in the rGO backbone structure, various
surface modifications of the rGO incorporated membrane could be considered for further

membrane optimization.
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Figure 4. 11 Schematic of proposed mechanism for PVDF-HFP-rGO membrane.

4.4 Summary

Highly hydrophobic rGO/PVDF-HFP membranes were successfully fabricated by electrospinning,
leading to high salt rejection and permeate flux. The membrane liquid entry pressure (LEPw)
increased from 34.4 kPa to 103.42 kPa by incorporation of rGO. PVDF-HFP-rGO membranes
contained a narrower pore size distribution in the range of 0.20~0.92 um with a desired mean pore
size compared with the pristine PVDF-HFP membranes. The short-term DCMD experiment with
a 60 g/L sodium chloride solution showed that salt rejection of the PVDF-HFP-rGO membrane
stabilized at 99.98%. The membrane was stable under the long-term DCMD experimental
conditions (2520 min), achieving an average flux of 20.37 kg m2h™! at a temperature difference of
50 °C. The detected conductivity of the cold distillate for the PVDF-HFP-rGO membrane
stabilized at about 5-20 uS/cm. This facile fabrication of an rGO-incorporated membrane may
open the space to lay groundwork for next-generation membranes in desalination, wastewater

disposal, and food processing processes.
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Chapter 5. Development of Robust and Superamphiphobic Membranes using
Reduced Graphene Oxide (rGO)/PVDF-HFP Nanocomposite Mats for

Membrane Distillation

Membrane distillation (MD) has attracted significant attention to desalinate hypersaline water
owing to its unique advantages. However, commercially available membranes used for MD
desalination face fouling and wetting issues in treating wastewaters containing low surface tension
contaminants (e.g., oil and alcohol) and surface-active reagent (e.g., surfactants). Herein, a
superamphiphobic (i.e., superhydrophobic and near-superoleophobic) MD membrane was
fabricated using electrospinning technique followed by a simple surface modification step for
treating challenging wastewaters containing low surface tension substances. In order to fabricate
a superamphiphobic membrane, a highly hydrophobic nanofibrous mat was first prepared by
electrospinning a mixture of poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and
reduced graphene oxide (rGO). Surface superamphiphobicity was then supplemented by a facile
one-step grafting of low surface energy fluoroalkylsilane. The influence of this one-step surface
modification on the morphology and physicochemical properties of membranes was investigated,
revealing altered elemental composition and enhanced hydrophobicity of the electrospun nanofiber
mats. The resulting membranes demonstrated superamphiphobicity, confirmed by their wetting
resistance evaluated with water and low surface tension liquids. The antiwetting performance of
the membrane was tested through desalinating 35 g/L sodium chloride solution in the presence of
a surfactant (sodium dodecyl sulfate, SDS) in the direct contact membrane distillation (DCMD)
unit. Membranes modified by fluoroalkylsilane (PH-rGO-POTS) exhibited enhanced membrane
distillation performance in terms of both permeation flux and salt rejection, while control

membranes suffered severe wetting problems.
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5.1 Background

Membrane distillation (MD) is an emerging, thermal-driven membrane process for desalination.'*
In the MD process, a hydrophobic microporous membrane is used to only allow vapor molecules
passing through. The driving force for MD separation is a partial vapor pressure gradient across
the membrane, typically deriving from the temperature differential between the hot feed and cold
permeate streams.” MD is particularly suitable to desalinate highly saline brines where the salinity
is beyond the practical limit of reverse osmosis (RO) (~70,000 ppm), such as RO brines, coal seam
gas water, and shale gas/oil produced wastewater, due to its relative insensitivity to salt
concentration and a theoretical 100% salt rejection.!*%!3” Low working temperature (30-80 °C)
distinguishes MD from conventional thermal distillation (60-110 °C), making it possible to utilize

low-grade heat sources, such as waste heat or solar thermal energy, significantly reduces the cost.!!

Despite these advantages, MD is still in an early developmental stage and has not been widely
applied in industrial and commercial settings. Membrane fouling and wetting are two major
obstacles when using hydrophobic microporous membranes to treat challenging wastewaters.
Membrane fouling is generally caused by deposition of humic acid, proteins, and oily substances

onto the hydrophobic membrane through hydrophobic-hydrophobic interactions.!3®

Moreover,
deposition of inorganic species (scaling) will cause further complications.!** Membrane wetting is
another challenge that affects stable desalination performance of MD membranes. This
phenomenon occurs when the trans-membrane pressure exceeds the liquid entry pressure (LEP),
which is affected by liquid surface tension, membrane hydrophobicity, pore size, and pore
shape.!* In addition, conventional hydrophobic microporous membranes used in MD processes
can be easily wetted by low surface tension contaminants (i.e., oil, alcohols, and surfactants) which

often present in highly saline industrial waste streams,?’-!4!

contaminating the distillate and
jeopardizing water treatment quality. This fouling and wetting problem restricts the application of
conventional hydrophobic MD membranes to treat only wastewater free of hydrophobic and

amphiphilic contaminants.

In treating challenging feed water containing low surface tension contaminants, amphiphobic
modification can be effective at preventing membrane fouling and wetting. Amphiphobic surfaces
with contact angles larger than 90° for both water and low surface tension liquids have recently

2

gained popularity in a wide range of applications, including self-cleaning,'*? corrosion
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resistance,'** and anti-bacteria.®® The surface amphiphobicity of solids are governed by both
surface chemistry and surface morphology.!'** It is well-recognized that the creation of re-entrant
structures in conjunction with appropriate chemical composition could create a metastable Cassie-
Baxter state for the solution-membrane interfacial contact, effectively preventing membrane
wetting caused by low surface tension liquids.!'*® Therefore, the amphiphobic surface can be
realized by reducing the surface free energy through functionalizing substrates with low-surface-
energy materials (mainly fluorinated small molecules or macromolecules) together with

engineering micro/nano reentrant structures on substrate. 46

To date, there are some successful cases in which amphiphobic membranes serve as robust anti-
wetting MD membrane. For example, Boo et al.!® immobilized silica nanoparticles (SiNPs) with
perfluorodecyltrichlorosilane (FDTS) on a phase-inversed polyvinylidene fluoride (PVDF)
membrane. The SiNPs-coated PVDF membrane achieved stable performance in treating a
synthetic wastewater containing surfactants (sodium dodecyl sulfate) and mineral oil, as well as
with shale gas wastewater. However, to achieve a stable anchoring of nanoparticles, pre-treatment
is required to create special functional groups on the membrane.!'*”:'*8 In addition, many attempts
require the usage of special equipment, such as chemical vapor deposition reactors and plasma
chambers.!*’ Fabricating a stable, amphiphobic MD membrane through facile and cost-effective

method still faces challenges.

Owning few oxygen-containing groups (e.g. hydroxyl, carboxyl, and epoxy), reduced graphene
oxide (rGO) nanosheets exhibit superior hydrophobicity (water contact angle is near 125°) and it
is a promising candidate to fabricate hydrophobic MD membranes.!*® In addition, rGO can be
tailored to a wide range of potential applications with some reactive sites where further
functionalization can be realized, achieving superhydrophobicity and desired nano-geometries for
amphiphobic MD membrane development.!>! However, the potential applications of rGO in MD

desalination is rarely explored.!>2

In this study, we proposed one simple and facile method to fabricate superamphiphobic
(superhydrophobic and near-superoleophobic) nanofibrous membranes with robust anti-wetting
properties for MD desalination. Highly hydrophobic nanofibrous substrates, poly (vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) /rGO, were first prepared by electrospinning a
blend of PVDF-HFP and rGO. rGO incorporated membranes (referred to as PH-rGO) exhibited
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improved stability and durability with satisfactory distillate quality compared with control PVDF -
HFP membranes.!>* The advantage of electrospun nanofibrous mats was taken of their intrinsic
reentrant geometry, and the oxygen-containing functional groups on the rGO nanosheets which
facilitate further modification on membrane surface. Then, low surface energy fluoroalkylsilane
perfluorooctyltriethoxysilane (POTS) was coated on the nanocomposite membrane through a
simple dip-coating process. We investigated the morphology, wettability properties, and surface
robustness of developed membranes. Finally, we challenged the stability of the resultant
superamphiphobic membrane with a model surfactant (sodium dodecyl sulfate, SDS) -containing
saline solution. Our research provides new insights in developing robust superamphiphobic
surfaces and fabricating novel nanofibrous membranes with excellent anti-wetting performance in

MD desalination.
5.2 Materials and methods
5.2.1 Chemicals and materials

PVDF-HFP, DMAc, acetone, and reduced graphene oxide were used to prepare the dope solution
(detailed information about the chemicals was described in Chapter 3.1). POTS (97%), tetraethyl
orthosilicate (TEOS), ethyl alcohol (C;HsOH), ammonium hydroxide (NH4OH), SDS, calcium
chloride (CaCl,, AR), sodium sulphate (Na,SOs, AR), and humic acid sodium salt were purchased
from Sigma-Aldrich (Oakville, ON, Canada). Machine oil (90% base oil with 10% additives,
density of 881.4 kg/m? at 20 °C, kinematic viscosity of 271.62 mm?/s at 20 °C, and surface tension
of 29.8 mN/m at 20 °C was received from Canadian Tire (Montreal, QC, Canada).

