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Abstract

Membrane separation processes are extensively used for separation of solutes such as ions,
colloids, macromolecules, and organic matter from water. Among various membrane
technologies, ultrafiltration (UF) and nanofiltration (NF) are progressively being employed for
elimination of organic matter and macromolecules for wastewater treatment in a single or
multiple filtration stage. Fouling is a commonly problematic phenomenon that negatively affects
permeate flux, membrane lifespan, and energy consumption in membrane processes. However,
fouling on membrane can be reduced by modifying membrane surface properties. In the present
research, we fabricated and characterized high-performance nanocomposite membranes by
incorporation of graphene-based nanomaterials to a polymeric membrane to enhance its
antifouling properties. First different quantities of graphene oxide (GO) derivatives were added
to the casting solution and nanocomposite membranes were prepared via non-solvent induced
phase separation (NIPS) method. The GO derivatives employed have different shapes and
oxidation states with the potential to increase permeation flux and fouling resistance properties
of the membrane through controlled pore size, surface charge, and hydrophilicity of the surface.
The results revealed that all graphene-based nanocomposite membranes in low quantities showed
better permeation and contaminant rejection compared to unmodified PES membrane. In the
second stage of the research, extended DLVO (XDLVO) analysis, flux recovery ratio (FRR), and
QCM-D were employed to characterize the adsorption behavior of organic foulant on three
fabricated mixed-matrix UF membranes. In the third part of this research, we fabricated electro-
conductive membranes by depositing a thin layer of polyaniline (PANI)-reduced graphene oxide
(rGO) on a polyethersulfone (PES) support. The results showed that the application of an

external electric field reduced the organic fouling in both cathode and anode setting.
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Chapter 1

Introduction



1 Introduction

1.1 Water scarcity

Over the last century, the world witnessed rapid industrial development and high growth in
world’s population. Such quick growth imposed great pressure on water resources. In addition,
climate change, the pollution of the existing freshwater, and overdrawing of surface and
groundwater resources has turned the issue into a water crisis. Water crises are being mentioned
every year in Global Risks Report by World Economic Forum as one of the leading threats to the
environmental, economic, and social success of most countries in Africa, the middle east, and
Asia [1]. So to deal with high demand for water and to have sustainable growth, the management
of water resources and the treatment of polluted water are of high-priority. The improved water
usage efficiency has accelerated efforts toward improving the current treatment processes and
creating new techniques for water treatment that enable meeting the growing demand for

freshwater in the future.

Although Canada has one-fifth of the world’s freshwater (according to the Canadian Geographic
Atlas), there are still concerns associated with water management and sustainability. The oil
sands industry in Alberta is an example which needs serious enhancement in water management
as it uses roughly 0.2 to 0.3 barrel of freshwater per barrel of bitumen produced in steam-assisted
gravity drainage (SAGD) operation. SAGD is an in-situ heavy oil extraction method, which is
extensively used for bitumen production in Alberta, Canada. In this process, steam is injected
into the oil-bearing formation through a horizontal well to warm up the bituminous material and
lower its viscosity to allow flows down by gravity toward the production well. The position of
production well is underneath the injection well. A mixture of bitumen and steam condensate

water eventually is pumped to the surface where the bitumen and oil-contaminated water is
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separated. The produced water in this method cannot be released into freshwater streams due to
high concentration of organic matter and solid particles; it must be stored in tailings ponds.
Therefore, the sustainability of the Alberta oil sands industry necessitates the recycling of
process-affected water to decrease environmental impact by reducing the volume of freshwater

consumption and waste generated for bitumen production.

In a typical SAGD surface treatment plant (Figure 1.1), at first, the oil-contaminated water is
processed in a series of gravity separation vessels to separate the accompanied gases, the
bitumen and water. Next, the de-oiled produced water combines with make-up water, as well as
recycled boiler blow-down (BBD) stream. The mixture is then directed to a warm lime softener
(WLS) vessel to remove silica [2]. Afterward, the de-oiled produced water goes through a
conventional water treatment process consists of ion exchanger (IX) and warm lime softener
(WLS) to remove silica and divalent ions such as Ca*?and Mg*2. Afterward, the treated water,
so-called boiler feed water (BFW), is sent to steam generators. The most steam generators in
SAGD are once-through steam generator (OTSG), which can endure relatively high amounts of
organic matter and dissolved solids. The OTSG typically produce low-quality steam (75-80%)
and resulting in a large volume of BBD. The generated steam is injected into well for further
bitumen production. A portion of the BBD is recycled back to the WLS and the rest is sent to

disposal.



Focus of this Project

De-oiled produced water Warm Weak acid
| > Lime e g Screening o 4 Cation
| WLS inlet: T . e | BFW:
| Siica 50~100 mg/L . = . s | Silica 5~10mglL
| TOC 300-3500 mg/L Conventional Water Treatment | TOC 300~500 ms'L
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Blowdown < Steam
i Generator
| BBD wat=r:

De-Oiling Fresh Water
| Silica 20~ 120 mgL
| TOC 1500 ~ 2500 mg/L
| TDS 7000~ 12000 mg’L
Bitumen/Water Disposal
Separation

Figure 1.1. Process flow diagram of a SAGD process

Steam for Injection

The common warm lime softening-weak acid cation exchange (WLS-IX) treatment is not able to
completely eliminate the dissolved organic matter (DOM), and only eliminate part of the
dissolved silica, therefore a large amount of DOM and TDS remains in the OTSG feed water.
Consequently, remaining DOM and TDS cause many operational complications because of
formation of fouling and scaling of on the equipment and the pipeline surfaces [3,4]. Therefore,
the output BFW from WLS unit requires careful management to reduce fouling formation. In
addition, in order to get higher quality steam or reduce the amount of disposal water other types
of evaporators should be used. However, energy consumption in evaporators is high and
chemical cleaning for maintenance is costly. Consequently, the cost associated with higher-
quality steam and lower volume of BBD would be higher in available conventional methods. In
view of the above, the oil sands industry is considering alternatives for the current WLS-IX
water treatment process. The membrane processes are able to separate almost all silica and
divalent ions and retain more than 90% of TDS and DOM in a single or multiple stages while

consuming less energy than if desalination evaporators were used.



1.3 Membrane technology for wastewater treatment

Nowadays, considerable number of studies are in progress to improve oil sands water treatment
processes focusing on recycling larger amount of water and lower energy usage related to these
processes. Membrane separation processes are emerging technologies for oil sands produced
water purification owning to their advantages over conventional processes such as lime
softening, ion exchange, distillation, and evaporation that includes high filtrate quality, lower
operating expenses, and compact design [5]. In addition, membrane separation processes have
smaller environmental footprints and require less energy comparing to some of the traditional
processes. The required driving force for the filtration in a membrane process can be classified as
pressure, external electric field, concentration gradient, and temperature. Among membrane
processes, pressure-driven membrane processes are extensively applied for the treatment of the
liquids from dissolved/dispersed contaminations. Nowadays, industrial water treatment processes
use either porous microfiltration (MF)/ultrafiltration (UF) or dense nanofiltration (NF)/and
reverse osmosis (RO) membranes depending on the size of solutes required to be rejected. The
MF membranes possess an average pore size in the range of 0.05 pm to 10 um and can retain
large particulate and colloidal, organic matter. Typical pore diameters in the top-layer of a UF
membrane are generally in the ranges of 100 nm to 10 pm and are extensively used to eliminate
bacteria, organic molecules, and macromolecules such as proteins. NF membranes have an
average pore size in the range of 1 to 10 nm. These membranes are typically used for water
softening or separating divalent ions from wastewater. Lastly, the RO membrane possesses a
pore size of less than 1 nm and is considered the densest membranes [6]. The RO membranes are
primarily implemented for separating monovalent ions to produce high-quality drinking water

from seawater.



Another classification of membranes is based on their internal structure. Membranes are divided
into symmetric and asymmetric. Symmetric membranes have the same pore size distribution
across the cross-section of the membrane. On the other hand, asymmetric membranes, have a
denser layer on the top with a thickness of less than 500 nm, usually referred to as a skin layer
and a more porous sublayer structure underneath with a thickness about 200 pm. Asymmetric
membranes usually yield a higher permeation rate compared to the symmetric membrane of
comparable thickness [6]. The permeation rate of a membrane is inversely related to the
membrane thickness. High permeation rate is particularly desirable to reduce energy
consumption; therefore, an ideal membrane should be as thin as possible without forfeiting the

quality of permeate [7].

Based on morphology, membranes can be divided into the dense and porous membrane. The
transport mechanism across a porous and a dense membrane is different. In porous MF/UF
membranes, the transport mechanism is based on pressure-driven convective flow through the
pores. and the exclusion based on the size of species, so-called molecular sieving mechanism, is
the main reason for separation [7]. In contrast, the transport of solute and solvent in a dense
NF/RO membrane occurs based on the solution-diffusion mechanism in which the molecule of
solute and solvent first adsorbed onto the active surface of membrane, then diffuse through the
membrane, and finally desorbed at the permeate side [7]. The exclusion in the NF/RO
membranes is based on the difference in solubility and diffusivity of the components within the

membrane.
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Figure 1.2. Fabrication techniques for preparation of the polymeric membranes

1.4 Fabrication techniques of porous and dense membranes

There are different techniques to fabricate polymeric membranes (Figure 1.2). The desired
properties of the resulting membranes determine the proper fabrication technique. The technique
that is most commonly used to prepare porous membrane is phase inversion. This process
depends on the separation of solvent and non-solvent in a polymer solution, resulting in a porous
polymer film. During the phase inversion process, a thermodynamically stable polymer solution
faces a liquid-liquid demixing and then is divided into two phases, a polymer-rich that eventually

construct membrane matrix and a polymer lean phase that construct membrane pores [8].



Phase inversion process can be achieved by multiple methods including (i) immersion of cast
polymer film into nonsolvent bath (NIPS), (ii) immersion of the polymer film in a non-solvent
vapor phase (VIPS), (iii) evaporation of the volatile solvent from the cast polymer film (EIPS),
and finally (iv) lowering the temperature of the casting solution below a critical threshold (TIPS)
[6]. NIPS is the most broadly used method to fabricate porous membrane. In this method, a
homogenous polymer solution is cast on a flat surface and then put into a container filled with a
nonsolvent (coagulation bath). The phase inversion process is controlled by diffusion of low
molecular weight constituents, which are solvent and nonsolvent (mostly water). During phase
inversion, the solvent in the polymer solution is replaced with non-solvent in the coagulation
bath which leads to changes in the composition of the polymer film, until the composition of the
polymer-rich phase reaches the glass transition composition that ends up solidification.
Subsequently, the film’s structure is fixed at that point and polymer membrane with porous or

dense structure forms [9].

1.5 Theoretical background on transport phenomena in membrane

Membrane processes are used for separation because the membrane has the ability to transport
one component more readily than another. The theory of mass transport through the membrane is
determined by the thermodynamics theories. For instance, the permeation of a component
through the membrane is because of its chemical potential gradient and is given by the following

equation:

. (1.1
[ ldx

Where % is the chemical potential gradient through the membrane of thickness x and L; is a

proportionality coefficient. The driving forces for membrane processes (i.e., pressure,



concentration, electrical potential, and temperature differences) are associated with the chemical

potential gradient.

For pressure-assisted membrane processes Equation 1.2 can be written as follows (Darcy’s law

for flow in porous media):

;. dp 1.2
Ji= Ko~ (12

dp . ) . . .
where ﬁ is the pressure gradient across the membrane, K' is a coefficient representing the nature

of medium and c; is the concentration of component i. Darcy’s law [6,10,11] can be re-written as

AP (1.3)
Jw = R

where AP is the transmembrane pressure (Pa) and, p is the dynamic viscosity of the permeate
(Pa. s), and R,, is the hydrodynamic resistance of the membrane itself, in the absence of foulants.
R,,, membrane hydrodynamic resistance is determined by measuring pure water permeation, and
pressure over time through the membrane, and then, calculating the pure water flux

(Juw» m3/(m?.s)) using the above Darcy’s law.

For MF/UF membranes, the hydrodynamic resistance of membrane can also be obtained by the

Hagen-Poiseuille equation:

86, (1.4)
R, = .
TlpT[Tp

where 6y, is the thickness of membranes, n,, is the number of pores per unit membrane area, and

¢

» 1s the pore radius. According to Equation 1.4, transport through the membranes is directly

proportional to the fourth power of the pore radius.



The resistance against water crossing across these membranes is composed of three major
constituents, namely (i) the hydrodynamic resistance of the membrane in absent of foulants, (ii)
the resistance due to accumulation of foulants at the membrane surface (fouling, cake formation),
(ii1) the resistance due to the accumulation of low molecular weight solutes at the membrane
surface (concentration polarization) [10]. The resistance because of concentration polarization is
diagnosed by the generated transmembrane osmotic pressure (Am). Am reduces the effective
pressure driving force for solvent transport and Darcy’s law for the fouling experiment is written

as follows:

AP, — Am (1.5)

] =
1R

where J is the flux in fouling experiment, and R; is the total resistance against mass transfer. In
UF, the osmotic pressure term, Am is often neglected since the main contribution to osmotic

pressure is from the low molecular weight solutes that pass through UF membrane and the

concentration is the same in the feed and permeate side [6].
R;, the total resistance in Equation 1.7, is described as follows:

Ry=Rm+R.+Rp+ (1.6)
where R, is the resistance of the cake layer deposited on the membrane surface, and R, is the

resistance caused by concentration polarization.

Another important parameter that is used to determine membrane separation performance is its

rejection. The intrinsic (real) rejection of a membrane is expressed as:

Cip (1.7)



where C;;,, and C;f (mol/ m?3) are the solute concentration in the permeate and feed solutions,
respectively. The ratio of the diffusion coefficient and the thickness of the boundary layer (D/0)
is called the mass transfer coefficient k; , m/s and can be determined by utilizing the van't Hoff
equation and film theory. Figure 1.3 demonstrates the schematic diagram of the CP layer
established on the membrane surface. Applying the mass balance equation on a control volume

in this figure results in the following equation [6]:

dc;
]'Ci_]'Ci,p-{_DE:O

(1.8)
Suitable boundary conditions are as follows:

x=0 Cl-=Cl-,f

where § is the thickness of the mass boundary layer. Using these boundary conditions, the

boundary layer film model is derived as:

Ci,m - Ci,p
Cl,f - Cl,p

= exp (jD—(j) = exp(kii (19)

where k; and D; are the mass transfer coefficient and diffusion coefficient of solute in water,
respectively, and C;,, is the solute concentration at the membrane surface. The van’t Hoff

equation provides the osmotic pressure difference for solute as:

At = RT (Cipn — Cip) (1.10)

where T (K) is the absolute temperature and R is the universal gas constant (J/mol . K).

11
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Figure 1.3. Schematic diagram of the CP layer

Replacing C; ;, — C;,, from Equation 1.10 into Equation 1.11 leads to:

Am = RT(Ci,f — Ci,p) exp(%) (1.11)

Finally, Am can be calculated by replacing C; r — C; , using Equation 5 as following:

i

The cake layer hydrodynamic resistance R;, which is occurred by the accumulation of organic
solute and colloidal particles at the membrane surface can be determined by the film theory.

Considering R, the permeate flux can be written as:

ﬂ AR, AP, —Amy, (1.13)
UR:  pRy u(Rpm +RC)

12



where AP, , AP, , and AP,, (Pa) are the total, trans-cake, and trans-membrane hydraulic pressures,
respectively. The total applied pressure (AP, as the driving force of transport through the
membrane) includes the trans-cake hydraulic pressure (AP,), the trans-membrane pressure (AP,

), and the transmembrane concentration polarization (A7,y,).

1.6 Filtration configurations

There are two process modes for a membranes filtration setup: dead-end and cross-flow
filtration, as shown in Figure 1.4. In dead-end filtration, the feed stream is perpendicular to the
membrane surface; therefore the retained particles built up and form a cake layer at the
membrane surface. The thickness of the cake layer grows with filtration time, and as a result, the
permeation rate reduces with increasing cake layer thickness. On the other hand, in cross-flow
filtration, the feed flow is parallel to membrane surface so, there are several advantages for the
cross-flow mode comparing to the dead-end mode such as improved fouling tolerance, higher

sustainable flux, less requirement for cleaning, an extended membrane lifetime.

b)

Figure 1.4. Filtration configurations, a) Dead-end, b) Crossflow
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1.7 Membrane Fouling

Organic fouling on the membrane is a complex phenomenon [12]. Fouling is the result of
specific and non-specific interactions between foulants and membrane surface. Specific
interaction refers to covalent bonding and coordination interactions between specific functional
groups such as metal-carboxyl and amino-carboxyl. Nonspecific interactions refer to van der
Waals interactions, hydrophobic interaction and hydrogen bonding and electrostatic interactions
[11]. The fouling on the membrane can be affected by a number of physical and chemical

parameters including [13]:

e Membrane properties: surface roughness, charge, hydrophobicity/hydrophilicity, surface
functional groups, pore size distribution

e Feed-water compositions: foulants type, concentration, pH, ionic strength

¢ Hydrodynamic conditions (operational conditions): cross-flow velocity, temperature,

flux, transmembrane pressure

In this research, the focus of fouling mitigation is by modifying membrane surface properties.
High vulnerability of porous membranes to pore blocking, as an irreversible fouling mechanism
results in a dramatic loss of membrane permeation flux [14]. The use of functionalized
nanomaterials to synthesize mixed matrix membranes with the aim of changing the
physicochemical and antifouling properties of membranes has been suggested to resolve this

problem [15-17].

1.8 Polyethersulfone Polymer

Polyethersulfone (PES) is a popular amorphous polymer for its excellent thermal stability,

toughness, moderate chemical resistance against many alkalis and mineral acids, and approved

14



for use with food, water, and medical applications [18]. These properties make PES as an
attractive material for the preparation of porous MF and UF membranes. PES hold repeated units
of ether and sulfone linkage alternating between benzene rings [19]. The main disadvantage of
PES is the inherent hydrophobic property [20], which limits its application in membrane water
treatment process due to fouling. For this reason, the modification of PES membrane is necessary

for reducing the membrane fouling.

1.9 Literature review

Since the first synthesis of the membrane in 1907, the field of membranes has foreseen a
continuous growth due to their enormous practical applications. A considerable amount of study
has been in progress to enhance the performance of membranes in terms of solute rejection,
water permeation, and fouling resistance. Generally speaking, there is a trade-off relationship
between permeability and selectivity of conventional membranes that means high water flux
membranes display a low rejection result and vice versa. On the other hand, as mentioned in
section 1.7, fouling may be impeded through enhanced membrane surface properties. Thus, one
of the objectives of the research in the field of membranes has consistently been to fabricate high

flux membranes with high separation efficiency and low fouling propensity.

The new improvement in membrane technology was predominately toward (i) improving the
membrane fabrication protocols[21,22], (ii) developing nanocomposite membranes by the
addition of multifunctional nanomaterials to improve surface properties of membranes [23-26],
(i11) developing new polymeric material for the selective thin film and support layers [27] and

(iv) improving the surface properties of the thin film composite membrane [28,29].
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The use of functionalized nanomaterials to synthesize mixed matrix membranes with the aim of
changing the physicochemical and antifouling properties of membranes has been widely
investigated [30—32]. However, most of these studies have been focused on the integration of
single-element oxide nanoparticles, e.g., AlOsz, Fe3Os, TiOz, and SiO», into the porous
membranes [32]. Yan et al. [33] has reported significant improvement on PVDF membranes by
addition of nano-sized Al,Os particle. Ghaemi [34] and coworkers investigated blending surface
modified Fe3O4 nanoparticles with PES polymer and an increase in hydrophilicity and pure water
flux of membrane was reported. Luo et al. [35] developed and characterized anti-fouling
composite TiO2-PES membrane and reported good separation performance. It was reported that
TiO2 nanoparticles produce very oxidizing hydroxyl radicals which easily attack and decompose
organic contaminants in water [36]. Blending rod-shaped TiO2 with a high ratio of length to
diameter improved the thermal stability and anti-compaction properties of membranes more than

nanoparticles [37].

Recently, the application of carbon-based nanomaterials for preparing UF nanocomposite
membranes has attracted considerable attention [26,38-40]. Among these nanomaterials,
graphene/ graphene oxide (GO) is being repeatedly employed for the fabrication of novel
separation membranes owing to its distinct two dimensional (2D) and single atom thick
structure[41]. The field of graphene-based nanocomposites membrane is still in its infancy.
Researchers are exploring the influence of different allotropes of carbon/ graphenes via different
fabrication methods on membrane separation performance. Wang et al. [42] reported the
fabrication of PVDF-GO blended UF membrane. The resulted membranes appeared to be more
hydrophilic and have higher pure water flux recovery ratio. Ganesh et al. [43] described

preparation of GO blended polysulfone (PSF) mixed matrix membranes and reported their
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improved performance in terms of pure water flux and salt rejection. Zhao et al. [44] have
fabricated a novel GO blended polyvinyl chloride (PVC) membrane. It is claimed that with
addition of low fraction of GO powder, the GO-PVC hybrid membranes demonstrated a
remarkable improvement in hydrophilicity, water flux, and mechanical properties. Zinadini et al.
[20] claimed that the permeation flux and anti-biofouling property of PES-GO membranes can
be significantly enhanced with the addition of 0.5 wt.% GO. Wu et al. [45] have developed a
novel Si02-GO nano-hybrid PSF membrane that exhibited enhanced water permeability with
high rejection rate for albumin. Lee et al. [40] demonstrated that addition of GO to PSF has

suppressed the fouling to such an extent that 5-fold lengthening between chemical cleaning.

GO nanosheets can adjust membrane structure, improve mechanical strength and enhance
hydrophilic properties of the polymeric membrane [20,38,40,42—47]. Individual GO nanosheets
within the polymeric matrix are strongly held together with several hydrogen bonding and van
der Waals interactions with polymer matrix. It was reported that GO sheets with different lateral
size greatly affects the performance of membrane for gas separations [48]. Although GO
nanosheets were studied extensively there is a lack of study on the size, shape (nanosheets vs
nanoribbons) and oxidation state of GO derivatives that need to be addressed to explain the
improved flux, rejection and fouling resistance properties of GO-based nanocomposite

membranes.

Another fouling control strategy has been reported by applying an external electric field to
electro-conductive membranes (ECMs). The fouling on the membranes can be mitigated due to
the dual effect of electrostatic repulsion, gas bubbles generation [49], and the electrochemical
oxidation/reduction of the foulants on the membrane [50-53]. The surface charge of the smart

membranes fabricated by the incorporation of ITO nanoparticles was reported to be adjustable by
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applying an external electrical field and therefore can prevent adsorption of foulants based on
electrostatic repulsion [54]. HO et al. have developed a graphene oxide/multi-walled carbon
nanotubes (GO/MWCNTS) via the blending phase inversion method [55]. Huang et al.
fabricated a novel ECM by introducing a stainless steel mesh into a polymeric MF membrane
[56]. Liu et al. synthesized reduced graphene oxide/ halloysite nanotube membranes
(rGO/HNTs) via polydopamine (PDA) modification on the commercial cellulose acetate
membrane [57]. Dudchenko et al.synthesized a robust electrically conductive thin film made of
cross-linked polyvinyl alcohol and carboxylated multi-walled carbon nanotubes (PVA-CNT-
COOH) via a sequential deposition and cross-linking method [58]. Jassby et al. fabricated
polyaniline-coated carbon nanotube UF membrane through a process of electro-polymerization
of aniline on CNT substrate under acidic condition [59]. The main objectives are to synthesize
more fouling resistance, high water-permeable membranes with tunable surface and bulk

properties in order to provide enhanced hydrophilic, electrical, and anti-fouling characteristics.

1.10 Research objectives

The main objective of the research was to develop graphene based-PES nanocomposite
membranes to provide a more efficient water pretreatment process with improved fouling
resistance characteristics, specifically in oil sand in-situ operations. The general idea of making
mixed matrix membranes was to induce the hydrophilic, electrical, and molecular sieve
properties of these nanomaterials to the base membrane so creating composite membranes with
enhanced separation performance. The interesting properties of graphene nanoplatelets (GNP),
graphene oxide (GO), reduced graphene oxide (rGO), longitudinally unzipped graphene oxide
nanoribbon (GONR-L), and helically unzipped graphene oxide nano-ribbon (GONR-H) includes

outstanding chemical and thermal stability, hydrophilicity, electrical conductivity, and
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environmental friendliness that offer an extraordinary potential for fabricating nanocomposite
membrane with high chemical stability, strong hydrophilicity, and excellent antifouling

properties.

The objectives of this research were as follows:

(1) Developing high-performance and durable nanocomposite membranes by incorporation of
graphene-based nanosheets and nanoribbons as additives to a polymer film, with the intention of
improving the permeation and antifouling properties. In this work, four different graphene oxide
(GO) derivatives were incorporated into a polyethersulfone (PES) matrix via a non-solvent
induced phase separation (NIPS) method. The GO derivatives used have different shapes
(nanosheets vs nanoribbons) and different oxidation states (C/O=1.05-8.01) with the potential to
enhance water flux and suppress fouling of the membranes through controlled pore size,

hydrophilicity, and surface charge.

(i1) investigating the fouling behavior of organic foulant from SAGD produced water on
synthesized ultrafiltration (UF) membranes PES, PES/PVP, PES/PVP/GO using an extended
DLVO (XDLVO) interaction energy analysis, fouling experiments, and quartz crystal
microbalance with dissipation monitoring (QCM-D). In the XDLVO analysis, the fundamental
interactions (van der Waals, electrostatic, and acid-base interactions) that control organic fouling
were evaluated. Surface tension parameters, derived from contact angle measurements, were
employed to calculate the free energy of adhesion between membrane and foulant material to

elucidate the differences in flux decline.

(ii1) Fabricating a novel electro-conductive membrane via pressure-assisted technique where a

thin film of reduced graphene oxide/ polyaniline (rGO/PANI) was laminated on the PES
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substrate. By applying external potentials, the conductive membrane could acquire different
electrical charges, enabling them to repel oppositely-charged foulants through electrostatic
repulsive forces and minimizing the deposition of oppositely-charged foulants. Moreover,
electrochemical reactions may occur on the conductive membrane, which could partially or
completely destroy the chemical structure of some foulants. Furthermore, organic fouling could
be mitigated by generation of gas bubbles in a specific range of potentials over conductive

membrane.

1.11 Thesis structure

The present dissertation was organized in a paper-based format.

Chapter 1 of this thesis gives a general overview of the SAGD process and the conventional
produced water treatment methods used by the oil sands industries. The limitations of the current
water treatment methods were explained. The membrane-based separation processes were
presented as a feasible solution to these limitations. In the end, the literature review on UF

composite membrane and the objective of this work was presented.

Chapters 2, 3, and 4 each were written based on submitted/published articles.

Chapter 2 is based on the outcome of a series of systematic studies on the effect of incorporation
of graphene-based derivatives on the final properties of phase inversion PES membranes. The
graphene-based derivatives used have different shapes (nanosheets vs. nanoribbons), and
different oxidation states. The incorporation of the graphene-based nanomaterials has improved
antifouling performance of polymeric PES membrane, as well as enhanced pure water flux and
separation performance of composite membranes evaluated using dead-end cell filtration setup.

In addition, the membranes are characterized for contact angle, zeta potential, field emission
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scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS), Fourier-

transform infrared spectroscopy (FTIR), and pore size.

Chapter 3 presents the results of a study on antifouling behaviors of GO modified nanocomposite
membranes through QCMD and surface energetics analysis. The extent of organic fouling relies
on membrane-foulant affinity, which depends on the physicochemical properties of the foulant
and membrane. XDLVO interaction energy analysis, as well as quartz crystal microbalance with
dissipation monitoring (QCM-D), were used to explain the adsorption behavior of organic
matters from BFW waste of SAGD operation on three fabricated ultrafiltration membranes.
Surface tension parameters, derived from contact angle measurements, were used to calculate the
free energy of adhesion between membrane and foulant material to explain the differences in

flux decline in cross-flow filtration setup.