5.2.2 Preparation of superamphiphobic nanofibrous membranes

The electrospun nanofibrous mat (PH-rGO) was prepared in a similar method reported in our
previous work.!3® The dope solution was prepared by suspending rGO (0.15 wt%) and PVDF-HFP
(15 wt%) in a mixture of DM Ac/acetone (8/12, v/v) under 10 min probe sonication (Branson 3510,
Shanghai, China). The mixture was then stirred overnight on a hot plate at 45 °C. Electrospinning
of the dope solutions was conducted using a Nanospinner (NE300, Inovenso, Turkey) with 20 mL
polymeric solutions delivered by a Luer-lock syringe (Vitaneedle, MA) at a flow rate of 4.0 mL/h.
A high voltage (25 kV) was applied between the syringe nozzle and the electrically grounded
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metallic drum with a rotating speed of 100 rpm. The distance between nozzle tip and collector was
15 cm. The procedure of the superamphiphobic modification is displayed in Figure 5.2.
Electrospun mats were immersed in a solution of POTS (0.890 mL) and ethanol (30 mL) for 36 h.
Coated membranes were then rinsed with deionized water three times, followed by thermal

treatment at 120 °C for 4 h.
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Figure 5. 2 The schematic procedure for preparation of PH-rGO-POTS functionalized membranes
through a dip-coating strategy. The PH-rGO electrospun nanofibrous mat was immersed in a
mixture of POTS and ethanol for 36 h, followed by thermal treatment at 120 °C for 4 h after rinsing

with deionized water.
5.2.3 Membrane characterization

Morphology of the resulting membranes was observed by SEM. Fiber diameter distribution and
frequency were measured via Imagel software. Silicon (Si) mapping was obtained via an EDS
apparatus. The presence of rGO was investigated via Raman spectroscopy (Invia Reflex-
Renishaw). The elemental composition of the membranes was evaluated by XPS. ATR-FTIR was

performed to observe the functional group changes on the PH- rGO mat surface after coating POTS.

The resistance to surface wetting of the membranes was evaluated by contact angle measurements
of deionized water (y = 72.5 mN/m, diiodomethane (y = 50.1 mN/m) and water-ethanol mixtures
(y = 53.4~ 22.2 mN/m) using a video contact angle system. The water sliding angles were
measured by tilting the fixed membrane samples until the water droplet started to move on the

surface.
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The mean pore size and pore size distribution of the as-prepared membranes were characterized
by using a capillary flow porometer. The maximum pore size of the membranes was characterized

by the bubble point pressure test reported in literature.'>*

The LEP of membrane was measured with a standard bench scale dead-end filtration setup

(detailed information was described in Chapter 3.3).
5.2.4 Stability of surface coating

Thermal, mechanical, and chemical stability values of surface superamphiphobicity were
evaluated under challenging conditions including boiling water (deionized water, 100 °C) for 4 h,
sonication for 60 min, an acidic condition (HCI solution, pH=2), and a basic condition (NaOH
solution, pH=12) at room temperature for 110 h, respectively. Water contact angle and
diiodomethane contact angle of the top electrospun membrane surface were then measured at room

temperature following the above procedure.
5.2.5 Membrane distillation experiments

DCMD performance experiments were conducted in the lab-scale apparatus. The hot feed solution
was maintained in a constant temperature water bath. The feed solution and the cold solution were
circulated at the same speed across the lower and upper face of the membrane cell respectively
with two gear pumps under 0.8 psi. The circulation feed rate and permeate rate were measured by
two flowmeters held constant at 0.75 LPM. The inlet temperature of the hot feed varied from 35
°C to 65 °C, while the cold side was kept at a constant 15.0 °C. The conductivity of the distillate
was monitored. The water permeation flux, J, of the prepared membrane was calculated according

to the equation (3-1). Salt rejection, R, was calculated by the equation (3-2).

The wetting propensity of the modified nanofibrous membranes was investigated in the presence
of SDS in the feed solution. For the initial MD run, 3.5 wt% NaCl solution was used as a feed
solution. The mass and conductivity of the cold side were recorded and, therefore, the real-time
flux and salt rejection were calculated and monitored. After 2 hours, SDS was added to the feed
stream solution to reach a final concentration of 0.3 mM to reduce the surface tension of the
solution and thereby induce pore wetting. If the membranes are wetted, the feed saline solution

will penetrate through the wetted portions of the membrane to the distillate side, leading to the
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deterioration of MD performance with regards to permeate quality. The PH-rGO (unmodified
substrate) and PH-POTS membranes were used as control samples. PH-POTS membrane was
obtained by coating POTS on the PVDF-HFP electrospun nanofibrous mat to illustrate the

influence of rGO addition into the substrate.
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5.3 Results and discussion
5.3.1 The effect of POTS coating on membrane surface morphology

Membrane surface morphology and chemical composition are of paramount importance to
membrane wettability.!*> Electrospinning is applied to fabricate PVDF-HFP/rGO nanofibrous
mats as it facilitates MD membranes with high hydrophobicity, high porosity, and controllable
thickness.!>® Moreover, electrospun membranes with multilevel roughness provide a re-entrant
structure on nanofibers,'3” which is critical for realizing surface amphiphobicity. Here, the
morphology of electrospun membranes before and after chemical modification was observed by
SEM (Figure 5.3 A-B). Both membranes surfaces presented an open ‘“three dimensional”
nanofibrous interconnected structure, and the re-entrant structure was clearly observed. There was
no significant difference in the diameter of fibers between substrate mat and the POTS-coated
membrane (Figure 5.3 C-D) , indicating that the fluorination process was well controlled and no

obvious POTS aggregation blocked membrane pores.

Raman spectroscopy is a well-established technique for characterizing graphene-based materials,
which can be used not only to identify graphene, but also to quantitatively probe the defect
contents.!>® Both membrane samples exhibited two typical bands in the Raman spectra (Figure A-
3): one was the D band located at around 1344 c¢cm™!, representing the disorder in graphene
backbone; the other one was the G band located at around 1600 cm™! attributable to the stretching
of conjugated double bonds between the sp?-bonded carbon atoms in hexagonal honeycomb
lattices. The intensity ratio (In/Ig) of the D band and the G band characterized the extent of defects
and impurities in rGO.!!'> Due to the successful coating of POTS on the rGO based substrate., the
In/Ig slightly increased from 0.83 to 0.87.
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Figure 5. 3 SEM images and corresponding fiber diameter distribution of (A, C) PH-rGO and (B,
D). PH-rGO-POTS membranes.

5.3.2 Successful POTS functionalization confirmed by XPS and FTIR spectra

The one-step POTS tailoring on membrane was further examined by investigating characteristic
elements (Si and F) and functional groups (Si-O) of POTS on membranes. Membrane surface
elements were analyzed via XPS (Figure 5.4 A), which revelead Si peaks at binding energies of
104 eV (for Si 2p) and 155 eV (for Si 2s), implying successful coating with POTS on the PH-rGO

nanofibrous substarte. In contrast, no Si peak was observed on the pristine membrane, as shown
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in Figure 5.4 A. The ratio of F/C increased for the PH-rGO-POTS membrane (~1.45 times),

suggesting a lower surface energy of the modified membranes with a higher fluorine density due

to the long fluoroalkyl chain (-CF;- and -CF3) of POTS (Table 5.1). The respective FTIR spectra

of the pristine and modified membranes are shown in Figure 5.4 B. The peak at 796 cm™! featured

by the Si-O-Si stretching vibration and the peak around 1151 ¢cm™ corresponding to the -CF,-

stretching vibration, featured by silanol and fluoroalkyl functional groups of POTS, appeared in

the spectra of the PH-rGO-POTS membrane.!>° These observations indicate that POTS is simply

and successfully functionalized on nanofibrous membrane through one-step coating.
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Figure 5. 4 (A) XPS survey and (B) FTIR spectra of the pristine PH-rGO and the PH-rGO-POTS

membranes.
Table 5. 1 Elemental composition of resultant membranes.
Membrane Atom percent (%)
Cls O1s F1s Si 2p F/C o/C
PH-rGO 44.54 4.16 51.3 0 1.15 0.09
PH-rGO-POTS 36.75 6.30 53.32 3.63 1.45 0.17

The EDS Si element mapping on membrane cross-section is shown in Figure 5.5 Result showed

that Si distributed across the whole membrane, which means that the POTS coating penetrates
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membrane pore and binds on the fiber surface. Such a penetrated coating potentially increases
robustness of membrane modification, preventing POTS layer peeling off from the nanofibrous

substrate in filtration.!¢?

Figure 5. 5 The cross-sectional EDS mapping images of Si element on the PH-rGO-POTS

membrane.

The oxygen state on POTS-coated membrane was further analyzed via high-resolution XPS
spectra collected at the binding energies of 536 to 528 eV. The peak intensity of C-OH at 534.7
eV significantly reduced after POTS coating on PH-rGO membrane, associating with the
appearance of strong Si-O signal featured at 533.9 eV (Figure 5.6 A-B). Result further supports
that silanol coupling agent, POTS, is successfully grafted on nanofibrous membrane. The
hydrophobic-hydrophobic interaction together with the hydrogen bonds between the fluoride-rich
alkane groups from the POTS network and the PH-rGO mat are the main driving forces that
facilitate POTS binding onto the nanofibers.!®!
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Figure 5. 6 XPS Ols spectra of (A) pristine membrane and (B) PH-rGO-POTS membrane.

5.3.3 Evaluation of wettabbility and robustness of the membranes

Surface wettability was characterized using the static contact angle of water and diiodomethane
droplets. Figure 5.7 shows the static and sliding contact angle profiles of water for the pristine and
modified membrane samples. The water contact angle of POTS modified membranes was 153.8°
(Figure 5.7). Interestingly, as-prepared PH-rGO-POTS membranes exhibited a low contact angle
hysteresis with sliding angle lower than 2° (data was not shown), indicating a superhydrophobic
surface.'®® The liquid droplet is suspended on the top of the superhydrophobic surface and the air
friction presents between the surface and liquid droplet makes suspension much easier. Nearly
sphere-like droplets will form when water drops on such superhydrophobic membrane surfaces,
which will readily roll off due to low contact angle hysteresis, migrating away pollutant and

performing a self-cleaning property.'®
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Figure 5. 7 Contact angle profile of water and diitodomethane drops on the PH-rGO and the PH-
rGO-POTS membranes.