Chapter 4 provides the outcomes of a study on the antifouling behavior of electro-conductive
composite membranes (ECMs) fabricated by reduced graphene oxide — polyaniline (rGO-PANI).
The innovative adjustment relies on mixing rGO as a higher conductive component with PANI
polymer as an adhesive, protective component that together creates a stabilized conductive thin
film laminate on PES support. The antifouling propensity of the fabricated membranes was
evaluated using sodium alginate as model foulant as well as BFW waste of SAGD operation. The
substantial changes in the antifouling properties by applying the electric potential of 2V and

higher on the surface on ECMs were discussed in this chapter.

Chapter 5 summarizes the major findings of all parts of this research and provides a concluding
discussion. Moreover, suggestions and recommendations for further advancement of the ongoing

research were provided.
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Chapter 2

Development of advanced nanocomposite membranes using graphene
nanoribbons and nanosheets for water treatment
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2.1 Introduction

Improved water usage efficiency has driven the research community to explore advanced
methods for water recycling that are more environmentally sustainable and energy-efficient [60].
Filtration using polymeric membranes has attracted attention due to the ease of operation and
integration with other processes, reliable contaminant removal without production of any
harmful by-products, and cost-efficiency, compared to other conventional filtration technologies

[30,61].

Polyethersulfone (PES) has been extensively used for applications in ultrafiltration (UF) and
nanofiltration (NF) systems, where it can offer superior mechanical strength, chemical and
thermal stabilities and a wide range of pH resistance [20]. PES, however, is inherently fairly
hydrophobic, which could lead to severe fouling in long-run operations. Throughout the fouling
process, the key membrane properties, i.e., water permeation and solute rejection rate, are

affected that ultimately increase the operating cost, and decrease the membrane lifespan [5].

Surface properties of polymeric membranes can have significant impacts on the initial stages of
fouling where the negatively-charged and hydrophilic surfaces can effectively hinder the fouling
process [8-10]. As a result, membrane cleaning interval can be prolonged. Numerous studies
have investigated surface properties and morphologies of the polymeric membranes with the
objective to fabricate fouling-resistant surfaces against different kinds of foulants
[5,11,31,32,64]. Several approaches have been explored, such as surface coating [65,66],
chemical grafting [67], ultraviolet-assisted plasma treatment [68,69], and physical blending with

antifouling materials [42].
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Incorporation of hydrophilic nanofillers into the polymer matrix to fabricate polymer
nanocomposite membranes is one of the most effective approaches that showed promising
potentials for surface modification [32]. This technique has the advantage of being
straightforward and cost-effective and can enhance antifouling properties, selectivity, and

thermomechanical stability of membranes [70].

Various studies explored the effect of incorporating a broad category of nanofillers including
single-element oxides (TiO: [35,37], ZrO; [15,71,72], MgO [14], Al2O3 [33], SiO2 [16,73],
Fe»0s [34]), double-element oxides (indium tin oxide, ITO [54]), molecular-sieve nanomaterials
(zeolites [74]), and carbon-based nanomaterials (carbon nanotube [75,76], cellulose nanocrystals
(CNC) [77], and graphene oxide (GO) [30,43]) into polymer membrane matrix. Recently,
graphene-based nanomaterials have emerged as a topic of vast scientific interest [39,78-80].
These nanomaterials are carbon allotropes composed of a monolayer of tightly packed carbon
atoms with various geometrical structures, e.g., nanosheets, nanoribbons, and nanotubes [46].
Graphene-based nanomaterials can also be readily synthesized with different functional groups,
e.g., carboxyl, epoxy, and hydroxyl, positioned at their edges and basal planes. Two exceptional
properties of these nanomaterials have made them attractive for the development of
nanocomposite membranes. First, most GO derivatives have high charge density that help to
reach stable dispersion in organic solutions (e.g., DMAc solution) [81]. Second, due to different
oxidation state, they possess tunable hydrophilic properties that can be induced to the polymer
material and high-performance membranes can be fabricated in terms of flux and antifouling

properties to satisfy specific water treatment applications.

A summary of earlier studies on the effect of incorporating GO nanofillers on membrane

properties is presented in Table 2.1. As can be observed, the addition of GO nanofillers has
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generally improved mechanical, permeation, and antifouling properties of polymer membranes.
However, these results were primarily based upon utilization of GO nanosheets with specific
geometrical and chemical characteristics, and the effect of shape and oxidation state of

nanofillers on membrane properties yet to be explored.

Table 2.1. Brief overview of previous studies on the effect of GO on membrane properties

Reference Additive Polymer  Major finding

Ganesh et al. [43] GO pPSf! Increase in pure water flux and salt rejection

Yu et al. [82] HPEI>-GO PES Lower permeation but improved tensile strength and antifouling
properties

Lee et al. [40] GO PSf Enhanced antifouling ability of the developed membrane
bioreactor (MBR)

Zhao et al. [44] GO PV(C3 Significant enhancement in hydrophilicity, water flux, and

mechanical properties

Wu et. al. [45] Si0,-GO PSf Enhanced permeation and protein rejection and anti-fouling
ability
Lim et al. [83] TA*-GO PEDS Excellent antibacterial activity against E. Coli
Zinadini et. al.[20] GO PES Improved water flux, dye removal, and anti-biofouling properties
Xu et al. [84] Organosilane - PVDF®¢ Enhanced mechanical strength, permeation and flux recovery
GO ratio (FRR)

"Polysulfone, *Tannic acid, >Polyvinyl chloride, “Hyperbranched polyethylenimine, S>Polyethylenimine,

®Polyvinylidene fluoride

In the present work, we report the effect of incorporation of four GO derivatives on
physicochemical characteristics and permeation properties of the polyethersulfone (PES)
membranes. The GO derivatives used in this study include graphene nano-platelet (GNP),

graphene oxide (GO) nano-sheet, longitudinally unzipped graphene oxide nano-ribbon (GONR-
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L), and helically unzipped graphene oxide nano-ribbon (GONR-H). They have different shapes
and oxidation states with the potentials to enhance water flux and fouling resistance of the
nanocomposite membranes through controlled surface charge density, and hydrophilicity of
membrane surface. The nanocomposite membranes were fabricated via non-solvent phase
separation (NIPS) method. Structural morphology, surface properties, and chemical composition
of fabricated membranes were examined by field emission scanning electron microscopy
(FESEM), Fourier-transform infrared spectroscopy (FTIR), water contact angle, and surface zeta
potential measurements. Water flux, rejection of organic matter and fouling resistance of the
synthesized nanocomposite membranes were studied using synthetic and real produced water

and was compared with unmodified PES membrane.

2.2 Materials and Methods

2.2.1 Chemical and reagents

PES was obtained from BASF and was used to prepare porous UF membranes. N,N-
dimethylacetamide (DMAc), potassium permanganates, and HoSO4 were purchased from Fisher
Scientific. Graphene nanoplatelets (GNP) and GO were supplied from Carbon Upcycling
Technologies (CUT). The fluids used for testing fouling on the membrane were SAGD produced
water samples provided from a SAGD water treatment plant located in the Athabasca oil sands
region of Alberta. The GONR-L and GONR-H were synthesized by using the previously
reported carbon nanotube unzipping procedure where multiwalled carbon nanotubes were treated

with potassium permanganates in acid [85—-89].
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2.2.2 Preparation of GO/PES nanocomposite membranes

GO/PES membranes were fabricated via NIPS method. This process relies on the phase
separation of a polymer solution, producing a porous polymer film. Homogeneous polymer
solutions were prepared by mixing DMAc with 18 wt.% PES, 2 wt.% PVP, and different ratio of
GO derivatives to polymer (0.05, 0.1, 0.2 wt.%) shown in Table 2.2. To prepare a casting
solution, first GO nanofillers were uniformly dispersed in DMAc¢ using a probe sonicator for 15
minutes. Then, PES and PVP were added to GO-DMAc mixture and stirred overnight. The
solution was then kept still for 24 h at room temperature for the complete removal of the air
bubbles from the solution. After that, the polymer solution was cast on the flat glass surface
using a film applicator (Gardco, MICROM II) with casting speed of 5 mm/s and the clearance
gap of 150 microns. Finally, the cast film was immersed in a water bath for 24 hours to complete

membrane formation by liquid-liquid demixing.

Table 2.2. Concentration of GO nanofillers in the polymer casting solution

Membrane Nanofiller The ratio of nanofiller
to polymer

MO - 0

Ml GNP 0.05
M2 GNP 0.1

M3 GNP 0.2
M4 GO 0.05
M5 GO 0.1
M6 GO 0.2
M7 GONR-L 0.05
M8 GONR-L 0.1

M9 GONR-L 0.2
M10 GONR-H 0.05
Ml11 GONR-H 0.1

M12 GONR-H 0.2
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2.2.3 Measurement of porosity and pore size
Porosity is the ratio of the total pore volume to the volume of the membrane. The gravimetric

method was used to evaluate average porosity (&) of membranes [90]:

po W @.1)
@xDp

where wi and w» are the mass of wet and dry membranes (g), respectively; 4 is the membrane
surface area (cm?), / is the membrane thickness (cm), and p is the water density (0.997 g/cm? at
25 °C). All measurements were repeated at least 3 times and the average value were reported as

the membrane porosity.

To measure the membrane average pore size, the relationship proposed by Guerout-Elford-Ferry

[20] is used:

(2.2)

|29 —=1.75)8nlQ
'm = € X A X AP

where 7 is the water viscosity (8.9x10* Pa.S at 25°C), Q is the permeate volumetric flow rate

(m3/s), and AP is the transmembrane pressure (Pa). The operational transmembrane pressure is

0.28 MPa (40 psi).

2.2.4 Pure water flux measurement

Pure water flux experiments were conducted using a lab-scale batch filtration setup consists of a
dead-end stirred cell (Amicon, UFSC40001) with the capacity of 400 ml and effective membrane
area of 41.8 cm?. Pressurized nitrogen gas was used to apply 40 psi pressure. A digital balance
(MEA4002, Mettler Toledo, USA) connected to a computer was used to automatically monitor and

record the permeate water flux over time. The fabricated membranes were immersed in water for
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24 hours and then were compacted at 70 psi for 1 hour before each permeation test to achieve a
steady flux. During filtration, the feed solution was stirred at a rate of 300 rpm. The following

equation was used to calculate the water flux (Jo):

w (2.3)
A XAt

Jo =

where W is the mass of the permeate water (kg), 4 is the membrane effective area (m?), and At is

the permeation time (h).

2.2.5 Produced water treatment

To evaluate the separation performance of the synthesized membranes filtration experiments
were conducted on WLS inlet water of SAGD operation. The concentration of contaminants in
the WLS inlet water was determined by ICP-OES (Thermo Scientific, iCAP™ 7400,
Massachusetts, USA) and TOC analyzer (Shimadzu, model TOC-V; detection range 3-25,000
mg/L, Kyoto, Japan) and the results are presented in Table 2.3. The rejection of organic matter
by membranes was calculated by measuring the TOC in the collected permeate during the

filtration of WLS inlet water at 25° C and 40 psi using the following equation:

C 2.4
Rejection (%) = (1 — Fp) X 100 @4
f

where C, and Crare the TOC content in permeate and feed solution, respectively.

2.2.6 Fouling tests

To investigate fouling behavior of membranes a three-step experimental protocol was followed.
First, the pure water flux, Jwi, was measured. Then, the water flux during filtration of WLS inlet
water, Jwr, was recorded. After hydraulic washing of the membrane surface with deionized water

for 10 min, the pure water flux of cleaned membrane, Jw>, was measured again. To determine the
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antifouling property of the membranes total fouling ratio (DR¢) and flux recovery ratio (FRR)

were calculated as follows [82]:

Table 2.3. Properties of WLS inlet water

Parameters WLS Inlet Water
pH 7.0
TOC (mg/L) 550
TDS( mg/L) 1050
Conductivity (uS/cm) 1508
Na* (mg/L) 310
CI' (mg/L) 240
Mg*" (mg/L) 0.371
Ca®" (mg/L) 2.83
Iron, total (mg/L) 1.02
Si0,, dissolved (mg/L) 63.7

DR, = 1— Jwe (2.5)

Jw1
FRR = w2 (2.6)
Jw1

Here, DR is the sum of irreversible fouling ratio (DRi;) and reversible fouling ratio (DR:) which
are associated with the flux decline due to the adsorption of foulant molecules on a membrane
surface and concentration polarization phenomenon, respectively. DRi; and DR; can be

calculated by the following equations:

DRy = 1102 @7
W1
DR, = UJwz — Jwe) (2.8)
Jw1

31



2.2.5 Polymer solution viscosity measurement

The viscosity of the polymer solution was measured by Rheometer (Brookfield, DV-III Altra,
Massachusetts, USA). The relationship between viscosity and shear rate for each casting solution

was acquired at a shear rate ranging from 50 to 250 s at 25 °C.
2.2.6 Chemical composition tests

Potassium bromide-Fourier transform infrared (KBr-FTIR) spectroscopy was used to provide
information on the type of functional groups present in GO derivatives. The FTIR spectra were
obtained using FTIR imaging system (Varian Digitlab, FTS 7000, Massachusetts, USA). This
device is equipped with a mercury-cadmium-telluride (MCT) detector with high photometric
accuracy and sensitivity. The KBr-FTIR spectroscopy exploits the property of KBr that forms a
transparent sheet in infrared region when subjected to high pressure. To prepare 13 mm-
diameter pellets, approximately 1% samples of GO nanomaterials mixed with fine moisture-free
KBr were put into the pellet-forming die. A force of about 8000 psi was applied for several
minutes to create transparent pellets. The background was measured using pure KBr pellets. All
samples were scanned over the range of 600- 4000 cm™ and 100 scans were averaged for each

spectral measurement.

Detailed elemental and chemical bonding analysis of GO derivatives was conducted using X-ray
photoelectron spectroscopy (XPS). XPS analysis provided information about the outer 1-10 nm
of GO derivative samples. In the present work, XPS imaging spectrometer (Kratos, AXIS Ultra,
Manchester, UK), equipped with a monochromatic Al Ka X-ray source were used. Low-

resolution survey scans, as well as a high-resolution scan of C, were taken. Survey spectra were
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obtained with a pass energy of 160 eV, and sweep time of 100 s in the range of 0- 1100 eV.