The slippery property (high water repellency and low water adhesion) of the PH-rGO-POTS
membrane was further investigated. Firstly, the as-prepared membrane was immersed in the dye
(Congo Red) solution (Figure 5.8 A). It is clearly observed that the membrane surface possesses
superior anti-wetting properties towards the dye solution. In addition, water droplets rolled freely
from the horizontally placed membrane without leaving a trace (Figure 5.8 B). With such a
slippery surface, the POTS coated membrane exhibits the self-cleaning potential. When water
droplets dripped on membrane, they readily rolled off from the surface, sweeping away
contaminant dusts (calcium carbonate powder) which was deposited on the membrane (Figure 5.8

Q).
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Figure 5. 8 (A) Non-sticky test, PH-rGO-POTS membrane was inserted into dye solution and then
taken out. (B) The roll-off behavior of the water droplets on the PH-rGO-POTS membrane at the
horizontal state. (C) Self-cleaning behavior of the PH-rGO-POTS membrane.
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In addition to superhydrophobicity, POTS modified membranes presented strong oleophobicity
with a sharp increase in diiodomethane contact angle, namely from 98.7° for pristine PH-rGO to

145.3° after POTS coating (Figure 5.9).

To precisely assess the anti-wetting ability of the prepared membranes, the contact angles of water-
ethanol mixtures with volume ratio ranging from 90:10 to 0:100, corresponding to surface tensions
varying from 53.4 to 22.2 mN/m,'%* were evaluated (Figure 5.9). Owing to the hydrophobic nature
and intrinsic re-entrant structure, the PH-rGO substrate exhibited high contact angles of 121.3° and
92.7° for the 10% (y = 53.4 mN/m) and 20% ethanol aqueous solution (y = 43.7 mN/m),
respectively. However, the hydrophobic PH-rGO membrane was instantly wicked by the 30%
ethanol aqueous solution (y = 37.2 mN/m). In contrast, the PH-rGO-POTS membrane exhibited
great anti-wetting performance (contact angle >90°) even when it was challenged with the 80%
ethanol aqueous solution which has low surface tention (y = 24.5 mN/m).With such superior
antiwetting performance, PH-rGO-POTS membranes are expected to be stable and with high

efficiency desalination in long-term MD operation.
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Figure 5. 9 Contact angles of the resultant membranes facing with different water-ethanol
mixtures. “Wicking” means that the membrane was wetted by the testing liquids immediately, and

no stable contact angles could be measured. The error bars stand for the standard deviations of
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contact angle measurements. The water-ethanol mixtures with different surface tensions are

prepared following a published protocol. !4

As discussed above, the electrospinning technique can be employed to form highly hydrophobic
composite nanofibers with the reentrant structure required for achieving oleophobicity. '®° Further
water and diiodomethane contact angle enhancements could be attributed to the lower surface
energy created by POTS molecules. Overall, superamphiphobicity was achieved on PH-rGO
nanocomposite membranes modified by POTS (PH-rGO-POTS).

The long-term stability of superamphiphobic surfaces remains a challenge for practical application.
In general, the dip-coating method to fabricate a superhydrophobic membrane is not effective as
the coating easily peels away from the support under complicate water environment.'®¢ Here, it is
expected that the membrane modified by POTS would possess robust superamphiphobicity due to
the hydrophobic-hydrophobic interaction together with the hydrogen bonds between the rGO and
POTS molecules. To further evaluate the chemical and mechanical stability of superamphiphobic
modification, PH-rGO-POTS membranes were challenged in difficult conditions, such as boiling
water, strong acid, and base solutions, after which contact angles of membranes were determined
with water and diiodomethane, respectively. Results shown in Figure 5.10 revealed that the water
and the diiodomethane contact angles of modified membranes remained constant after the
challenging treatments, including 4 h boiling in DI water, 110 h etching in HCl and NaOH
solutions, and sonication for 1 h, respectively. Moreover, the challenged PH-rGO-POTS
membrane maintained similar morphology with that of a freshly prepared one. These observation
demonstrates that the POTS coating could firmly adhere to PH-rGO nanofibers and withstand these
harsh treatments. All results suggest that the modified membranes are very stable and exhibit

excellent superamphiphobicity, showing great potential to treat challenging wastewater.
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Figure 5. 10 Water contact angle (black) and Diiodomethane contact angle (red) of PH-rGO-POTS
membranes after challenging with (A) boiling water for 4h, (B) sonication for 60 min, (C) strong
acid (HCl, pH=2) for 110 h, and (D) base solution (NaOH, pH=12) for 110 h. The error bars in the
figures stand for standard deviation. Insets are optical photos of PH-rGO-POTS membranes after

various treatments.
5.3.4 Membrane properties and DCMD performance

Pore size and pore size distribution (PSD) are crucial parameters in the performance of MD. An
optimal pore size is needed to balance between high permeate flux and pore wetting resistance. In
addition, different pore sizes can exhibit different flow mechanisms.?® PH-rGO-POTS membrane
exhibiteda of PSD from 0.1 to 0.90 um, while the unmodified substrate ranging from 0.1 and 1.01
um. Membranes with a narrow PSD favor prevention towards liquid penetration, '®” which can be
further confirmed from the LEP value. As shown in Figure 5.11, PH-rGO-POTS exhibited a
higher LEP (122.7 kPa) than that the PH-rGO substrate (104.5 kPa), attributing to the higher
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contact angle and lower maximum pore size after modification, beside its closely linked

nanofibrous network structure.
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Figure 5. 11 The LEP value for the membrane samples in this work.

DCMD tests were conducted using NaCl solution as feed to investigate the performance of
modified membranes. The effect of specific parameters, such as feed temperature and feed salt
concentration were analyzed for the product water. Figure 5.12 A shows the effect of temperature
difference, AT (feed-permeate temperature difference), on the water flux. According to the
observation, the higher temperature differencesincrease permeate flux, varying from 6.6 kg m2 h-
't028.23 kg m? h'! for temperature differences from 20 °C to 50 °C (with permeate side fixed at
15°C). This phenomenon can be explained by the increased vapor pressures and heat transfer at
higher temperature differences. Figure 5.12 B shows the effect of salt concentration (in grams/liter)
on product water flux. The increment of feed concentration from 0 to 60 g/L only leads to a slight
reduction (~12.2%) in the permeate flux of PH-rGO-POTS membrane. Meanwhile, the permeate
conductivity stayed below 4.5 puS/cm, indicating a near complete rejection of the salts. This
observation confirms our hypothesis that the as-prepared superamphiphobic membrane (PH-rGO-
POTS) can sustain high salinity and perform well in desalination. The slight flux decline is likely
caused by the decrease in water activity as salt concentration increases. '°® Additionally, a thicker

boundary layer may be developed in the membrane-solution interface at higher salt concentrations.
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The aggravated concentration and temperature polarization effects further reduce the driving force

for evaporation.'®’
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Figure 5. 12 (A) Water flux of the PH-rGO-POTS membranes under various temperature
differences; the temperature of the feed varied from 35 °C to 65 °C, while the permeate side was
kept as constant, 15.0 °C. (B) Water flux of the PH-rGO-POTS membrane under different NaCl
concentrations with the temperature difference maintained at 50 °C. The error bars in the figures

stand for standard deviation. The flow rate of feed and permeate streams were both 0.75 LPM.

SDS is a popular surfactant in wastewater treatment, decreasing the surface tension of
wastewater!'’" which normally wets the MD membrane and diminishes its performance.!”! In this
study, sequential dosing of SDS was introduced into 3.5 wt% NaCl feed solution to challenge the
membrane wetting resistance during the DCMD process. In the initial addition of 0.1 mM SDS,
water flux for PH-rGO (unmodified substrate), PH-POTS (control), and PH-rGO-POTS
membranes were stable with salt rejection rates always near 100% (Figure 5.13 A-B). However,
severe wetting was observed on the PH-POTS membrane as indicated by the sharp reduction of
water flux and salt rejection after the introduction of 0.2 mM SDS to the feed. The PH-rGO
membrane showed a stable MD performance without changes in the water flux for 0.2 mM SDS
in the feed; while the flux performance and permeate quality dramatically decreased after 0.3 mM
SDS was added. A similar observation is reported in the literature.!”! In contrast, the PH-rGO-

POTS membrane maintained a stable water vapor flux and almost complete salt rejection (~100%)
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even after 0.3 mM of SDS addition, indicating its high resistance to wetting with low surface

tension liquids.
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Figure S. 13 (A)Water flux and (B) permeate conductivity of PH-rGO (unmodified substrate), PH-
POTS (control), and PH-rGO-POTS membranes in DCMD. A 3.5 wt% NaCl solution with
increased addition of SDS from 0.1 mM to 0.3 mM was used as feed solution maintained at 65 °C
and deionized water was used as a permeate cooling solution maintained at 15 °C. (C) Long-term
stability of PH-rGO-POTS membranes in the presence of mixed foulants (35 g/L NaCl, 20 mM
CaCl,, 20 mM NaS04, 100 mg/L humic acid sodium salt, 10 mg/L machine oil and 0.05 mM
SDS). The flow rate of feed and permeate streams were both 0.75 LPM.
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As the surface tension of the feed reduced due to an increased dose of SDS, the liquid-air interface
sagged, feed solution impinged upon the next layer of fibers, leading to a state transition on
membrane from Cassie-Baxter to the Wenzel state.!”? Some larger pores became flooded by the
SDS solution as their liquid entry pressures were reduced to levels lower than the hydraulic
pressure in the feed channel, hence partially wetting of the membrane occurred.'*! The penetration
of the feed solution into the membrane pores resulted in a substantial increase in the mass transfer
resistance against vapor molecules diffusion.”? Overall, the presence of surfactants in the feed
solution could render the membrane surface hydrophilic, reducing the LEP and facilitating the

leakage of salty liquids through membranes.!”

Interestingly, the unmodified substrate PH-rGO was not wetted immediately once the SDS was
added into the feed, indicating resistance against low surface tension solutions and its ability as a
substrate targeting superamphiphobic membranes. The enhanced anti-wetting properties of PH-
rGO-POTS nanofibrous membranes—as compared to control membranes (unmodified substrate,
PH-rGO, and the PH-POTS membrane without rGO incorporation in the substrate)—was
attributed to the low surface energy on membrane after POTS modification. While the direct
surface coating of POTS on the PH substrate failed to achieve superamphiphobicity, which was
confirmed by its low anti-wetting performance towards ethanol solutions (>30 vol%) and lower
LEP value (Figure 5.14). It was noted that the cylindrical fiber structures of the electrospun
nanofiber mat, PH-rGO provided primary re-entrant structure, and the POTS coating offered
further low surface energy properties, preventing membrane wetting by the solution. The slippery
property of the PH-rGO-POTS membrane can hinder both heterogeneous nucleation and

deposition of salts.! 74176
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Figure 5. 14 (A) Contact angles of the PH-POTS membrane with different ethanol concentrations.
(B) Diiodomethane contact angle (grey) and LEP (blue) of the PH-POTS membrane.