High-resolution spectra were obtained for C 1sand then were analyzed using CasaXPS software.

2.2.7 Surface properties (wettability and surface charge)

Water contact angle on the flat sheet membranes was measured to investigate the surface wetting
characteristic of fabricated membranes as a function of GO contents. The measurement was
carried out based on sessile drop method using goniometer Kruss Model DSA 100E (Hamburg,
Germany) with deionized water. The higher the surface wettability, the lower is the contact

angle. For each sample, five measurements were performed, and the average was reported.

The surface zeta potential of the fabricated membranes was measured using Surpass3 analyzer
(Anton Paar, Graz, Austria). This device evaluates the surface zeta potential based on streaming
potential and streaming current measurements. The zeta potential values were determined at pH

7.0 and 25 °C using 0.001 M KCI solution.

2.2.8 Membranes morphology study

To study the effects of GO content on membranes microstructure, the morphology of fabricated
membranes was examined using field emission scanning electron microscopy (FESEM). The
dried membranes samples were fractured under liquid nitrogen and were mounted on SEM stub.
To improve electron conductivity of the samples 8 nm gold Au was sputter-coated on the surface
of the membranes using Gatan 682 Precision Etching and Coating System (Gatan, Inc.,

Pleasanton, USA). The cross-sectional images were taken at 5 kV and high vacuum condition.
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2.3 Results and discussion

2.3.1 FTIR measurement results

FTIR measurement results on the GO derivatives is shown in Figure 2.1. The peak at 3435 cm’!
is attributed to the OH stretching vibrations in carboxylic groups. The transmittance bands at
1625 cm™! is ascribed to C=C in benzene rings, and sharp, intense peak at 1718 cm™ is attributed
to C=0 carboxylic groups. The peaks at 1396 cm™!, 1193 cm™ and 1016 cm! are attributed to C-
O single bond and C=0 double bond vibrations. Finally, the peak at 890 cm™ is ascribed to
aromatic sp> C-H bending. All these groups are valid and are expected to be present in the
structure of GO derivatives. GO, GONR-L, and GONR-H possess the same molecular groups,
but it seems to differ in chemical makeup (oxidation state). On the contrary, GNP showed
smaller peaks for OH stretching vibrations and C=C in benzene rings. It reveals that GNP has a

few carboxylic and hydroxyl groups and confirms that GO, GONR-L, and GONR-H are

effectively functionalized.

% Transmittance

\“z / — GONR-L

C-0, C=0

= OH in carboxylic

4000 3500 3000 2500 2000 1500 1000
Wavenumber (1/cm)

Figure 2.1 The FTIR spectra of different graphene-based nanomaterials
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2.3.2 XPS Characterization of Graphene Nanofillers

To further investigate the functional state of oxygen existing on the surface of nanofillers XPS
analysis was conducted. The survey scans for GNP, GO, GONR-L and GONR-H are presented
in Figure 2.2. The analysis of survey spectra showed that oxygen functional groups on GONR-H
(C/0 =3.10), GO (C/O = 2.04), and GONR-L (C/O = 1.05) were significantly higher than that in
GNP (C/O = 8.01). The magnified Survey scan is presented in Figure Al in Appendix A. High-
resolution C 1s spectra of the GNP, GO, GONR-L and GONR-H are presented in Figure 2.3. The
original chemical shifts of C-C, C-OH, C-O-C (epoxide or cyclic ether), and O-C=0 bonds were
positioned at 284.5, 285.7, 286.6, and 288.5 eV, respectively. A tolerance of 0.3 eV shift from
the initial peak position was permitted during the fitting. Shirley algorithm was used to

determine background for all regions.
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Figure 2.2 XPS survey spectra of GNP, GO, GONR-L, and GONR-H along with carbon to oxygen ratio (C/O) in these
nanofillers
The deconvolution of C 1s peaks indicated that oxygen functional groups on GO derivatives
were comprised of hydroxyl (C-OH, 285.7 eV), epoxide (O-C-O, 286.6 eV), and carboxyl (O=C-
OH, 288.8 eV), however, the majority of these groups in GO, GONR-L, and GONR-H are
hydroxyl/epoxide and few of them are carboxyl groups. A possible explanation for this might be
that the carboxyl groups are mainly positioned at the graphene edges while hydroxyl and epoxide

are mostly located in the graphene basal plane [86].
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Figure 2.3. C 1s high-resolution spectra of (a) GNP, (b) GO, (¢) GONR-H, and (d) GONR-L

2.3.3 Surface and cross-section morphology

The internal structure of the pristine PES membrane and GO-based nanocomposite membranes
(0.1 wt.% nanofiller) is presented in Figure 2.4. As can be observed, all membranes have an
asymmetric structure with a dense skin top layer supported by a porous finger-type structure,
which is a common internal morphology for NIPS membranes [70,91]. According to Figure 2.5,
the addition of 0.1 wt.% nanofillers decreased the thickness of membranes with from 120 pm to
100+£5 pm. However, the average skin layer thickness increased significantly from 150 nm to

350+50 nm. The addition of GO nanofillers slows down the solvent/nonsolvent exchange rate in
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the coagulation bath and thus leads to the formation of thinner membranes with thicker skin layer

due to the entrapment of more GO nanofillers at the top surface during phase separation [91,92].

It is worth mentioning that GO nanofillers are hydrophilic additives and tend to enhance
thermodynamic instability of casting solution that accelerates the demixing of solvent and
nonsolvent. Also, the swelling of the polymer film by hydrophilic nanofillers prior to its
solidification allows for more passage of nonsolvent to the casting film during NIPS process and
might increase the membrane thickness. However, a significant increase in the viscosity of the
casting solution (Figure A2 in Appendix A) has countered these effects and increased the skin

layer thickness due to a reduction in mutual diffusivities between solvent and nonsolvent.

Figure 2.5 shows that the thickness of skin layer increased by increasing the GONR-H loading in
the casting solution. The same results were obtained for other types of nanofillers. As can be
observed in Figure 2.5, the thickness of skin layer increased significantly from 150 nm to 600 nm
This finding can also be attributed to an increase in the polymer solution viscosity which reduced

the phase inversion rate on the top surface and consequently led to a thicker skin layer.
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Figure 2.4. Cross-sectional FESEM images of unmodified PES (a-c) and nanocomposite membranes loaded with 0.1 wt.% of (d-
f) GNP, (g-i) GO, (j-1) GONR-L, and (m-0) GONR-H with different magnification

39



Figure 2.5. Cross-sectional FESEM images of the skin layer of (a) unmodified PES and nanocomposite membranes containing
(b) 0.05 wt.%, (c) 0.1 wt.%, and (d) 0.2 wt.% GONR-H

2.3.4 Contact Angle measurement results

The hydrophilic property of fabricated membranes can be studied by water contact angle
measurement. Surface hydrophilicity is a decisive parameter in determining the antifouling
characteristics of NF/UF membranes. Based on sessile drop method, water droplets with a
volume of 2 ul were gently placed on the surface of membranes, and the initial contact angle was
measured after 3 s. Higher contact angle represents the more hydrophobic surface, and lower
contact angle reveals the higher surface energy, as well as, hydrophilic nature of membrane. As
presented in Table 2.4, contact angle decreased with the incorporation of graphene-based

nanomaterial into the membrane matrix. The contact angle for the base membrane was 64.6°. By
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adding 0.2 wt.% GO, GNR, GONR, and GNP the water contact angle reduced significantly to
43.8°, 45.6°, 50.2°, and 56.9°, respectively. Since graphene nanomaterials are more hydrophilic
than PES, their accumulation on the surface can reduce interface energy. During membrane
formation by NIPS method, graphene nanofillers move to the surface of the casting film to be
exchanged with water. Most of these nanofillers entrap in the solidified film and thus remain in
the polymer matrix. This is justified by the darker color of the top surface as compared to the
bottom surface of synthesized membranes. As a result, the contact angle values of all graphene-
based nanocomposite membranes were less than the unmodified PES membranes, suggesting
that the incorporation of graphene nanofillers leads to the formation of more hydrophilic

membranes.

2.3.5 Membrane surface charge results

Membrane surface charge density can change by the incorporation of nanofillers due to their
surface functional groups. The surface charge of synthesized membranes is presented in Table
2.4. At pH values higher than the isoelectric point (IEP), the sulfonic acid groups in PES
polymer become negatively charged (—SOs;”) upon dissociation. By incorporation of GO
nanofillers, the membrane surface becomes rich in ionizable functional groups, such as
carboxylic and hydroxyl groups, which are responsible for the development of surface charge. At
high pH, carboxylic (-COOH) and hydroxyl (-OH) get deprotonated to -COO™ and —O™ negative
groups and become the source of electric charge causing the membrane to be negatively charged
[93]. The more negative surface charge is proven to reduce fouling by both organic and inorganic
materials in the water, which are mostly negatively charged, due to electrostatic repulsion

[94,95].
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Table 2.4. Contact angle and zeta potential of unmodified PES and graphene-based nanocomposite membranes

Membranes Contact Angle Zeta Potential (mV) at pH 6.5
Unmodified PES 65.2°+ 1.8 -20.7+1.6
GNP 0.05 wt.% 63.3°£0.7 -22.2+0.7
GNP 0.1 wt.% 61.6°+1.0 -22.5+0.8
GNP 0.2 wt.% 56.9°+ 1.1 -23.1+£1.0
GO 0.05 wt.% 58.6°+£0.6 -25.1+1.9
GO 0.1 wt.% 51.1°+£ 0.9 -28.0+0.6
GO 0.2 wt.% 43.8°+1.0 -29.7+23
GONR-L 0.05 wt.% 57.5°+£1.0 242+ 14
GONR-L 0.1 wt.% 51.8°+ 1.1 -26.8+1.6
GONR-L 0.2 wt.% 45.6°+0.4 -28.6+2.3
GONR-H 0.05 wt.% 59.2°+1.2 22.7+1.2
GONR-H 0.1 wt.% 56.0°+0.9 -24.4+0.8
GONR-H 0.2 wt.% 50.2°+£1.6 232+ 14

2.3.6 Permeability of membranes

The pure water flux of unmodified PES membrane and nanocomposite membranes with 0.1
wt.% loading of nanofillers, as a function transmembrane pressure, is shown in Figure 2.6a. The
slopes in this figure indicate the hydraulic permeability of the membranes. As can be seen,
incorporating 0.1 wt.% of all graphene nanofillers has led to the higher water permeability than
pristine PES membrane. This improvement can be attributed to the improved surface
hydrophilicity (Table 2.5) by the incorporation of more hydrophilic hydroxyl groups to the
surface [96]. The nanocomposite membrane prepared by GONR-L was found to provide the

maximum hydraulic permeability of 1.30 LMH/psi.

42



< Unmodified PES = 0.75 15 o GNP
[ O GNP=0.85 T N ! e i ! i A GO
0T o GONR-H=091 (@~ 1 z | (b) . 0 GONRH
—gol ¥ GO=102 ) ) T | o © GONR-L
= || O GONR-L=1.30 }/ PO = Optimized Membranes
- P ~ 10k JAN o
=o0r e T 2
e 0 = o
E (m] /%/”//;‘// g Q ©
40 s - g fo 8 A
2 > g;’;«//,? - E |\
© 20 L IET T i o . &
o 30 3T Qos) J
£ P = 3 Slope = 05 Unmodified PES g
Sogl o & i >
o 57~~~ Hydraulic Permeability @
H gy// < E o
— >
10F & T T
1 A 1 A 1 A 1 " 1 00 1 A 1 " 1 A
20 30 40 50 60 0.0 0.1 0.2 0.3
Pressure (psi) Nanofiller concentration (wt.%)

Figure 2.6. (a) Pure water flux vs pressure for unmodified PES membrane and nanocomposite membranes prepared by 0.1wt. %
GO derivative nanofillers (the slope represents hydraulic permeability of membranes), (b) hydraulic permeability of membranes
as a function of nanofillers loading in membrane

The effect of nanofillers concentration on the hydraulic permeability of membranes is shown in
Figure 2.6b. Hydraulic permeability data in this figure are extracted from flux vs. pressure
graphs as presented in Figure A3 in Appendix A. As can be seen in Figure 2.6b, increasing the
concentration of nanofillers up to 0.1 wt.% increased the water permeability, however, further
increase up to 0.2 wt.% decreased the water permeation, significantly, to even less than that of
unmodified PES membrane. Theoretically, the porosity of phase inversion membranes is
influenced by a trade-off between thermodynamic enhancement and kinetic hindrance of the
casting solution [97]. The addition of hydrophilic nanofillers to polymer solution induces
thermodynamic instability. The thermodynamic variation enhances the demixing rate of solvent
and non-solvent in the casting solution, thus leading to the formation of more porous structures,
whereas the rheological variation induces the opposite trend. A significant increase in the
viscosity of casting solution (Figure A2 in Appendix A) by the addition 0.2 wt.% nanofillers has

led to the delayed demixing of solvent and non-solvent and thus formation of denser structures
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due to the dominant role of the kinetic hindrance. This implies the presence of an optimum

loading of nanofillers for improving the water flux.

It is worth mentioning that the addition of higher concentration of nanofillers not only affects the
overall porosity of the membrane but also changes the thickness and morphology of skin layer
which is mainly responsible for the permeation properties of membranes. In the present study,
another reason for the significant decrease in the water flux by the addition of 0.2 wt.%
nanofillers can be due to the notable increase in the thickness of skin layer (FESEM images in

Figure 2.4).

2.3.7 Porosity of membranes

Figure 2.7 shows overall porosity of nanocomposite membranes. By the addition of a low
quantity of graphene-based nanofillers up to 0.1 wt.%, the overall porosity is initially increased,
then reduced by further addition of the nanofillers up to 0.2 wt.%. This behavior is also reported
by other researchers [84,98,99]. Incorporation of hydrophilic nanofillers at low content into the
polymer matrix could enhance amorphous nature of membranes; together with the rapid
exchange of DMAc and water in NIPS process, the overall porosity of nanocomposite membrane
increases [90]. This trend is consistent with the water flux results that showed a convex profile
with increasing nanofillers. In addition, incorporation of hydrophilic nanofillers increases the
thermodynamic instability of casting solution in the coagulation bath which leads to an
accelerated solvent and nonsolvent exchange and large pore formation [97]. In the case of high
nanofillers loading, the mean pore size decreased (Figure A4 in Appendix A) because of an
apparent increase in the viscosity of the polymer solution. As mentioned earlier, increased

viscosity causes a delay in demixing and thus suppresses the formation of large pore size.
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Figure 2.7. Membranes porosity in the different loading of graphene-based nanofillers.

2.3.8 Separation performance of membranes

The separation performance of synthesized membranes was evaluated by filtration of PEG
solution and WLS inlet water. 250 mg/L solutions of PEG with a nominal average molar mass of
35,000 g/mol with the mean molecular diameter [100] of 8.92 nm was filtered, and concentration
of PEG in permeate was measured using TOC analyzer. The rejection results are presented in
Table 2.5. WLS inlet filtration results show superior performance of nanocomposite membranes
for the removal of organic matter from oil sands produced water. The rejection increased from
43% to more than 50% for all GO-based nanocomposite membranes. Based on the data
presented in Figure 2.4 and Table 2.5, the addition of 0.1 wt.% GONR-L has maximized both
water flux (70 LMH at 60 psi) and TOC rejection (59%). PEG rejection results confirm that the

molecular weight cut-off (MWCO) of modified membranes is about 35 kDa [97].
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Table 2.5. WLS inlet and PEG rejection by graphene-based nanocomposite membranes

Membranes WLS inlet Rejection PEG (Mw=35000 g/mol)
(%) Rejection (% )
Unmodified PES 43 86
GNP 0.05 wt.% 47 88
GNP 0.1 wt.% 49 90
GNP 0.2 wt.% 51 90
GO 0.05 wt.% 57 92
GO 0.1 wt.% 58 97
GO 0.2 wt.% 55 96
GONR-L 0.05 wt.% 55 88
GONR-L 0.1 wt.% 59 92
GONR-L 0.2 wt.% 57 94
GONR-H 0.05 wt.% 50 90
GONR-H 0.1 wt.% 50 91
GONR-H 0.2 wt.% 52 91

2.3.9 Fouling characteristics of membranes

The fouling behavior of the graphene-based nanocomposite membranes and unmodified PES
membrane during filtration of WLS inlet water is presented in the Figure 2.8. Experiments were
conducted at the same initial flux to investigate the effect of induced surface properties by
graphene nanofillers on flux decline. Constant initial flux ensures a constant permeation drag for
all experiments and thus fouling intensity can be attributed to surface properties like
hydrophilicity and surface charge [95]. Also, all membranes were compacted at higher pressure
before filtration test to make sure that the flux decline over time is just due to the fouling

phenomenon [54].
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Figure 2.8. Flux vs. time of nanocomposite membranes and unmodified PES membrane due to fouling by WLS inlet water,
compared at the same initial flux

As can be observed in Figure 2.8, the flux decline in graphene-based nanocomposite membranes
was less than unmodified PES membranes. After 160 min filtration, GONR-L membrane showed
30% more water flux than pristine PES membrane (16 LMH compared to 11 LMH) that
demonstrate its antifouling property for the filtration of WLS inlet water. This result can be
attributed to higher hydrophilicity and more negatively charged surface of GONR-L (Table 2.4)
that mitigated fouling through electrostatic repulsion and reduced hydrophobic interaction

mechanisms.

Fouling behavior of a membrane is controlled by several parameters such as membrane surface
properties (e.g., zeta potential and hydrophilicity), feed solution chemistry (e.g., ionic strength,
and pH) and hydrodynamic of membrane modules [101,102]. In this research to investigate
membrane surface properties, the latter two parameters and temperature were kept similar during
experiments. It is generally accepted that the membrane with higher hydrophilicity and more

negative surface charge are more resistant to fouling owing to fewer interactions among the polar
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groups on the membrane surface and the functional groups of the dissolved organic compounds
in the feed. A possible explanation is that the formation of hydrogen bonding among the surface
hydrophilic groups and water molecules forms a water layer on membrane surface that could
impede membrane-foulant attachment [96,103]. Also, organic matter in the fluids tested are
mostly hydrophobic [104] and, therefore are less inclined to attach to a hydrophilic surface due
to the smaller hydrophobic interaction between fouling material and membrane surface. The
combination of the hydrophilic surface of graphene-based nanocomposite membranes along with
their high surface potential made them less inclined to fouling by suspended organic matter,

which may be beneficial for oil sands produced water treatment.

Water flux recovery ratio (FRR), total flux decline ratio (DRy), irreversible fouling ratio (DRj),
and reversible fouling ratio (DR;) for the base and 0.1 wt.% graphene-based nanofillers/PES
membranes are depicted in Figure 2.9. All membranes showed flux decline during filtration of
WLS inlet water for 1 hour which was likely due to deposition of organic and inorganic materials
on the surface of membranes. However, the irreversible flux reduction due to strong adsorption
of foulants on the surface and pores of the membranes was decreased for graphene-based
nanocomposite membranes (GO: 9.3%, GONR-L: 10%, GNP: 19%, GONR-H: 19%) in
comparisons with unmodified PES membrane (24%). The flux decline of graphene-based
nanocomposite membrane was 14% less than the unmodified PES membrane at the same
condition. Also, GO/PES and GONR-L/PES membranes indicated 14% more flux recovery ratio
than the unmodified PES membrane, implying an enhancement in antifouling characteristics of
the base membrane by the incorporation of GO and GONR-L nanofillers. However, FRR
enhanced only 4% after the addition of GNP and GONR-H which might be due to the lack of

oxygen functional groups on GNP surface.
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Figure 2.9. Comparison of the fouling characteristics of PES/ Graphene-based nanofillers membranes and unmodified membrane.
DRt is total flux decline ratio, DRr is reversible flux decline, DRir is irreversible flux decline ratio, and FRR is flux recovery
ratio.

2.4 Conclusions

In this study, graphene oxide derivatives with different shapes and oxidation states were
incorporated into a polymeric membrane matrix via NIPS technique. The surface properties of
the fabricated membranes have significantly changed in terms of hydrophilicity and surface
charge. The contact angle and streaming potential measurements demonstrated the fabrication of
more hydrophilic and negatively charged PES/GO nanocomposite membranes. All graphene-
based nanocomposite membranes showed better water flux and rejection of organic matter than
unmodified PES membrane. The addition of graphene nanofillers, up to 0.1 wt.%, first enhanced
the water flux due to an increase in overall porosity and hydrophilicity of the membranes, then

further increase of nanofillers loading decreased the flux more likely due to the formation of a
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thicker skin layer. The optimum loading to improve both water flux and rejection of organic
matter was found to be 0.1 wt.%. The graphene-based nanocomposite membranes were found to
have an MWCO of ~35 kDa and removed 50% of dissolved organic matter from SAGD
produced water. Fouling propensity of membranes was tested with SAGD WLS inlet water. The
results show that by the addition of graphene nanofillers the fouling tendency of the membranes
has hindered due to improved surface properties. GONR-L at its optimum loading (0.1 wt.%) has
provided the maximum water flux (70 LMH at 60 psi), TOC rejection (59%) and antifouling
properties (30% improvement compared to pristine PES membrane). The flux recovery ratio
(FRR) experiments have confirmed significant improvement in the antifouling property of

PES/GO nanocomposite membranes.
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Chapter 3

Study on antifouling behaviors of GO modified nanocomposite membranes

through QCM-D and surface energetics analysis
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3.1 Introduction

Water-use efficiency calls for swift and effective technological progress in water recycling and
wastewater treatment methods. Water treatment via membrane technology has become one of the
most promising methods due to some distinct advantages over conventional methods such as
higher product quality, more compact design, and lower operating costs. The major challenge
that inhibits more practical application of membrane technology is the fouling of membranes.
Membrane fouling, which is caused by the deposition of foulant materials onto the membrane
surface or within its pores, decreases water flux, shortens membrane lifespan, and consequently
leads to a higher operating cost [5]. Fouling can be classified as colloidal, organic, biofouling,

and minerals scaling. The focus of this study is organic fouling.

Surface characteristics play an important role in organic fouling behavior of a membrane by a
variety of mechanisms including hydrophobic interactions, hydrogen bonding, van der Waals
forces, and electrostatic interactions between organic foulants and membrane material.
Therefore, membrane surface modification by different methods such as chemical grafting
[67,105,106] plasma treatment [69,107,108], and physical blending of hydrophilic nanofillers
[77,109-111] with polymer has been suggested for mitigation of organic fouling. Although all
these methods have shown a considerable improvement in the overall antifouling characteristic
of host membrane, the employed method to assess the membrane’s hydrophilic properties could
not still represent a clear picture of this phenomenon. In all these studies, the hydrophilic
characteristics of membranes have been evaluated through water contact angle measurement and
correlated with membrane fouling propensity. However, further investigations have shown that
surface hydrophilicity, being assessed by only water contact angle, cannot represent the non-

electrostatic and polar interactions existing between foulants and membrane [112—-118]. To
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account for the effect of these interactions on membrane fouling, it is necessary to conduct a
more sophisticated surface energetics analysis. Taking into account that all these three important
interaction energies including acid-base (AB), Lifshitz-van der Waals (LW), and electrostatic
double layer (EDL) through extended Derjaguin-Landau-Verwey-Overbeek (DLVO or known as
XDLVO) theory provide more realistic information about the interfacial interaction between
foulant and membrane. XDLVO can also provide free energy of interaction which is considered
as a quantitative estimation of surface hydrophilicity [113]. Brant et al. [112] used XDLVO to
assess short-ranged membrane-colloid interactions to describe colloidal fouling of reverse
osmosis (RO) membranes. He followed van Oss approach [119] to combine Lewis AB
interactions with Lifshitz-van der Waals and electric double layer interactions. Subramani et al.
[120,121] and Wang et al. [122,123] combined the use of XDLVO theory with models of
interfacial hydrodynamic interactions, particularly, the drag force exerted by water permeation,
to explain initial attachment mechanism of microbial particles onto membranes. In another
research, XDLVO theory was employed to study the effects of colloidal interactions on the flux
of skim milk in cross-flow tubular ceramic membranes [124]. In classical DLVO theory, LW and
EDL interactions are considered, but the AB component, which describes repulsive hydration
effects and attractive hydrophobic interactions was added in the extended version. Hence, the
XDLVO theory offers a more precise approach to understand the intermolecular interactions

between foulants and membrane surface [112].

This study aims to understand the reason that exists behind the reduced fouling propensity of the
synthesized PES-PVP-GO nanocomposite membrane in comparison with the pristine PES
membrane during an ultrafiltration process. Having a planar two-dimensional structure which is

abundantly covered by hydrophilic oxygen containing functionalities, graphene oxide (GO) has
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been listed as one of the best candidates to cease organic fouling on membrane. It is stated in the
literature that natural organic matter in water can be treated as colloidal particles and thus its
adsorption on the membrane surface could be well described by interfacial hydrodynamic and
XDLVO interactions [122]. In addition, to evaluate the adsorption of foulants on the surface of
membranes, real wastewater (boiler feed water (BFW) of Steam assisted gravity drainage
(SAGD) operation) was tested using quartz crystal microbalance with dissipation monitoring
(QCM-D). The QCM-D is a very sensitive technique which has been used to detect nanoscale
changes of surface mass [124]. Study on surface crystallization kinetics is one of the main
applications of QCM-D, which could be translated into scaling in membrane science [125]. The
physiochemical properties of the foulant and membrane dictate the extent of organic adsorption
on membranes. Therefore, the synthesized membranes were also characterized by contact angle
analyzer, zeta potential measurement, Fourier transform infrared spectroscopy (ATR-FTIR) and

atomic force microscopy (AFM).

3.2 Materials and Methods

3.2.1 Chemical and reagents

PES (polyethersulfone, Ultrason E6020P with molecular weight (Mw) = 58 kDa) was obtained
from BASF and was used as the main polymer to fabricate membranes. Graphene oxide (GO)
was purchased from Angstron Materials with specific surface area > 400 m*/g. Diiodomethane
99% was purchased from Acros Organics, and humic acid and glycerol (99%) were acquired
from Sigma-Aldrich. Sodium dodecyl sulfate (SDS, 99% purity, Sigma-Aldrich Co., USA) was
used to clean the crystal sensors, QCM-D camber, and connecting tubes. Helmanex III solution

(2 vol %) at pH 11.7 was used as a detergent for cleaning the immersion beaker. Helmanex
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solution, ammonium hydroxide (25 vol %) hydrogen peroxide (30 % w/w), potassium chloride
(KCI), sodium chloride (NaCl), polyvinylpyrrolidone (PVP, Mw = 360 kDa) and N,N-
dimethylacetamide (DMAc) were all purchased from Fisher Scientific. All chemicals were used
as received without more purification. The industrial wastewater used to evaluate adsorption on
the thin film coated sensors was SAGD boiler feed water (BFW) which was provided from a

SAGD water treatment plant located in the Athabasca oil sands region of Alberta.

3.2.2 Membrane fabrication

Three UF membranes, pristine PES, PES-PVP, and PES-PVP-GO, were fabricated via
nonsolvent-induced phase separation (NIPS) method [77,110,111]. Homogeneous polymer
solutions were first prepared by dissolving the materials listed in Table 3.1 in DMAc solvent. For
fabrication of PES-PVP-GO membranes, first GO nanosheets were uniformly dispersed in
DMACc solvent using a probe sonicator, then PVP and PES were added, and the mixture was
stirred for one day. After stirring, the homogenous solution was rested for 24 hours to eliminate
the air bubbles from the solution. Subsequently, the solution was cast on the flat surface as a thin
film using a film applicator (Gardco, MICROM II). In the last step, the cast film was immersed
in a water container and left in water for a day to complete membrane formation by phase
inversion. All membranes were stored in ultrapure water at 23 °C after preparation. The
molecular weight cut off (MWCO) of the synthesized PES, PES-PVP, and PES-PVP-GO was 40,

37, and 35 kDa, showing a smaller pore size of graphene-based nanocomposite membrane.