To comprehensively investigate the stability of the superamphiphobic membrane, a variety of
foulants including both inorganic salts and organic compounds were added to the feed solution. A
synthetic feed solution with high concentration salinity was prepared here to challenge the fouling
and wetting resistance of PH-rGO-POTS membrane, which contained 35 g/L NaCl, 20 mM CaCl,,
20 mM Na>SOg4, 100 mg/L humic acid sodium salt, 10 mg/L machine oil, and 0.05 mM SDS. As
shown in Figure 5.13 C and Figure A-4, PH-rGO-POTS membrane exhibited stable permeate
flux with a water recovery of 57.0% and a high salt rejection (>99.7%) for 24 hours of continuous
DCMD operation. Considering the feed solution is very harsh with various contaminants in high
concentrations, the long-term wetting of membrane is predictable, and the salt rejection is within
the acceptable value.!7”-!78

We further compare the modification method and MD performance of amphiphobic membranes
developed in this work to previous studies (Table 5.2). Based on this comparison, the one-step
tailoring of robust superamphiphobicity described in this work would provide a new route towards
the fabrication of robust, anti-wetting MD membranes without sacrificing the water flux, and
requiring no involvement of membrane surface activation and special equipment (plasma, CVD

reactors, etc.).
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Table 5. 2 Comparison of amphiphobic membranes for membrane distillation.

Substrate Modification Amphiphobicity Feed composition AT Performance
method
PVDF-HFP  SiNPs grafting+ CA: water 150°; 58 g/LNaCl+03 40°C 12.5LMH;
nanofiber!”  fluorination oil 135° mM SDS SR ~100%
PVDF-HFP  One-step CA: water 154°; 35g/LNaCl+ 0.3 40°C 8LMH; permeate
nanofiber!'” eclectrospinning  oil 148° mM SDS conductivity ~2 uS
PVDF CF4 plasma CA: water 160°; RO brine + 40°C 15.28 LMH;
Nanofiber!¥ treatment oil > 140° 0.7mM SDS SR ~100%
PVDF flat SiNPs and CA: water 176°; emulsionof SDS+ 40°C ~9 LMH; permeate
Sheet”! polystyrene hexadecane 138° water hexadecane + conductivity ~50
grafting + sliding angle 7° NaCl uS
fluorination
PVDF flat  SiNPs CA: water and oil, > RO brine +20 40°C 11.22LMH;
Sheet!80 depositionand ~ 160°; watersliding mg/L humic acid SR ~100%
fluorination angle: 1.1°
PVDF- One step CA: water 153.89; 35g/LNaCl+0.3 50°C ~27LMH;
HFP/rGO fluorination diiodomethane 145.3°;,  mM SDS SR ~100 %
nanofiber water sliding
(this work) angle of 1.8°

5.4 Summary

In this study, we present a facile approach to fabricate superamphiphobic nanofibrous membranes

by functionalizing POTS onto the PH-rGO nanofibrous substrate. The POTS-modified membrane

(PH-rGO-POTYS) displayed superhydrophobicity with water contact angles larger than 150° and

sliding angles lower than 2°, indicating their self-cleaning properties. Moreover, this as-prepared

membrane exhibited large diiodomethane contact angles of 145.3°. The superamphiphobicity

stems from the synergistic effects of the re-entrant structure provided by electrospun nanofibrous

substrate and the low surface energy offered by the POTS coating. The modified membrane also

exhibited excellent superamphiphobic stability in harsh treatment conditions. Furthermore, the

resultant superamphiphobic membrane presented a robust performance with a relatively high flux
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and desired permeate quality in the presence of 0.3 mM SDS during the DCMD process, compared
with the control membranes. This demonstrated the outstanding anti-wetting properties of
superamphiphobic membranes. Overall, we demonstrated an effective anti-wetting MD membrane
where low surface energy modifier was introduced on the rGO based polymeric substrate without
using pretreatment and complicated equipment. Given the simplicity of the approach, combined
with robust chemical, thermal and mechanical stability, this strategy provides avenues for the
fabrication of robust superamphiphobic MD membrane for application in various wastewater

treatments.
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Chapter 6. Mesoporous MCM-48 Silica Nanospheres Incorporated PVDF-HFP
Membrane with Highly Enhanced Permeate Flux in Membrane Distillation

Process

In this study, mesoporous MCM-48 silica nanoparticles with controlled particle sizes were
prepared under mild conditions and hydrophobilized with vinyl groups. We then—for the first
time—fabricated a novel hybrid PVDF-HFP/MCM-48 electrospun nanofibrous membrane by
incorporating vinyl-modified MCM-48 nanoparticles into the PVDF-HFP polymer matrix. The
addition of hydrophobic MCM-48 nanoparticles was found to significantly increase water vapor
transport, with a flux enhancement 87.16% greater than that observed in the pristine PVDF-HFP
membrane during direct contact membrane distillation operation. The PVDF-HFP/MCM-48
hybrid membrane exhibited stable flux and the permeate conductivity remained less than 8.0
uS/cm when tested with feed solutions containing 35 g/L NaCl and 1.26 g/L CaCl: in the long-
term experiments. Overall, this work provides an insight into the development of highly permeable
membranes for membrane distillation applications by employing porous MCM-48 silica as a

nanofiller.
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6.1 Background

Membrane distillation (MD) has a promising future in treating hypersaline feed solutions such as
shale gas produced water!®! and reverse osmosis concentrates'®? to address the issues of water
scarcity via a combination of the thermal and membrane processes. 318 Compared to other
desalination techniques used to treat high salinity brines, MD offers several distinct advantages,
including higher rejection, lower operating temperature and pressure, the potential to utilize any
form of low-grade waste heat or solar energy as the thermal driving force, and a relatively low

sensitivity towards feed salinity.!®!8

Despite these advantages, MD systems have not been widely applied in industrial or commercial
settings. One important reason for this is its relatively low permeability.'8¢!%” Flux enhancement
in MD has been discussed in many works.'8818% Generally, varying pore diameter or membrane
thickness, fabricating composite hydrophobic/hydrophilic membranes, and blending with
functional inorganic fillers are common approaches towards flux enhancement.*%!°! Among these
methods, blending with inorganic particles has generated a great deal of interest due to the wide
availability of different types of functional inorganic particles. The inorganic materials used can
be classified into porous (e.g., zeolites, carbon nanotubes, MOFs, and mesoporous silica) and
nonporous types (e.g., TiOz, Al,03, and Zr0,).!?!?3 Upon incorporation into polymeric materials,
nonporous nanoparticles have been demonstrated to optimize membrane structure, enlarge pore
size, narrow pore size distribution, and improve membrane porosity to some extent.'** However,
the enhancement of permeate flux is limited by the impermeability of the nonporous particles. 941
The internal porosity of porous fillers is assumed to provide additional flow paths for water vapor,
which can directly contribute to the enhancement of membrane flux.'°® Moreover, the chains of
typical synthetic polymers can penetrate the pores of the mesoporous fillers and enhance polymer -

particle interfacial adhesion.!®?

Currently, very few studies have focused on the incorporation of
porous nanofillers into the polymer matrix to directly enhance membrane transport properties of
MD membrane materials. Cheng et al.'”’ found that the addition of 1 wt% MOF particles
efficiently increased the water flux of the hybrid MOF/PVDF hollow fiber membrane by 50.5% in

the MD operation process.

The mesoporous M41S family (MCM-41, MCM-48 and MCM-50) has received significant

attention as catalysts, adsorbents, and membranes due to their large specific surface areas, high
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pore volume, tunable pore sizes (2-50 nm), and easy surface functionalization.!*®!*° Mesoporous
silica spheres with good compatibility in polymer matrixes have been widely used to fabricate
mixed-matrix nanocomposite gas separation membranes to enhance gas permeability without
sacrificing selectivity.'?®2% For example, the MCM-41 incorporated polysulfone composite
membrane exhibited a clear enhancement in thermal stability, mechanical performance, and
H,/CHy4 separation performance.?’! However, to the best of our knowledge, no studies have
investigated the utilization of mesoporous silica for the preparation of composite MD membranes

with enhanced performance.

PVDF has been widely used in the MD process due to its high mechanical strength, good thermal
stability, outstanding chemical resistance, and hydrophobicity; '*° with the co-polymer of PVDF,
polyvinylidenefluoride-hexafluoropropylene (PVDF-HFP) exhibiting enhanced hydrophobicity
and durability.?°? In this work, MCM-48 of controlled particle sizes were prepared under mild
conditions and functionalized with vinyltriethoxysilane (VTEOS).?% In addition to increasing
hydrophobicity, the VTEOS modification promotes adhesion between the inorganic and organic
phases and improve the dispersion of silica nanoparticles into the polymer matrix.?** Compared
with two dimensional hexagonal MCM-41, MCM-48 nanoparticles with three dimensional cubic
channel networks serve as a porous host for easy and direct access of guest species without pore
blockage, offering fewer diffusion limitations.'”® Scanning electron microscope (SEM),
transmission electron microscopy (TEM), and nitrogen sorption tests were performed to
characterize the morphology, pore structure, and pore size of MCM-48 nanoparticles. Hybrid
PVDF-HFP/MCM-48 electrospun nanofibrous membranes were prepared by blending with
hydrophobic MCM-48 nanoparticles, and their performance was evaluated in a direct contact
membrane distillation (DCMD) configuration. The effects of the addition of MCM-48 on the
physical and chemical properties of the hybrid membrane and DCMD performance were
investigated. Not only is this the first attempt to fabricate PVDF-HFP/MCM-48 nanofibrous
membranes by electrospinning, but also the first to employ MCM-48 based membranes in MD