Table 3.1. Chemical composition of all fabricated membranes in this study via NIPS method

Membranes PES (wt %) PVP (wt %) GO (wt %)
PES 18 0 0
PES-PVP 18 2 0
PES-PVP-GO 18 2 0.1
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3.2.3 Representative organic waste

To evaluate the fouling of fabricated membranes listed in Table 3.1, QCM-D experiments were
conducted on BFW of SAGD operation. The concentration of contaminants in the BFW was
analyzed by ICP-OES (Thermo Scientific, iCAP™ 7400, Massachusetts, USA) and TOC
analyzer (Shimadzu, model TOC-V; detection range 3-25,000 mg/L, Kyoto, Japan) and the
results are presented in Table 3.2. It was reported that a significant fraction of organic carbon
existing in BFW of SAGD operation composes of humic acids [104,126]. To simplify the

calculation of total energy of interaction we used humic acid as the main foulant in BFW.

Table 3.2. Properties of BFW which was used as a feed solution.

Parameters BFW

pH 8.85

TOC (mg/L) 340
TDS (mg/L) 1310
Conductivity (uS/cm) 2049
Na* (mg/L) 400
Si(mg/L) 0.162

Mg?" (mg/L) 0.44
Ca® (mg/L) 3.90
Iron, total (mg/L) 187.8

3.2.4 Membrane topography

The roughness of the fabricated membranes was evaluated by AFM (Dimension edge, Bruker
Nano Surface, USA). The average roughness (R.), root-mean-square roughness (Rq), and
maximum roughness (Rm) were utilized to compare the surface roughness of membranes

quantitatively. The structural morphology of the fabricated membranes was examined using field
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emission scanning electron microscopy (FESEM). The dried membranes samples were fractured
under liquid nitrogen and were mounted on SEM stub. To improve electron conductivity of all
the membrane samples, they were coated with a thin film of chromium (8nm) using Nanotek
SEMprep 2 sputter coater. The cross-sectional images were taken at 10 kV and high vacuum

condition.

3.2.5 XDLVO theory

The XDLVO theory was used to determine the interaction energetics between different
membrane surfaces and foulants. In this approach, the surface energy parameters of membrane
and foulants must be determined experimentally by performing contact angle measurements on

membranes and fouled membrane using three probe liquid of known surface tension properties.

It is suggested by van Oss [119] that the total interaction energy between the membrane and
foulant immersed in water (UXPLV9) can be evaluated by the sum of Lifshitz-van der Waals

(UEY), acid-base (U4B), and electrostatic (UEL) interaction energies as follows:

UXDLVO _ [jEL 4 LW 4 [jAB 3.1)

These components of the total interaction energy are calculated by the following equations [112].

1+ e~ kd _ 3.2)
UEL = ey eoar <2§ffsln (—1 + e‘Kd> (& +)In(1—e zm))
2
UMW = 2mAGgY y
do—d
U4 = 21020645 s (34)

In the above equations, &, represents the dielectric permittivity of suspending fluid (=78.9 for

water), & is vacuum permittivity (8.85 x107'> C*/J/m), as is the radius of foulant, k is the inverse

Debay length, ¢ is the foulant surface potential, ¢ is the membrane surface potential, d is the
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separation distance between membrane and foulants, d,, is the minimum separation distance of
0.158 nm [119], A is the decay length of acid-base interactions (0.6 nm in aqueous media) [127],
AGg" is the Liftshitz-van der Waals free energy, AG4?” is the acid-base interaction free energy

element at the separation distance of d, which could be calculated by the following equations

[112,128].

3.5
AGEY = 2( /Vfw — [v"( /V}W - vt ()
3.6
AGEP =2 /n*( vs + |y —w;) + Zw/yl‘< /V;“ + /Vf* - /Vf) G0

_2(\/Vs+yf_ + \/n‘n*)

where y!Wrepresents the LW component, y* is the electron acceptor, and ¥~ is the electron
donor components, and the subscripts s, 1, f denote solid (membrane), liquid, and foulants,

respectively.

instead of “f’ in the above equations, AGAE and AGLY could

(Y4
S

By replacing subscript of
respectively be calculated for membrane-membrane interaction. If two identical surfaces are
considered, the sum of AGEYand AGZE is the interfacial free energy of cohesion, while if two

sls sls

dissimilar surfaces are studied, the sum of AGéZ'/and AG&“OB is the interfacial free energy of

adhesion (AG“P). Therefore, AGS2 could be defined as free energy of cohesion between two

similar surfaces like membrane-membrane or foulant-foulant as following:

2 (3.7)
AGHS = —2< /VSLW - /VfW> +4( vy + \/Vs‘yf - JV5+V5_ - \/VH[)
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k value, representing the inverse Debye length, can be obtained using the following equation

) e? Y ;72 (3.8)
= &-&0kT

where e is the fundamental electric charge (1.6 x10™" C), n; is the number concentration of ion

[112]:

i in the bulk solution, z is the balance of ion i, k is Boltzmann’s constant (1.38 x 102 J/K), and
T is absolute temperature. The Young—Dupre equation [129] is used to relate the contact angle
(0) of a liquid on a membrane surface to the surface tension of the liquid, solid and foulant. In

this study, a background electrolyte of 10 mM NaCl was used.

According to van Oss, the total surface tension y7°7 for any medium is sum the of the nonpolar

(Lifshitz-van der Waals, y*") and polar (acid-base, y45) components. The polar AB element is

to explicitly include surface tension component due to hydrogen bonding [130]. yTOT is
expressed by the following equation [128,131].
yTOT — yLW + yAB (3‘9)

The polar AB element consists of an electron acceptor and an electron donor parameter [131—

135] and is given by the following equation [136]:

yAB = 2. [y Ty (3.10)
The surface tension parameter of membrane (yXW, ysf,y:) can be evaluated by measuring sessile
drop contact angle using three probe liquids with known surface tension parameters

Y, v, y7) and using the extended Young equation [137]:

cosf _ _ 3.11)
YT+ —) = 2(\/ sy + \[Ys+)’z + \/ys v
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r=1+SAD (3.12)
where 6 is the equilibrium contact angle and r is the Wenzel’s roughness ratio that accounts for
the increase in the surface area because of roughness. The SAD is surface area difference that
could be driven from AFM results. The surface tension components are used to measure the free
energy of cohesion for membrane-membrane and foulant-foulant materials and the free energy of

adhesion for membrane-foulant.

3.2.6 Contact angle measurement

All contact angle measurements were carried out based on the sessile drop method using
goniometer Kruss Model DSA 100E (Hamburg, Germany). The probe liquids being selected for
this study were ultra-pure water, glycerol, and diiodomethane. It is necessary that two of these
liquids be polar (water, glycerol) and one be apolar (diitodomethane) [112]. The apolar probe
liquid was employed to find the nonpolar component (y*") of surface tension whereas the polar

liquids gave the acid-base (y48) component. The properties of probe liquids are shown in Table

3.3.

Table 3.3. Surface tension properties (mJ/m2) of probe liquids at 20°C (Data was taken from van Oss [127])

Probe liquids yw y+ y~ y48 yToT
Ultra-pure water 21.8 25.5 25.5 51.0 72.8
Glycerol 34.0 3.9 57.4 30.0 64.0
Diiodomethane 50.8 0.0 0.0 0.0 50.8

3.2.7 Zeta potential measurement
The surface zeta potential of the membranes was measured using Surpass3 analyzer (Anton Paar,
Graz, Austria). This device measures the surface zeta potential based on streaming potential

measurement. Measurements were conducted using a 0.001 M KCI solution at 25 °C and over

60



pH range of 4-9. The zeta potential of foulants in BFW was also determined by using an
electrophoretic light scattering spectrophotometer (Nano-ZSP Zetasizer, Malvern Instruments,
Worcestershire, UK). This device measures the zeta potential based on the laser Doppler
electrophoresis method. Electrophoretic mobility was evaluated with a background of 0.01M
KCl solution at four pH values (4.0, 7.0, 8.80, 10). Zeta potential was calculated from measured
electrophoretic mobility using the Smoluchowski equation. A detailed description of the
measurement procedure is provided elsewhere [112].

3.2.8 Fouling experiments protocols

To explore fouling propensity of membranes in cross-flow filtration setup, a three-step
experimental protocol was followed. First, we determined the pure water flux, Jy,;. For the next
step, the water flux during filtration of BFW, ]y, s, was measured. The surface of membrane was
washed with deionized water for 30 min to removed loose adsorbed foulants from the surface,
and then the pure water flux of cleaned membrane was recorded for the second time, Jy,. To
evaluate the fouling resistance characteristics of the membranes the total fouling ratio (DR;) and

flux recovery ratio (FRR) were calculated as follows [82]:

R (3.13)
]Wl
DR, =1-2% (3.14)
Jw1

Here, DR; is the summation of reversible fouling ratio (DR,) and irreversible fouling ratio
(DR;;), which are related to the flux decline because of the adsorption of foulant materials on a

membrane surface. DR, and DR, can be calculated by the following equations:

Uwz —Jws) (3.15)

DR, =
" Jw1
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DR, =1-— j‘”ﬁ (3.16)

3.2.9 QCM-D measurements

Quartz crystal microbalance with dissipation monitoring (QCM-D) was employed to measure the
dynamic adsorption behavior of organic matter in the SAGD produced water on pure PES, PES-
PVP and PES-PVP-GO membranes. The working principle of QCM-D technology is based on
applying an AC voltage across a quartz crystal, immersed in the aqueous solution, in order to
excite it to oscillate at a fundamental resonate frequency of 4.95 MHz. Due to the piezoelectric
effect of quartz crystal, a decreasing resonance frequency corresponds to a proportional mass
adsorbed on the sensor surface. The thickness, density, and viscoelastic properties of the
adsorbed layer can be determined by monitoring the frequency change and energy dissipation
shift of the recorded response [138—140]. The response sensitivity to mass change is 0.5 ng/cm?.
QCM-D device used in the present work (Q-sense, Gothenburg, Sweden) can measure
simultaneous changes in resonance frequency (Af) and dissipation (AD) of accumulated organic
matter on the quartz sensors. The Au-coated quartz sensors were covered by a thin film of PES
or PES-PVP-GO using a spin coater (SCS, G3P-15, Indianapolis, USA). A peristaltic pump

(ISMATEC, ISM831, Wertheim, Germany) supplied a steady flow of 0.15 ml/min of the

solutions over the polymer-coated quartz sensor.

The surface properties of the QCM-D sensors are crucial for the interaction of sample material
with the surface. Thus, the use of the proper process for cleaning and surface preparation is
necessary to obtain reproducible measurements. First, sensors were sonicated in DMAc (solvent
for polymer coating) for 15 min to remove polymer film from the surface; then the manufacturer
recommended cleaning procedures were followed. UV/ozone cleaning process was employed for

10 min to remove organic contaminants residue from the surface using UV/ozone ProCleaner
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instrument (BioForce Nanosciences Inc.). Next, the sensors were immersed in an ammonium
peroxide solution (1:1:5 mixture of ammonium hydroxide (25%), hydrogen peroxide (30%), and
MilliQ water) at 75 °C for 5 min. The sensors were rinsed with adequate MilliQ water and finally

dried with pure nitrogen gas.

3.2.9.1 QCM-D sample preparation

The QCM-D sensors can be coated with any material that can firmly attach to their surface and
make an ultrathin layer. To prepare a solution for spin-coating, the homogenous casting solutions
of pure PES, PES-PVP, and PES-PVP-GO was initially diluted ten times with DMAc, and the
solutions were stirred for 24 h to prepare homogenous polymer solutions having 2 wt.% polymer
(PES or PES-PVP or PES-PVP-GO) content. The prepared solutions were then spin-coated on a
previously cleaned quartz crystal sensor at 419 rad/s (4000 rpm) for 100 seconds. Finally, the
sensor was left for 4 hours at room temperature until the solvent evaporated completely, and the
dried thin polymer film was formed. The spun coated PES sensors were mounted into the flow
module chamber. Before each measurement, the chamber was initially flushed with Milli-Q
water to get a stable baseline. The signal was considered stable when the frequency change was

less than +£1 Hz over 10 mins.

3.3 Results and discussion

3.3.1 Physicochemical characteristics of the composite membranes

3.3.1.1 Surface and cross-section morphology

To observe the effect of the addition of PVP-GO on the composite membrane structure, the
FESEM images of cross-section morphologies of all composite membranes are presented in Fig.

3.1. We observed that all membranes have asymmetric morphology with a dense skin layer on
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top and porous finger-like macrovoids underneath which is a typical structure of NIPS
membranes. Based on Fig. 3.1, by incorporation of hydrophilic additives, the thickness of
membrane decreased from 106 um in the pristine PES membrane to 94 um and 88 pm in PES-
PVP and PES-PVP-GO membrane, which could be attributed to acceleration in the exchange rate
of solvent (DMAc) and nonsolvent (water) during phase inversion [91,141]. Hydrophilic
additives have the propensity to increase the thermodynamic instability of casting solution,
therefore, promoting the demixing and make solidification faster [142]. On the other hand, by the
addition of hydrophilic additives like GO, the thickness of whole membrane may decrease, but
the thickness of skin layer increases. This was ascribed to an increase in the polymer solution
viscosity which reduced the phase inversion rate on the top surface and as a result led to a thicker
skin layer. In the case of PES-PVP-GO membrane, the color of top layer is light grayish while its
bottom layer color is white, implying the migration of more hydrophilic material toward the top

layer during NIPS process before the membrane becomes solidified.

106 um

Figure 3.1. Cross-section FESEM images of (a) PES, (b) PES-PVP, and (c) PES-PVP-GO membranes, as well as magnified skin
layer of (d) PES, (e) PES-PVP, and (f) PES-PVP-GO membranes

3.3.1.2 Surface roughness of membranes
2D and 3D AFM topographic images of fabricated membranes are presented in Fig. 3.2 to
evaluate membrane surface roughness. The AFM scan rate was 5 um/s for all the measurements.

The AFM measurements were performed on four different spots over each membrane sample
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and the average was reported with standard deviation in Table 3.4. The AFM images and the
provided information in Table 3.4 show that by the addition of either PVP or GO nanosheets, the
surface roughness parameters of membranes increased. Although no clear correlation between
the surface roughness and PVP concentration was found in the literature (since it changes with
the Mw and concentration of PVP in the casting solution) in most studies, roughness decreased
mainly due to the higher migration rate of hydrophilic PVP toward water [143,144]. The same

observation was reported for hydrophilic nanomaterials such as GO [74].

The average roughness parameter (Ra), root mean square of roughness (Rq), and maximum
roughness (Rmax) were doubled in PES-PVP membrane as compared to PES membrane. As
mentioned before, hydrophilic additives increases rate of demixing during the phase inversion
process. In such condition, casted polymer faces very quick changes like temperature quench,
resulting in less interaction of polymer molecules with non-solvent phase (water). Therefore,
polymer chains start clustering in some regions which enhance membrane surface roughness
[145]. Surface area difference (SAD) values in Table 3.4 show that PVP-GO modified

membrane had 30.2% higher surface area compared to pristine PES membrane.

3.3.1.3 Surface composition of membranes

ATR-FTIR results of fabricated membranes are presented in Fig. 3.3. The transmittance peak at
3440 cm™ is ascribed to OH stretching vibration of carboxylic groups existing in GO
nanostructures. The peaks at 3102 cm™, 3068 cm™ and 2922 cm™ wavenumbers are ascribed to
C-H stretching vibration that exists in PES main backbone, GO, and PVP additive. The
characteristic peak at 1650 cm™ is also assigned to C=O vibration of carboxylic groups that
presents in both PVP and GO structures [146]. The peak at 1620 cm™ is attributed to C=C in

benzene rings in PES and GO structure. As it can be easily seen, the intensity of this peak in
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PES-PVP-GO membrane increased very sharply. The oxygen-containing functional groups on
GO can make hydrogen bonds with added PVP. In such condition, more PVP chains could
remain within the final membrane structure after phase inversion step. Furthermore, GO
nanostructures have some carboxylic groups that can improve FTIR absorption intensity to some

extent.

(a)

300 nm

150 nm

(c)

300 nm

150 nm

Figure 3.2. 2D and 3D AFM topographies of a) PES, b) PES-PVP, and ¢) PES-PVP-GO membranes.
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Table 3.5. Ra, Rq, Rmax, and SAD% of fabricated membranes

Membrane R, (nm) Rq (nm) Rinax (nm) SAD %
PES 6.62 + 0.37 5.25+0.23 51.85+8.8 0.37 +£0.04
PES-PVP 17.57+£3.72 14.14 £3.2 1245+ 28.4 0.44 +0.08
PES-PVP-GO 17.5+1.66 14.0+1.33 121.0£12.0 0.53+0.02
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Figure 3.3. FTIR spectra of PES, PES-PVP, PES-PVP-GO membranes a) wavenumber 500 to 4000 b) wavenumber 1500 to 3800

Wavenumber (cm™)

3.3.1.4 Pure water permeability of membranes

The pure water flux of PES, PES-PVP, and PES-PVP-GO membranes versus transmembrane
pressure was compared to illustrate the influences of incorporation of PVP and GO on
physicochemical properties of the membranes. The slopes in this figure show the hydraulic
permeability of the membranes. It could be observed from Fig. 3.4(a) that incorporating 0.1 wt.%
GO has led to a higher water permeability in PES-PVP-GO (0.3 L/m* h kPa) than PES-PVP (0.28
L/m? h kPa) and pristine PES (0.22 L/m? h kPa) membrane. This enhancement in flux can be
attributed to the decreased thickness of membranes (FESEM images in Fig. 3.1) and more

importantly, improved hydrophilicity of membranes, originating from the incorporation of more
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hydrophilic GO into the nanocomposite membrane, as presented in Table 3.5 [96]. It is worth
noting that for all membranes, the permeation fluxes do not go through the origin, indicating a
resistance against permeation flux up to a certain pressure. However, water passes through the
PES-PVP-GO nanocomposite membrane at lower transmembrane pressure as compared to pristine
PES and PES-PVP membranes, more likely due to its higher hydrophilicity. Porosity and mean
pore size of the membrane are other influential factors which should be considered. Higher
porosity and large mean pore size facilitate more water passage in a determined time step, resulting
in higher water permeability. According to our previous study [111], the addition of 0.1 wt% of
GO improved membrane porosity more than 23%, while the mean pore size miniaturized
approximately 15%. Also, adding GO to the casting solution increased the thickness of the skin
layer. Given that, the increase in the water permeability can be primarily attributed to a significant

increase in membrane hydrophilicity.

3.3.1.5 Separation performance of membranes

The separation performance of fabricated membranes was determined by filtration of BFW of
SAGD operation as feed solution (see properties in Table 3.2) and measurement of organic
matter concentration in feed water and permeate using TOC analyzer. The rejection results are
displayed in Fig. 3.4(b). BFW filtration results exhibit superior performance of nanocomposite
membranes for the removal of organic matter from oil sands produced water. The dissolved
organic matter in the SAGD produced water has a wide range of molecular weight [126]. Our
fabricated UF membranes were able to remove 40-60% of organic matter present in BFW with a

higher molecular weight than 35 kDa [111].

The rejection increased from 48.12% for PES to 54.48% for the GO-based nanocomposite

membrane. Based on the data presented in Fig. 3.4(a) and 3.4(b), the addition of 0.1 wt. % GO has
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maximized both water flux (75 LMH at 207 kPa) and TOC rejection (54.48%). A possible
explanation for the improved rejection is that the addition of GO nanofillers slows down the
solvent/nonsolvent exchange rate in the coagulation bath and thus reduced the pore size of
membranes [111]. Also, migration of GO additive to the skin layer leads to the formation of
thicker skin layer [111]. On the other hand, the hydrophilicity of the membrane increased

significantly by the addition of GO, which has led to the higher permeation flux.
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Figure 3.4. (a) Pure water flux vs pressure for PES, PES-PVP, and PES-PVP-GO membranes (the slope represents hydraulic
permeability of membranes and (b) rejection of organic matter in BFW (TOC rejection) by membranes. The error bars represent
the standard deviations from average water flux values.

3.3.1.6 Surface charge and contact angle measurement results
The surface charge and contact angle of synthesized membranes are presented in Table 3.5. The
measured surface zeta potential of pristine PES at pH 6.5 was -17.4 mV. Since the PES does not
contain ionic functionals. The adsorption of solution anions on the polymeric surface, like Cl or
hydroxide, is mainly responsible for the observed negative zeta potential [147]. By GO
nanofillers addition, ionizable functional groups become abundant at the membrane surface.
These functional groups include carboxylic (-COOH) and hydroxyl (—OH) groups, which are
accountable for the formation of more negative surface charge. At high pH, —COOH

deprotonated to —COQ", giving negative functional groups [31]. The point of zero charge for all
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PES membranes in this research was in the range of 2-3. The more negative surface charge is
verified to lower fouling tendency of the membrane via more electrostatic repulsion effect
[95,148]. Based on the sessile drop method, probe liquids with a volume of 5 ul were placed on
the surface of membranes, and the contact angle was measured after 3 s. Higher contact angle
reveals the more hydrophobic surface. It must be mentioned that it is reported that material is
considered hydrophilic if it produces a pure water contact angle less than about 45° degrees
[137]. Fig. 3.5 shows the zeta potential of organic matter in BFW (in mV) at different pH values.

As can be observed, the organic matter in BFW became more negatively charged as pH

increased.
Table 3.5. Zeta potential and contact angle for PES nanocomposite membranes
Membranes Zeta Potential Contact angle Contact angle Contact angle
(mV) at pH 6.5 (water) (Glycerol) (Diiodomethane)
PES -174+14 78.1+1.6 50.1+0.5 11.9+0.7
PES-PVP -20.7+1.6 67.6+£0.7 559+1.2 289+1.1
PES-PVP-GO -28.0+£0.6 512+1.2 61.9+0.6 393+1.1
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Figure 3.5. Zeta potential of organic matter in BFW at different pH
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3.3.2 XDLVO analysis results

The initial buildup of foulants on a membrane is mainly governed by the interfacial free energy
of adhesion between foulant and membrane (membrane-foulant interactions) which is presented
in Table 3.6. After the formation of the first layer of foulant, the deposition of more layers will
be governed by the foulant-foulant interaction (interfacial free energy of cohesion). According to
Table 3.6, although foulants in BFW have attractive interfacial free energies of adhesion with all
synthesized membranes in this study, its values decreased by the addition of PVP and PVP-GO.
The free energy of adhesion decreased significantly from -28.55 mlJ/m? for pristine PES

membrane to -6.73 mJ/m? for the PES-PVP-GO nanocomposite membranes.

Table 3.6: Interfacial free energy of adhesion (mJ/m2) between membranes and foulants upon contact

Parameters AGGY AGH? AG?
PES -7.55 -21 -28.55
PES-PVP -6.39 -12.29 -18.67
PES-PVP-GO -5.24 -1.49 -6.73

Table 3.7 presents the measured surface tension parameters, as well as the free energy of
cohesion of membranes. It could be observed that all membranes have high y“¥in comparison
with Y4B implying the strong apolar characteristics of the synthesized membranes. By the
addition of PVP and GO; however, the y!W value decreased and at the same time the polar
component 48 increased. For instance, the presence of 0.1 wt.% GO in PES-PVP-GO increased
the polar component (y48) from 1.73 mJ/m? to 16.41 mJ/m?, promoting the polar characteristics
of the synthesized nanocomposite membrane. The Lifshitz- van der Waals (LW) and acid-base
(AB) components of the surface free energy were calculated using equations 5-7. The free
energy of cohesion, AGS?, is the summation of LW and AB surface free energy components and

describes the interaction free energy (per unit area) when two surfaces of the same material (e.g.,
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membrane-membrane, foulant-foulant) submerged in a medium (water in this study), brought
into contact with each other. These values imply the stability of a material submerged in a liquid
medium. If the free energy is positive, the material is considered stable (hydrophilic in case
immersing liquid is water) and when the free energy value is negative it is thermodynamically
unstable (hydrophobic characteristics) [137]. The free energy of cohesion provides quantitative
assessment for the hydrophilicity/ hydrophobicity of the membrane and foulants. The more
negative the AGS2, the stronger is the hydrophobic characteristics. In this study, AGS? is -77.49
mJ/m? for PES as compared to -21.08 mJ/m*> for PES-PVP-GO nanocomposite membrane,
implying that the addition of GO made the nanocomposite membrane less hydrophobic and
improved the free energy of cohesion of the nanocomposite membrane. In this study, the value of
AGZAE is larger than the value of AGLY, suggesting that the contribution of acid-base free energy

component was more notable in comparison with Lifshitz- van der Waals free energy

component.

Table 3.7. Surface tension parameters and cohesion free energy (mJ/m2) of membranes and foulants

Membranes Surface tension parameters Cohesion free energy
Y v v yA T AGeY AGaS  AGGS
PES 49.71 1.58 0.47 1.73 51.44 -11.34 -66.15 -77.49
PES-PVP 44.68 3.21 4.23 7.37 52.05 -8.12 -39.01 -47.13
PES-PVP-GO 39.97 5.03 13.39 16.41 56.38 -5.47 -15.61 -21.08
Foulant:
Humic acid in BFW  41.33 0.87 45.20 12.57 5391 -6.20 27.55 21.35

The membrane fouled with humic acid of BFW has demonstrated much higher electron donor
(y~) component than electron acceptor (y*) one. Previous studies [128,137] have shown that
surfaces fouled by organic matter (here with BFW organics) have higher y ~than y* values due

to inherent negative charge of organic materials. The AGS? for foulant (humic acid of BFW) is
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21.35 which is a positive value demonstrating that humic acid is thermodynamically stable in
BFW. Since, the free energy of interactions are inversely proportional to surface tension [137],
fouling is anticipated to be higher for a surface with a relatively higher surface free energy

component.

Fig. 3.6 shows the profiles of interaction energies with the separation distance from membrane
surface —foulant flocs combination. The surface tension parameters of the humic acid solution
with 10 mM NaCl concentration at pH 7.0 were used to calculate the total energy of
interaction, UXPLYO | between the organic compound and different PES membranes at varying
separation distance. As mentioned before, the main constituent of BFW is humic acid with the
average molecular size is about 6 nm [149,150]. Furthermore, the conductivity of BFW is about
2,000 puS/cm that can be relatively represented by 10 mM NaCl solution. Lifshitz-van der Waals
interaction (UXY) is short-ranged and attractive. Electrostatic interaction (UEL) is long-ranged
and since all membranes and foulant are negatively charged, the UEL interaction is repulsive.
UEL interaction is dominant for longer separation distance.

Fig. 3.6 demonstrates that, for all synthesized membrane, when the organic molecules approach
the membrane surface (as close as 20 nm), they would experience repulsive interaction. As it is
shown in Fig. 3.6, among three different interaction components (U42, UMW and UEL), AB
interaction (U4B) is the most determining factor of the total energy of interaction
(UXPLVOY when the separation distance is less than 5 nm. According to Fig. 3.6(d), PES-PVP-
GO demonstrated the highest energy barrier against adsorption of an initial layer of foulants.
When the energy barrier is higher, the foulants fail to overcome it easily and thus the initial

adsorption is more difficult to occur. By the addition of GO to the membrane, the interaction
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barrier becomes larger, meaning that the

fouling resistance.
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Figure 3.6. The profiles of interaction energies with separation distance from the membrane surface for a) PES, b) PES-PVP, and
¢) PES-PVP-GO. Panel d) compares XDLVO energies of interaction for PES, PES-PVP, and PES-PVP-GO membranes.

3.3.3 Flux recovery ratio (FRR)

Several parameters that affect fouling on a membrane are membrane surface characteristics (e.g.,

hydrophilicity, roughness, and zeta potential), hydrodynamic of the membrane module, and feed

solution chemistry (e.g., pH and ionic strength) [101,102]. In this work, to explore the effect of

membrane surface characteristics on fouling, temperature and the latter two parameters were

maintained constant. It is broadly recognized that a membrane with higher hydrophilicity and

more negative surface charge has less tendency to develop fouling due to fewer interactions

among the functional groups of the dissolved organic compounds in the feed solution and the



polar groups on the membrane surface. A reasonable justification could be a layer of water
molecules could be established on the membrane surface as a result of hydrogen bonding
between the surface hydrophilic groups and water molecules that slow down the attachment of
foulants to the membrane surface [96,103]. In addition, the majority of organic matters in the
analyzed wastewater are predominantly hydrophobic [104]; thus they have less tendency to
adsorb on a hydrophilic surface on account of a smaller hydrophobic interaction with the
membrane surface. The combination of the high surface charge and the more hydrophilic surface
of the graphene-based nanocomposite membrane (PES-PVP-GO) made the surface less prone to
fouling by suspended organic matter, which could be favorable for the treatment of oil sands
produced water. It’s worth mentioning that the increased roughness of membranes by the
addition of PVP and GO (AFM results in Fig. 3.2 and Table 3.5) tends to increase the fouling
due to the entrapment of foulants (here humic acid) in the eddy zones generated behind the peaks
[95,151]. However, the adverse effect of roughness is countered by the improved hydrophilicity

and surface charge.