Processes.
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6.2 Materials and methods
6.2.1 Chemicals and materials

Triblock copolymer F127, cetyltrimethylammonium bromide (CTAB), PVDF-HFP, VTEOS,
DMAc, tetraecthyl orthosilicate (TEOS), ethyl alcohol (C,HsOH), and ammonium hydroxide
(NH4OH, 28.0~30.0 wt%) were purchased from Sigma-Aldrich (Oakville, ON, Canada). All other

agents were purchased from Fisher-Scientific (St Laurent, QC, Canada).
6.2.2 Preparation of functionalized MCM-48 nanoparticles

MCM-48 nanoparticles of three different sizes were synthesized by using CTAB as a structure
directing agent, TEOS as a silica source, and F127 as a particle dispersion agent under basic
conditions—similar to those reported in the literature (Figure 6.2).!%. Briefly, 0.5 g of CTAB and
2.05 g of F127 were dissolved in a mixture of 96.0 mL of deionized water, 34.0 g of ethanol, 10.0
g of ammonium hydroxide solution at room temperature, followed by the immediate addition of
TEOS (1.8 g). After 1 min of vigorous stirring at 1000 rpm, the mixture was kept at static
conditions for further silica condensation at room temperature. The white solids were collected
and washed by centrifugation at 12,000 rpm (ThermoFisher Scientific, Germany), then air dried at

70 °C for 30 h. Surfactants were removed by calcination at 550 °C for 5 h to obtain the final MCM -

48 product.
F127 &
NH4OH y. Particle formation Surfactant removal

CTAB ~g q /4 5o q #

Ethanol/Water /’f ®
TEOS @ 4 o o

U
E-— MCM-48@CTAB

Figure 6. 2 Schematic representation of synthesis of MCM-48 nanospheres.
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The hydrophobic modification process was completed with VTEOS at room temperature as
follows:2%* 100 mg of MCM-48 nanoparticles, 1.5 mL of VTEOS, and 10 mL of ethanol were
added into a bottle and placed on a magnetic stirrer at 1100 rpm for 24 h at room temperature,
producing a clear solution. 1 mL of ammonium hydroxide solution was added to the resultant
solution and stirred for 30 h at 30 °C. To separate the vinyl-modified MCM-48 nanoparticles, the

resulting solution was centrifuged three times in ethanol and dried in an oven at 50 °C for 24 h.

6.2.3 Preparation of pristine PVDF-HFP and hybrid PVDF-HFP/MCM-48 electrospun

nanofibrous membranes

Taking advantage of the accessible functionalization of MCM-48 silica nanoparticles and their
excellent compatibility with the organic polymer matrix, the modified MCM-48 spheres were
incorporated into the polymer. The electrospun nanofibrous mats were prepared in a similar
method as reported in our previous work.?% In short, the dope solution was prepared by dispersing
hydrophobic MCM-48 (0 wt% for pristine membrane and 6.7 wt% for hybrid membrane) and
PVDF-HFP (15 wt%) in a mixture of DMAc/acetone (8/12, V/V). The mixture was then stirred
overnight on a hot plate at 45 °C, following an ultrasonic treatment for 2 h prior to the
electrospinning process. 20 mL of each solution was loaded into a Luer-lock syringe (Vitaneedle,
MA). Electrospinning of the dope solutions was conducted using a Nanospinner (NE300,
Inovenso, Turkey). Uniform polymeric suspensions were delivered via the metallic nozzle at a 4.0
mL/h flow rate. A high voltage (25 kV) was applied between the nozzle and an electrically
grounded metallic drum covered by a piece of aluminum foil with a rotation speed of 100 rpm.

The distance between nozzle tip and collector was maintained at 12 cm.
6.2.4 Characterization methods

Nitrogen sorption tests were performed using a BET Sorptometer (BET-201-A, Porous Materials
Inc., Ithaca, NY, USA). A multiple-point Brunauer-Emmett-Teller (BET) method was used to
calculate the specific surface area of MCM-48 nanoparticles. The average pore size and pore
volume of MCM-48 nanoparticles were calculated by analyzing the nitrogen adsorption isotherm
using the Barret-Joyner-Halenda (BJH) method. The morphology of the MCM-48 nanoparticles
and the surface of the resulting membranes were observed by SEM. Nanoparticle size distribution

and frequency were measured via ImageJ software. TEM images (Tecnai G2 F20) of MCM -48
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nanoparticles supported on a carbon-coated copper microgrid substrate were taken. The high-angle
annual dark field scanning transmission electron microscopy (HAADF-STEM) images, STEM and
energy-dispersive X-ray spectroscopy (STEM-EDS) mapping images were recorded by a STEM
(Talos F200X G2 S/TEM, Thermo Scientific) at an acceleration voltage of 200 kV. Thermal
properties of the membranes were characterized by thermal gravimetric analysis (TGA Q5000
V3.15) under a nitrogen atmosphere at a heating rate of 10 °C/min. The surface roughness of
prepared membranes was evaluated by AFM. The average roughness (Ra) values were obtained
using the “Gwyddion” software. ATR-FTIR was performed to observe the functional group
changes. The crystal structures of particles and membranes were investigated via X -ray diffraction
(XRD-model, Bruker D8 Discover instrument in which the X-ray source is copper and is equipped
with a Vantec area detector). Water contact angles were measured using the system software. The
mean pore size of the as-prepared membranes was characterized by a capillary flow porometer
based on the wet/dry flow method. Gas permeability was determined by the steady state
porosimeter (APP-10K-A-1, Porous Materials Inc., Ithaca, NY, USA).

6.2.5 Direct contact membrane distillation experiments

We performed DCMD performance experiments using a flat-sheet membrane set-up. The hot feed
solution was maintained at a constant temperature using a water bath. The hot feed and cold
distillate solutions were moved co-currently across the lower and upper faces of the membrane
cell, respectively, with the help of two gear pumps. The circulation feed flow rate and distillate
flow rate were detected by two flowmeters and kept constant. The experiments were carried out
with NaCl solution (35 g/L) as a feed solution to investigate the flux and salt rejection. Operational
temperatures were monitored at the inlet and outlet of the module using four thermocouples
connected to a thermometer. The conductivity of the distillate Permeate quality was monitored
using a conductivity meter, while the membrane flux, J, of the prepared membranes was calculated

according to the equation (3-1).
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6.3 Results and discussion
6.3.1 Characterization of MCM-48 nanoparticles

The effect of the amount of F127 on the particle morphology and size was investigated using SEM
and TEM image analysis. Both SEM (Figure 6.3 A, D, G) and TEM (Figure 6.3 B, E, H) images
demonstrate that the prepared MCM-48 were well-dispersed spherical nanoparticles. With an
increase in the amount of F127, the average particle size calculated from SEM micrographs
decreased from 163.7 + 30.6 to 83.6 + 12.6 nm. The mesoporous structure of MCM-48 was easily
observed at high magnification in TEM images, indicating the well-ordered pore networks,?62%7
which is in good agreement with the BET surface area and total pore volume analysis (below). We
obtained monodisperse MCM-48 materials without the deformation of structural properties
through use of triblock copolymer F127 as a good dispersing agent, and efficiently controlling the
particle size in the binary surfactant system.?°® The nonionic surfactant F127 interacts with silicates
through hydrogen bonds during the assembly of silicates, which limit the growth of particle grains,
resulting in different sizes of MCM-48 spheres.??” The structural properties of these samples are
summarized in Table 6.1. The pore size and pore volume changed slightly, and the BET surface

area decreased from 1311 to 1082 m?/g with the amount of F127 increasing from 2.05 to 5.06 g.
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Figure 6. 3 (A, D, G) SEM images, (B, E, H) TEM images and (C, F, I) particle size distribution

of prepared MCM-48 nanoparticles using various amounts of F127 as the particle dispersion agent.
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Table 6. 1 Structural parameters of MCM-48 nanoparticles using different amounts of F127.

Amount of added F127 BET surfacearea Averagepore diameter Pore volume

(8 (m?/g) (nm) (cm’/g)
2.05 1311 3.1 1.028
3.40 1123 3.2 0.900
5.06 1082 3.5 0.943

To investigate the effects of MCM-48 incorporation on MD membrane properties and performance,
only MCM-48 nanoparticles with the largest BET surface area (added F127 =2.05 g) were applied.
This is discussed in the following section. Future work could further investigate the effects of

different sizes of MCM-48 spheres on membrane performance in DCMD applications.

Large scale synthesis of MCM-48 nanoparticles was carried out in a larger batch using 3.5 g of
CTAB in 1.06 L of F127/Deionized water/EtOH/NH4OH solution. Particle morphologies of the
large batch samples were similar to those in the small batch sample that used 0.5 g of CTAB in
150 mL of mixture solution. Thus, the production of monodisperse spherical MCM -48 materials
can be easily scaled up without any significant loss of sample quality and quantity due to the

kinetically controlled short synthesis time.

It is worth pointing out that hydrophobization of hydrophilic nanofillers will render them miscible
with another hydrophobic matrix.!”> Additionally, interfacial interactions can be improved by
molecular entanglement between the hydrophobic chains grafted on the modified nanoparticles
surface and the polymer matrix.?’® To disperse MCM-48 spheres in the PVDF-HFP matrix
efficiently and avoid nanoparticle agglomeration, the hydrophobization of MCM-48 with VTEOS
was carried out.??® The successful graft was confirmed via FT-IR spectral analysis and water
contact angle measurements. As shown in Figure 6.4 A, the strong broad peaks around 3388 cm~

! (O-H stretching vibration), 1049 ¢m™ (Si-O-Si stretching), and 799 ¢m! (Si-O stretching) were
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assigned to hydrophilic MCM-48 silica nanoparticles. For vinyl modified MCM-48, new peaks of
ethyl at 3000 - 2700 ¢cm™! (stretching, C-H) and 1409 cm™ (bending, C-H) provided evidence for
surface VTEOS functionality on MCM-48. Additionally, the peak located at 1602 cm™ was due to
asymmetric vibrations of H-O-H which is overlapped with vinyl v(C=C) vibrations.?*?!* The
contact angle results of the nanoparticles are shown in Figure 6.4 B-C. As observed, the contact

angle of nanoparticles dramatically increased from 0° in the hydrophilic MCM-48 to 150.5°+ 1.2°
after VTEOS modification.
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Figure 6. 4 (A) FTIR spectroscopy for the bare and modified nanoparticles. The contact angle

image of the silicananoparticle (B) before and (C) after modification.
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6.3.2 Characterization of hybrid membranes

The microstructure and fiber dimeter distribution of pristine and hybrid membranes were
investigated by FE-SEM analysis (results are presented in Figure 6.5 and Figure 6.6). Both
membranes exhibited a 3D interconnected nanofibrous structure. However, the incorporation of
hydrophobic MCM-48 into the dope solution changed the morphology of the electrospun
membranes. While pristine PVDF-HFP mats have a nearly homogeneous fiber diameter
distribution at an average of 241.3 + 55.89 nm without any beads in their structure, the
incorporation of the vinyl modified MCM-48 in the dope solution increased the distribution of the
fiber diameter, with a mean value of 308.12 £+ 3.37 nm (Figure 6.6). Hydrophobic MCM-48
nanoparticles were found randomly distributed on the fibers of the PVDF-HFP/MCM-48 hybrid
membranes, with no obvious agglomeration of particles, and do not block the material’s pores.
The formation of larger fibers can be attributed to the increase of polymer dope viscosity as a result
of the presence of hydrophobic MCM-48 nanoparticles.?!! AFM measurements were conducted to
observe the topography of the prepared electrospun membranes. As shown in Figure 6.5 A-B
(inset), the PVDF-HFP/MCM-48 hybrid membranes displayed a high average surface roughness
(Ra) of 336.3 + 70.7 nm. While the average surface roughness of pristine PVDF-HFP membranes
was 273.0 + 44.1 nm; the sharp increase in roughness of the hybrid membrane may be associated
with the incorporation of MCM-48 nanoparticles, which created protrusions and led to a highly

textured surface.?!'?

To further verify the existence of MCM-48 in the composite membranes and detailed composition
of the as-prepared PVDF-HFP/MCM-48 hybrid membranes, high-magnification TEM, HAADF-
STEM and STEM-EDS mapping images are shown in Figure 2E-N. The HAADF-STEM images
(Figure 6.5 F-1)) of individual nanofiber confirm the well-distributed MCM-48 nanoparticles
loaded onto/into the nanofibers either in a mono-dispersed or aggregated form, leading to the
formation of micro/nano scale roughness. Associated STEM-EDS mapping images (Figure 6.5 J-
N) reveal C, O, F, and Si elements, indicating the successful incorporation MCM -48 nanoparticles

in the PVDF-HFP backbone.
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Figure 6. 5 The detailed microstructure of the fabricated membranes. (A, B, C, D) Surface
morphology of the fabricated membranes visualized by SEM and probed by AFM (inset). (E)
High-magnification TEM image of pristine PVDF-HFP membrane. (F, G, H, I) HAADF-STEM

images of PVDF-HFP/MCM-48 hybrid membrane with the corresponding STEM-EDS mapping
analysis (J, L, K, M, N).
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Figure 6. 6 Fiber diameter distribution of the electrospun nanofibrous membranes (A) Pristine and

(B) Hybrid membrane.

Thermogravimetric analyses are shown for bare, vinyl-MCM-48 and electrospun membranes in
Figure 6.7. The bare MCM-48 sample underwent a slight weight loss which was attributed to the
evaporation of the absorbed water molecules or trapped solvents occurred below 200 °C and silanol
group dehydroxylation at higher temperatures.?” Compared to the unmodified MCM-48, vinyl
modified particles showed no obvious weight loss until 465°C, which was related to the
decomposition of organic groups from the modifier. These results suggest that the synthesized

silicananospheres show good thermal stability at higher temperatures.

As for the neat PVDF-HFP membrane and the hybrid membrane, the major weight loss took place
from ~425 °C to 500 °C (Figure 6.7), which was due to the decomposition of the PVDF-HFP
matrix.?!* However, the hybrid membrane displayed a less weight loss (48%) than the neat
membrane sample (75%) within the above discussed temperature range. The difference in the
weight loss represents the successful incorporation of vinyl modified MCM -48 nanospheres in the
polymer matrix, which maintains the thermal stability of the composite membrane at the region of
high temperatures. This implies the addition of MCM-48 improve the thermal stability of the
polymer membrane. It is believed that the strong interaction of polymer chain with the hydrophobic

MCM-48 nanoparticles, restricting the thermal motions of the polymer chains.?!*
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Figure 6. 7 TGA profile for prepared nanomaterials and membranes

Surface chemical compositions of pristine and composite membranes were characterized with FT-
IR spectral analysis was employed to confirm the surface chemical compositions of pristine and
composite membranes (Figure 6.8). A new strong broad band around 1051 cm™! was observed in
the MCM-48 incorporated membrane, corresponding to the Si-O-Si anti-symmetric stretching
vibration peak and C-F stretching vibration peak coefficient.?!® In addition, the new absorption
peak found at 1602 cm™' attributable to the C=C vibration, was shown in PVDF-HFP/MCM-48
hybrid membranes. Meanwhile, the peaks appearing within the 2900-3000 cm™' range were
attributed to C-CH3 asymmetric deformation vibration and asymmetric vibration of CH3CH> in

VTEOS modified MCM-48 spheres.'** Thus, the FT-IR information fully confirmed the successful
incorporation of hydrophobic MCM-48 spheres in the PVDF-HFP matrix.
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Figure 6. 8 FTIR spectroscopy for pristine and hybrid membranes.

The small-angle XRD datarevealed four characteristic peaks at 20 of 2.56°,2.98°, 4.76° and 4.98°
representing the (211), (220), (420) and (332) planes, respectively (Figure 6.9 A). This diffraction
pattern identifies the 3D Ia3d cubic space group of MCM-48-type mesoporous silica.!®® The
obtained pattern of VTEOS modified MCMC-48 still showed the identification pattern of
mesoporous silica but with an obvious reduction in the intensities of the peaks at (211) and (220).
Meanwhile, peaks at other incidence angles were not observed. Possible reason for this is the
modification of vinyl groups inside the pore channels causing feeble block and collapse of pore

structure.?!'®

Figure 6.9 B shows the XRD patterns of as-prepared membranes within a wide range, two major
peaks at 18.28° (100) and 20.08° (020) indexed to the a-crystalline phases of PVDF-HFP.2!” This
confirms the partial crystallization of PVDF units in the copolymer and gives a semicrystalline
structure of PVDF-HFP. When the silica particles were impregnated into the membrane, the
intensity of these peaks decreased dramatically. This may result from the addition of inorganic
nanofillers enhancing amorphous region in PVDF-HFP nanofibers.?!® Within the low angle range
from 0° to 10° (Figure 6.9 B inset), the specific diffraction peaks at (211) (200) characteristic of
the cubic mesophase in VTEOS modified MCM-48 were observed in the XRD curve of hybrid

93



membrane due to the successful incorporation of hydrophobic MCM-48 nanospheres into the

PVDF-HFP matrix.
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Figure 6. 9 (A) Small-angle XRD patterns of synthesized nanoparticles, and (B) the wide-angle
XRD patterns of different membranes. Inset image shows the small-angle XRD patterns of the

respective samples.

The average water contact angle (WCA) for the prepared membranes is shown in Figure 6.10. It
was observed that the addition of MCM-48 spheres promoted membrane hydrophobicity, with
WCA increasing from 126.9°+ 3.0° to 142.3°+ 4.9° resulting from the surface geometry effect.?!
After the incorporation of MCM-48 nanoparticles, the nascent PVDF-HFP nanofibers, which
already had a relatively high WCA, were partly coated by hydrophobic MCM-48 and the
electrospun fibers exhibited a surface morphology with micro/nano bumps. It is possible that the
micro/nanostructure evident in the hybrid membrane introduce hierarchical roughness and

rendered the membrane surface more hydrophobic.?!”
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Figure 6. 10 Water contact angle of the pristine and hybrid membranes.

6.3.3 Enhancement of gas permeability and DCMD performance of hybrid membranes

In a DCMD process, the water vapor molecules transmit through the porous membrane matrix at
various vapor pressure gradients, which is very similar to a gas diffusing across the porous media.
Thus, the breathability of a membrane obtained from the gas permeability test is important to
predict the MD vapor flux.!** The air permeation flux observed at different pressures for the PVDF -
HFP membranes and the hybrid membranes are shown in Figure 6.11 A. The results of air flow
rate showed the expected trend for all membranes, positively correlated with the applied pressure.
Compared to the unmodified membrane, the gas permeation flux of the MCM-48 incorporated
membranes improved significantly, which was consistent with an increase in mean pore size. After
the incorporation of hydrophobic MCM-48 nanoparticles, the hybrid membrane showed a mean
pore size of 0.79 + 0.16 um, as compared to a mean pore size of only 0.31 £ 0.14 um for the

pristine membrane (Figure 6.11 B).

The remarkable gas flow of the composite membrane should be highlighted here. For example, its
value at 40 psi was found to be 969.8 cc/sec compared to the 166.6 cc/sec for the pristine

membrane, while that of a commercial PVDF membrane from the reference was observed to be

88.6 cc/sec.'%0
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Figure 6. 11 (A) Gas permeability of electrospun membranes at different applied pressures and

(B) mean pore size of the pristine and hybrid membranes.

The influence of the addition of MCM-48 on DCMD performance was investigated using 35g/L
NaCl as the feed solution for 4 h at the temperature difference of 40 °C. Both the pure PVDF-HFP
membrane and the hybrid membrane were tested, and the results are presented in Figure 6.12. The
membrane distillation flux increased considerably for the blend membrane, and the average flux
enhancement percent (%) was as high as 87.16. This surprising enhancement in flux is much higher
than that previous reported in the research (Table 6.2).!30:194219220 In order to illustrate the
importance of the inner pore structure on the MD performance, the nonporous silica nanoparticles,
including the templates (referred to as MCM-48@CTAB), were also added to the PVDF-HFP
matrix, the resultant composite membrane was used as the control here. However, the flux for the
control membrane decreased slightly as compared with the pristine membrane (Table 6.2). All
these results indicate that the addition of porous MCM-48 into the PVDF-HFP matrix can increase
the mass transport in the DCMD process.
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Figure 6. 12 water flux of pristine and hybrid membranes in DCMD process. A 35g/L NaCl
solution was used as feed solution maintained at 55 °C and deionized water was used as a permeate

cooling solution maintained at 15 °C. The flow rate of feed and permeate streams were both 0.7
LPM.
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Table 6. 2 Comparisons of flux enhancement between the current work and reference studies.

Membrane Configuration Feed Feed temperature Flux enhancement
((®) (%)
PVDF/Clay!** DCMD 3.5 wt% 80 7.5
NaCl
PVDF/AC?1® VMD 10 wt% 70 30
NaCl
PVDF-HFP/SiO,!3° DCMD 3.5 wt% 80 16.8
NaCl
PVDF/MOF??° DCMD 3.5 wt% 48 78.14
NaCl
PVDF-HFP/MCM-48 DCMD 3.5 wt% 55 87.16
(This work) NaCl
PVDF-HFP/MCM- DCMD 3.5 wt% 55 -2
48@CTAB NaCl

(This work, nonporous

control)

6.3.4 Proposed mechanism of water vapor permeation through the hybrid membrane

In the PVDF-HFP/MCM-48 hybrid membranes, the porous MCM-48 nanoparticles can be found
in two forms demonstrated by the SEM and HAADF-STEM images: fully/partly entrapped inside
the polymer fibers and exposed outside the fibers, both can assist in the water vapor transport
during the DCMD operation. On one hand, the addition of MCM-48 nanoparticles would enlarge
the fiber diameter, contributing to the increased pore size of hybrid membranes.??! On the other
hand, the porous MCM-48 nanospheres with large pore volume exist outside the fibers may serve
as sorbent sites that allow the water vapor molecules hop from one site to another by interacting
with the surfaces.??? Furthermore, the incorporated MCM-48 nanospheres either in monodispersed
or aggregated form can increase membrane surface roughness with micro/nano protrusions, thus
providing more effective liquid areas to evaporate. As a result, the overall membrane permeability

improved greatly after incorporation with the hydrophobic MCM -48 nanoparticles.
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6.3.5 Long-term stability of the PVDF-HFP/MCM-48 hybrid membrane

Finally, DCMD was carried out continuously treating a 35 g/L. NaCl feed solution for 50 h and a
mixture of 35 g/l NaCl plus 1.26 g/L. CaCl, for 24 h to examine the long-term stability of the
hybrid membrane. Results showed that the water vapor flux did not decline (Figure 6.13 A-B). At
the same time, the permeate conductivity stabilized below 8.0 pS/cm during the operation. These
results imply the use of MCM-48 nanoparticles may be of great potential to develop composite
membranes with high performance for membrane distillation applications.
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Figure 6. 13 Long-term stability of PVDF-HFP/MCM-48 hybrid membranes using (A) a 35 g/L
NaCl solution and (B) a mixture of 35 g/L. NaCl + 1.26 g/L CaCl, with the feed solution maintained
at 55 °C and deionized water as the cooling solution maintained at 15 °C. The flow rate of feed

and permeate streams were both 0.7 LPM.
6.4 Summary

In this work, mesoporous MCM-48 silica nanoparticles with controlled particle sizes were
synthesized under mild conditions. The hydrophobilized MCM-48 spheres were then incorporated
into the PVDF-HFP polymer matrix to produce an inorganic/organic hybrid membrane via the
electrospinning process. SEM, HAADF-STEM analyses, FTIR and TGA confirmed the presence
of nanoparticles within the membrane matrix. The contact angle, fiber diameter and air
permeability of the hybrid membrane increased dramatically. The improved permeability of the
PVDF-HFP/MCM-48 hybrid membrane was demonstrated by testing it in DCMD, where the

average flux enhancement percent (%) was as high as 87.16 compared to its pristine counterpart.
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Finally, the hybrid membrane exhibited stable flux with good permeate quality in the long-term
experiments when treating the mixture of NaCl and CaCl, solutions. All the results demonstrate
that the addition of hydrophobic MCM-48 spheres in the polymer matrix is effective in enhancing
membrane permeability. This work suggests that the porous MCM-48 silica may be of great

potential in the development of highly permeable membranes for MD applications.
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Chapter 7 Conclusions, contributions and future work
7.1 Conclusions

Membrane distillation (MD) is a promising, thermally driven, membrane-based technology as an
effective and efficient separation approach to produce fresh water. The existing MD membranes
are mostly based on MF membranes which suffer from low vapor flux, pore wetting, and a gradual
deterioration of the membrane performance due to membrane fouling in long-term operation. To
overcome those limitations, it is essential to achieve a balance in pore size, hydrophobicity,
mechanical integrity, as well as the membrane thickness, material selection, and fabrication
techniques. The main objective of this research is to design and fabricate practically applicable,

high flux, and durable fouling and wetting resistant membranes.

In this research, three types of novel membranes are developed and assessed in MD for various
applications. The performance improvement of MD membranes based on this study could reduce
the time and cost consumption related to the membrane preparation, increasing the membrane
lifespan and material varieties. This provides necessary groundwork to open the gate for next-
generation membranes in desalination, wastewater disposal, and food processing process. The
following conclusions and contributions can be drawn from experiments performed and the

findings throughout the project.

(1) Electrospinning is a fascinating membrane preparation method which can fabricate nanofibers
with unique characteristics, such as high porosity, excellent hydrophobicity, very good
interconnectivity, and high specific surface area. Various functional materials can be incorporated
into the nanofibrous mats during or after their spinning thus tailoring multi-functionality on/into
the fibers. Different electrospinning parameters should be optimized to reach a balance in
hydrophobicity, thickness, fiber diameter, pore size and mechanical integrity. Superamphiphobic
membranes with self-cleaning property could be achieved by effective surface modification on the
nanofibrous substrates. The potential applications of nanofibrous composite membranes in water

treatment via DCMD have been demonstrated comprehensively in this study.

(2) A highly hydrophobic electrospun PVDF-HFP/(rGO) membrane for use in direct contact
membrane distillation (DCMD) has been designed and fabricated successfully via the
electrospinning process. The highlights of this work include: (i) The PVDF-HFP-rGO membrane
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exhibited a higher liquid entry pressure (LEPw) value (103.42 kPa) than that of the PVDF-HFP
membrane (34.4 kPa); (ii) The membrane hydrophobicity was improved by introducing rGO into
the PVDF-HFP polymer matrix (i.e., the water contact angle was increased from 123° to 139°);
and (ii1) The PVDF-HFP/rGO membrane exhibited greater stability in the long-term testing with
60 g/L NaCl feed solution. This facile fabrication of highly hydrophobic membrane enriches the
knowledge about the application of graphene-based materials in MD membrane with enhanced

performance.

(3) The surface modification of PH-rGO nanofibrous substrate with fluoroalkylsilane POTS into
a superamphiphobic membrane was realized by a simple dip-coating method. The resultant
membrane (PH-rGO-POTS) displayed superhydrophobicity with water contact angles larger than
150° and sliding angles lower than 2°, indicating their self-cleaning properties. Moreover, this as-
prepared membrane exhibited large diiodomethane contact angles of 145.3°. The
superamphiphobicity property primarily relies on 1) reentrant structure formed by the PVDF-
HFP/rGO nanofibrous substrate, and ii1) low surface energy rendered by the POTS coating. POTS
is a perfluorinated agent, a thin layer of POTS coating could decrease the surface energy and
reduce the adhesive force of the membranes, leading to the slippery characteristics. The modified
membrane also exhibited excellent superamphiphobic stability in harsh treatment conditions (i.e.,
4 h boiling in deionized water, 110 h etching in HCl and NaOH solutions, and sonication for 1 h).
The superamphiphobic surface demonstrated the outstanding anti-wetting and anti-fouling
properties in the presence of various contaminants during the DCMD process. According to the
observation, the one-step tailoring of robust superamphiphobicity in this work without sacrificing
the water flux, no involvement of membrane surface activation and special equipment would

provide new insights for MD application in various wastewater treatments.

(4) Spherical MCM-48 mesoporous nanoparticles of three different sizes were synthesized by
varying the amount of dispersing agent F127 and modified with VTEOS to render hydrophobicity.
The hydrophobilized MCM-48 spheres were then incorporated into the PVDF-HFP polymer
matrix to produce an inorganic/organic hybrid membrane via the electrospinning process. The
addition of MCM-48 contributed to the increase of nanofiber diameter, surface roughness, pore
size, water CA and air permeability of the hybrid membrane. The PVDF-HFP/MCM-48 hybrid
membrane exhibited a flux enhancement of 87.16 % compared to its pristine counterpart in the

DCMD process. In the long-term test using 35 g/L NaCl and 1.26 g/L CaCl, as the feed, the hybrid
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membrane exhibited stable flux with satisfactory permeate quality. It is worth noting that, not only
is this the first attempt to fabricate PVDF-HFP/MCM-48 nanofibrous membranes by
electrospinning, but also the first to employ MCM-48 based membranes in MD processes. Overall,
this work provides an insight into the development of highly permeable membranes for MD

applications by employing porous MCM-48 silica as the nanofiller.
7.2 Contributions

In this study, two novel, highly hydrophobic composite membranes were synthesized,
characterized and evaluated for their performance in DCMD: the electrospun PVDF-HFP/rGO
membrane and PVDF-HFP/MCM-48 hybrid membrane. Furthermore, the robust
superamphiphobic modification on electrospun nanofibrous mat to realize the necessary chemical
and physical properties for anti-wetting performance was achieved: PH-rGO-POTS membrane
with POTS coated on the PVDF-HFP/rGO nanofibrous substrate. Electrospinning is a versatile
membrane preparation method which can fabricate nanofibrous mats with unique characteristics.
The potential applications of nanofibrous composite membranes in water treatment via DCMD
have been demonstrated comprehensively in this study. rGO incorporated membranes exhibited
enhanced stability and durability with satisfactory distillate quality compared with the control
membranes. The advantage of electrospun nanofibrous mats was then taken of their intrinsic
reentrant geometry, and the oxygen-containing functional groups on the rGO nanosheets which
facilitate further superamphiphobic modification on the membrane surface. The porous MCM-48
nanoparticles were developed as the nanofiller for the first time to fabricate inorganic/organic
hybrid membranes through the electrospinning technique. The addition of MCM-48 spheres was
confirmed to improve the water vapor transport during the DCMD operation with a flux

enhancement of 87.16 % compared to the pristine membrane.

From this work, four journal articles are expected with two already having been published and one

is ready to submit.
7.3 Future work

(1) Hydrophobic membranes, or even superamphiphobic membranes used in MD are easily fouled

by oils due to the long range hydrophobic-hydrophobic interactions, which hinders the application
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of MD in the treatment of oily wastewater. The Janus membrane formed by constructing a thin
hydrophilic layer on a porous hydrophobic substrate can be worth investigating in the future
research. The procedure for fabricating the hydrophilic/hydrophobic composite membrane is

included in the appendix of this thesis (Figure A-5).

(2) Fluorinated silica nanoparticles could be an environmentally friendly and cost-effective
replacement for the long chain fluoroalkylsilane POTS to achieve superamphiphobicity on the
nanofibrous substrate. The interconnected nanofiber structure provides relatively rough surface
that gives the primary reentrant structure. When fluorinated silica nanoparticles further deposited
onto the substrate, a second level re-entrant structure is created on the cylindrical nanofibers. The
multi-level re-entrant together with the low surface energy from the attached fluorine chains would
result in the enhanced anti-wetting property by making the membrane superamphiphobic. Some

preliminary results are shown in the appendix (Figure A-6, A-7, A-8, A-9).

(3) The particle size of MCM-48 mesoporous spheres can be precisely tuned by varying the amount
of dispersing agent F127. In Chapter 5, only one size of MCM-48 is investigated for MD
application. Future research efforts can be directed to the evaluation of the effect of MCM-48 size
toward the membrane properties and separation performance. Some preliminary results have been
obtained (Figure A-10, A-11, A-12, A-13). In addition, macroporous fillers (average pore
diameter d >50 nm) could be developed for the highly permeable MD membranes.

(4) Compared to the pressure-driven processes, fouling in MD is not yet fully understood,
especially the fouling behavior and mechanism when different kinds of foulants existed
simultaneously. Fouling always leads to membrane pore wetting and blocking, restricting the
industrial implementation of MD process. This complex phenomenon needs to be deeply studied

in future work.
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Appendices

High Voltage

Figure A-1. Image of the electrospinning machine. The dope solution in the syringe is pumped to
the nozzle, under the influence of electric field provided by the high voltage power supply, the
polymer solution is positively charged. Once the electrostatic force overcomes the surface tension,
the polymer will be ejected from the nozzle and move towards the negatively charged collector.
Solvents start to evaporate and solidified fibers will be deposited on the collector as non-woven
mat. The membrane morphology and properties are determined by the operation parameters like
voltage and pump rate; the polymer concentration or solvents in the dope solution will also affect

the nanofibers formation.
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Table A-1. Optimization of dope solution for the PH-rGO electrospun membrane

Ratio Description
(DMACc/Acetone, v/v)
8:2 many beads, bumpy surface
6:4 discontinuous fibers produced, fragile
2:3 continuous fibers, smooth surface

The solvent ratio of DMAc:Acetone varied from 8:2 (v:v) to 2:3 (v:v) to generate uniform
nanofibers. Only under the ratio of 2:3, continuous fibers ejected from the nozzle and finally

formed a smooth nanofibrous mat on the collector.
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Figure A-2. Image of the laboratory scale DCMD setup. The flat-sheet membrane, with an
effective area of 34 c¢cm?, was tightly affixed into the PTFE membrane cell (CF042P-FO,

Sterlitech Corporation, USA). The hot feed solution was maintained in a constant temperature
water bath. The feed solution and the cold solution were circulated at the same speed across the
lower and upper face of the membrane cell respectively with two gear pumps (GH-75211-10, Cole-
parmer, Canada). The circulation feed rate and permeate rate were measured by two flowmeters
(0.1-1 LPM, McMaster-CARR, Canada). Operational temperature was monitored at the inlet and
outlet of the module using four thermocouples (SCPSS-032u-6, OMEGA, Canada) connected to a
thermometer (EW-91427-00, Cole-Parmer, Canada).
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Figure A-3. Raman spectra of (A) PH-rGO membrane and (B) PH-rGO-POTS membrane.
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Figure A-4. Water flux as the function of the water recovery for the PH-rGO-POTS membrane
during the long-term stability in presence of mixed foulants (35 g/L NaCl, 20 mM CaCl,, 20 mM
NaSOs4, 100 mg/L humic acid sodium salt, 10 mg/L machine oil, and 0.05 mM SDS). The feed
solution was maintained at 65 °C and the permeate was maintained at 15 °C. The flow rate of feed

and permeate streams were both 0.7 LPM.
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Figure A-5. Schematic illustration of the procedure for fabricating the hydrophilic/hydrophobic

PVDF-HFP/CA-CNC membrane

composite membrane. Hydrophobic membranes used in MD are easily wetted or fouled by oils
due to hydrophobic-hydrophobic interactions, which hinders the application of MD in the
treatment of oily wastewater. To overcome this, a thin in-air hydrophilic and underwater
oleophobic top layer of cellulose acetate (CA) - cellulose nanocrystals (CNCs) could be deposited
by eletrospraying process on a hydrophobic eletrospun PVDF-HFP substrate. The hydrophilic
hydroxyl groups of the CA and CNCs would interact with water and provide a hydration layer that
help to prevent the attachment of oil substances. As the ester form of natural polymer cellulose,
CA can be easily processed into fibers, films and membranes from either solutions or melts. CA
is widely used as a hydrophilic material for the preparation of semipermeable membranes
applicable to microfiltration, ultrafiltration, and reverse osmosis with high thermal stability. To
electrospin a hydrophilic composite coating, bio-nanoparticles, CNC, are chosen as the inorganic
phase of the eletrosprayed particles because its high surface area, high aspect ratio, high
mechanical strength, and large-scale availability. Here, the CA is mainly responsible for imparting
the hydrophilicity, while the CNC is added to enhance the surface roughness required to increase
the in-air hydrophilicity and underwater oleophobicity.
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Figure A-6. The schematic procedure for the preparation of PH-rGO-SiNPs functionalized
membrane through a dip-coating strategy. The electrospun nanofiber mat PH-rGO was immersed
in the hydrophobic silica particulate solution for 36 h to affix silica nanoparticles to the membrane

surface, then dried at 120 °C for 45 min after rinsing with DI water.

131



Figure A-7. (a) SEM images of PH-rGO-SiNPs membrane modified by hydrophobic silica
particles. Nanofibers are rougher after modification with hydrophobic SiO, nanoparticles.
Aggregated Si0, nanoparticles randomly distributed on the fibers, exhibiting a number of re-
entrant geometries. (b) Cross-sectional EDS mapping images of Si on the PH-rGO-SiNPs
membrane. Si distrbuted across the membrane, with the volume decreasing with depth for the PH-
rGO-SiNPs membrane. The coating layers enter into the texture of the PH-rGO substrate and

increases adhesion.
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Figure A-8. Water contact angle (WCA), Diiodomethane contact angle (DCA), and water sliding
angle (WSA) of the as-prepared PH-rGO-SiNPs membrane. Surface wettability is characterized
by the static contact angle using water, diiodomethane. The value was calculated by averaging
three measurements at different locations. The WCA and DCA is 154.0° and 144.5°, respectively.

Moreover, it exhibited a low contact angle hysteresis with sliding angle lower than 2°.
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Figure A-9. (a) Water flux and (b) permeate conductivity of control membrane PH-SiNPs
membrane (PH-SiNPs membrane was obtained by coating hydrophobic SiNPs directly on the
PVDF-HFP electrospun nanofibrous mat to illustrate the influence of rGO addition into the
substrate) and superamphiphobic PH-rGO-SiNPs membranes in DCMD process. 3.5 wt% NaCl
with addition of 0.3 mM SDS solution was used as a feed solution maintaining at 75 °C and
deionized water was used as a permeate cooling solution maintaining at 25 °C. The flow rate of

feed and permeate streams were both 0.7 LPM.
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Figure A-10. SEM images and TEM images of prepared MCM-48 nanoparticles using various
amounts of F127 as the particle dispersion agent. Through use of triblock copolymer F127 as a
good dispersing agent, monodisperse MCM-48 materials without the deformation of structural
properties were obtained, and the particle size was efficiently controlled in the binary surfactant
system. The nonionic surfactant F127 interacts with silicates through hydrogen bonds during the
assembly of silicates, which limit the growth of particle grains, resulting in different sizes of

MCM-48 spheres.
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Figure A-11. SEM images of hybrid membranes with different sizes of MCM-48. All the hybrid
membranes exhibited a surface morphology with micro/nano bumps. Hydrophobic MCM-48
nanoparticles were found randomly distributed on the fibers of the PVDF-HFP/MCM-48 hybrid

membranes, with no obvious agglomeration of particles, and do not block the membrane pores.
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Figure A-12. Water contact angle of pristine and various hybrid membranes. It was observed that
the addition of MCM-48 spheres promoted membrane hydrophobicity resulting from the surface
geometry effect. It is possible that the micro/nanostructure evident in the hybrid membrane

introduce hierarchical roughness and rendered the membrane surface more hydrophobic.
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Figure A-13. Water flux versus temperature difference of pristine and various hybrid membranes
in DCMD process. A 35 g/L NaCl solution was used as feed solution maintained at 45 °C, 55 °C,
and 65 °C; deionized water was used as a permeate cooling solution maintained at 15 °C. The flow

rate of feed and permeate streams were both 0.7 LPM.
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