The fouling behavior of the PES, PES-PVP, and PES-PVP-GO membranes during cross-flow
filtration of BFW at the same transmembrane pressure (275 kPa) is shown in Fig. 3.7(a). All
membranes were compacted at higher pressure before filtration test to make sure that the flux
decline over time is just due to the fouling phenomenon. As can be observed in Fig. 3.7(a), the
flux decline in PES-PVP-GO membrane was less than PES and PES-PVP membranes. This
result can be ascribed to higher hydrophilicity and more negatively charged surface of GO-PVP
modified membrane that reduced fouling through -electrostatic repulsion and reduced

hydrophobic interaction mechanisms. In addition, the XDLVO curve (Fig. 3.6d) shows a higher
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maximum for PES-PVP-GO membrane than other membranes, implying less tendency of

organic matter to adhere to the membrane surface.

After 1 hour filtration of BFW, the membranes were washed with pure water for 1 hour, and then
the second pure water permeation flux was measured. Water flux recovery ratio (FRR), total flux
decline ratio (DR;), reversible fouling ratio (DR,.) and irreversible fouling ratio (DR;,.), of the
synthesized membranes are presented in Fig. 3.7(b). It can be observed that PES, PES-PVP, and
PES-PVP-GO membranes experienced flux reduction during 1 h filtration of organic matter in
BFW because of organic and inorganic materials accumulation on the surface of membranes.
Nonetheless, the irreversible flux decline, as a result of strong adsorption of foulants on the
surface, and inside the membranes pores was reduced for GO nanocomposite membrane (25.3%)
in comparison with the pristine PES (72.6%) and PES-PVP membranes (36.3%). Comparing at
the same condition, the flux reduction of PES-PVP-GO was 37% less than the PES. In addition,
PES-PVP-GO provided 47% and 11% more FRR than PES and PES-PVP, respectively,
indicating an improvement in fouling resistance characteristics of the base membrane by the
addition of GO nanofillers. Finally, the fouling test results are found to be in good agreement
with the XDLVO theory that showed less fouling tendency of GO-modified membranes to

fouling by organic matter in BFW.
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Figure 3.7. (a) Fouling of PES, PES-PVP, and PES-PVP-GO membranes by organic matter in BFW over time and (b)
Comparison of the fouling characteristics membranes. DRt is total flux decline ratio, DRr is reversible flux decline, DRir is
irreversible flux decline ratio, and FRR is flux recovery ratio.

3.3.4 QCM-D

QCM-D was used to investigate the dynamic adsorption of organic matter in BFW of SAGD
operation on PES, PES-PVP, and PES-PVP-GO membranes. After finding the resonance
frequencies for the dry QCM-D sensor in the air, Mili-Q DI water was pumped through the
system at a flow rate of 150 pL/min and 25 °C. The volume above the sensor was 40 puL, which
provided a residence time of 16 seconds and the Reynolds number over the sensor was 0.5
(creeping flow). Therefore, it can be assumed that there was no slip between the adsorbed
molecule and polymer coated crystal due to creeping flow over the sensor during QCM-D
experiments. In this study, all the organics samples were first filtered by 0.45 um syringe filter
prior to injection. After obtaining a stable baseline for DI water, a background solution of 0.01 M
NaCl and BFW solution were respectively supplied over the sensor at an identical temperature

and flow rate.
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As displayed in Fig. 3.8, when the foulant solution was injected into the chamber, the frequency
of all crystal sensors decreased immediately due to the mass adsorption on the coated polymer
surface. Subsequently, the observed sharp declining trends were decelerated, representing
saturation of adsorptive sites over polymeric coating. The frequency of the sensor which was
spin-coated with PES-PVP-GO polymer solution showed a maximum decline, implying the
highest deposition of foulant, which is unexpectedly inconsistent with the XDLVO theory and
fouling experiment results. According to the XDLVO analysis and filtration tests, the order of
attractive interaction energy between organic matter and membranes as well as flux decline
(total, reversible, and irreversible) was PES-PVP-GO < PES-PVP < PES. This means that,
although the interaction energy barrier is higher, the polymer thin film (membrane) is still more
inclined for foulant adsorption when GO and PVP were added. Similar inconsistent behavior was
also reported in the literature [128]. One reason for such observations could be different flow
regimes and applied pressure that exists between membrane cross-flow filtration chamber
(laminar flow, Re ~ 800, 275 kPa) and QCM-D sensor chamber (creeping flow, Re = 0.5,

atmospheric pressure).

At lower flow rates, the impacts of electrostatic forces and hydrophobic interactions on the
fouling behavior of studied membranes become more significant [152]. In such condition,
surface functionality and solution composition are the predominant factors controlling initial
adsorption rate [153]. PES-PVP-GO membrane with abundant oxygen-containing functional
groups, being originated from deposited GO, can be easily coated by divalent cations of the
solution such as Ca** and Mg?" (see the analysis results of BFW in Table 3.2). It is also reported
that among different functional groups, -COOH has the fastest adsorption kinetics [124].

Afterward, negatively charged organic compounds can make another coating layer over this
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positive wall. The next bilayers could be created either by electrostatic or hydrophobic attraction
forces. In addition, the surfaces of membranes fabricated by phase inversion and spin coating are
different in terms of surface composition and surface roughness, which is mainly due to a

different distribution of GO at the membrane surface using these two methods.

Apart from flow rate effects, the physical surface properties of the studied membranes in QCM-
D and filtration tests are different. In the cross-flow filtration tests, a permeable porous
membrane was used while the QCM-D experiments were done over a non-permeable sensor
surface. By applying transmembrane pressure in filtration tests, water is forced to pass through
the membrane, forming a denser layer of water at the initial stage of filtration as compared to the
QCM-D cell. This aqueous layer acts as a barrier which prevents attachment of organic matter to
the membrane surface. Such beneficial circumstance is absent in the case of QCM-D sensor,
thereby, higher hydrophilicity of QCM-D sensor coated by PES-PVP-GO could not have a

considerable supportive impact on better antifouling performance.
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Figure 3.8. Representative frequency shifts by deposition of organic foulants in BFW of SAGD operation onto PES, PES-PVP,
and PES-PVP-GO spin-coated on QCM-D crystal sensors

3.4 Conclusions

In this research, we studied the effects that incorporation of hydrophilic additives including PVP
and GO can have on fouling behaviors of fabricated membranes through XDLVO analysis,
fouling tests, and QCM-D techniques. . Our results showed that different additives can notably
alter the surface property of membranes in terms of hydrophilicity and surface charge. The water
and oil contact angle measurement results represented that two modified membranes with PVP
and PVP-GO had higher hydrophilicity comparing to the pristine one. Beside hydrophilicity,
roughness and surface charge of these modified membranes were also increased by the addition
of PVP and PVP-GO. The fouling tests and XDLVO analyses demonstrated that among all
membranes, PVP-GO modified membrane had the best antifouling performance. According to
XDLVO results, all components of interfacial free energy of adhesion between membranes and
foulants reduced after modifying membranes by PVP and PVP-GO, implying that the surfaces of

80



these newly fabricated membranes had less tendency to fouling by organic matter. Using QCM-
D technique, the adsorptive behaviors of different polymeric compositions of membranes were
also studied. The QCM-D results were not in line with real fouling tests as well as XDLVO
analyses in which PVP-GO modified membrane showed the highest equilibrium mass adsorption
over QCM-D sensor. Fluid dynamics, as well as surface characteristics in QCM-D tests, were
totally different compared to fouling tests that could be assumed as a possible reasons for such
contrasting observations. Based on the obtained results and observations, the outlines of this

study could be listed as following:

1- Assessment of surface enrgy parameteres in a membrane without considering to
peripheral condition could not exactly indicate its actual fouling behavior.

2- XDLVO theory is a straightforward technique to investigate how effective adhesive
forces between membrane and foulants can determine fouling tendency.

3- The results obtained from XDLVO theory could successfully predict the trends of

different membranes working in the feed solutions with high fouling potential.

QCM-D, as a real-time technique for monitoring surface adsorption, is unable to provide

information which are comparable with real fouling tests results.
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Nomenclature

©HR C R ADMA D PR

Superscripts
AB

LW

EL

CO

TOT

+

Subscripts
f

1

s

sls

radius

permittivity of the suspending liquid (78.9 for water)
vacuum permittivity (8.85 x 1072 C%/J/m)

inverse Debye screening length

zeta potential

contact angle

separation distance between membrane and foulants
minimum separation distance (0.158 nm)

decay length of acid-base interactions (0.6 nm in aqueous media)
total interaction energy between membrane and particle
surface tension

absolute temperature

electron charge (1.6 X107 C)

number concentration of ion i in bulk solution
valence of ion i

Boltzmann’s constant (1.38 x 10"* J/K)

Wenzel’s roughness

acid-base

Lifshitz—van der Waals
electrostatic

cohesion

total

electron acceptor
electron donor

foulant

liquid

solid (membrane)

two surfaces of the same material submerged in a liquid
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Chapter 4:

Anti-fouling Electro-conductive Thin Film Composite Membranes

Fabricated by reduced Graphene Oxide-Polyaniline (rGO-PANI)
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4.1 Introduction

Lack of adequate clean water threatens the life of up to 1.2 billion people worldwide [154].
Along with a drastic increase in demand, pollution of water by persistent soluble organic
compounds and heavy metals have exacerbated water crisis. Water shortage has also negatively
affected energy and food production, and thus hampered the continuous economic growth of
both developing and industrialized countries. Given that, the only viable option for the
sustainable growth of nations is to treat, recycle and reuse the industrial and residential effluents

by energy- and cost-efficient methods [155].

Among many techniques being proposed so far, advanced oxidation processes (AOPs, i.e.,
Fenton reaction, ozone/UV, and photocatalysis) and membrane-based technologies are
recognized as the most effective methods to remove water pollutants [156,157]. The largest
wastewater reclamation plant with the initial capacity of 375000 m®/day is implemented in
Sulaibiya (Kuwait) recently, where water is purified through reverse osmosis (RO) and
ultrafiltration (UF) techniques [158]. The AOP method has also applied practically for removal
of pesticides by PWN water treatment plant in the north Netherland [159]. Depending on the
type of AOP, it may suffer from many drawbacks, which restrict its feasible implementation in a
large scale. Most of AOP systems are very energy- and cost-intensives and have the potential to
produce some toxic byproducts [160]. On the other hand, membrane-based technologies offer
several advantages over AOPs for large-scale applications such as compact modular design, low
energy consumption, ease of operation, and high quality of the product in terms of purity [155].
However, fouling of membranes via mineral compounds [161], colloidal particles, dissolved

organics [111], and microorganisms [162] restricted the widespread application of membranes.
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In general, hydrophilicity, charge, and roughness of surface play the most crucial roles in overall
fouling behavior of a membrane [77]. Owing to the formation of a dense layer of water over the
hydrophilic membrane surface, the attachment of foulants can be inhibited considerably [163].
Furthermore, rougher surfaces are found to be more vulnerable to fouling as foulant can be easily
entrapped in the eddy zones generating behind the peaks [95]. It is also reported that membranes
with the negatively-charged surface could minimize deposition of negatively charged foulants
through electrostatic repulsion [164]. Modification of membranes with nanomaterials [165],
polymers with hydrophilic segment [166], and antibacterial agents [167,168] have been so far
attempted to improve antifouling performance without sacrificing membrane permeation and
selectivity rates. In recent years, researchers have investigated the use of responsive polymers to
change the physicochemical properties of membranes[23,31]. The grafted responsive groups at
the membrane surface change their conformation and surface charge upon a change in an
external stimulus such as pH, ionic strength, electric potential, and temperature, which might
reduce adsorption of solutes to the surface[169]. Despite promising results obtained in lab-scale,
low physical stability of coated/grafted materials to the surface and massive use of chemicals has
confined the application of membrane surface modification methods in practice [170]. Currently,
stimuli-responsive membranes are vital components of advanced technologies such as sensors,
protein detection kits, and drug delivery devices[171], and their application in water treatment

certainly requires further exploration.

Electrically conductive membranes (ECMs), being made by a wide range of organic and
inorganic materials, have demonstrated great potential in water purification [172,173]. Applying
external potentials, the ECMs could take different electrical charges which are uniformly

distributed over the surface of the membrane. The first aptitude of ECMs is their switchable
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surface charge, enabling them to repel oppositely-charged foulants through -electrostatic
repulsive forces [174]. Furthermore, electrochemical reactions, including anodic electro-
oxidation (AEO) and cathodic electro-reduction (CER), may occur on the ECMs, which could
partially or completely destroy the chemical structure of some foulants [59,175,176]. Biofilm
formation over the surface of membrane, which causes biofouling, could also be prevented via
AEO process on self-cleaning membrane [177]. During membrane scaling by inorganic foulants,
primarily divalent ions, the electric field can facilitate the electrophoretic movement of ionic
species and consequently disrupt local crystallization [178]. In a specific range of potentials,
hydrogen or oxygen gasses could be generated over ECMs surface, contributing to the mitigation
of membrane fouling through gas bubbling [179]. Carbon-based nanomaterials including carbon
nanotube (CNT) [180,181] and reduced graphene oxide (rGO) [182,183], metals like Ni [184], as
well as electro-conductive polymers such as polyaniline (PANI) [185,186] and polypyrrole (PPy)
[187] were recently employed to develop ECMs. One of the bottlenecks of ECMs being made by
solely carbon-based nanostructures is the low thin film stability under cross-flow filtration and
high anodic potentials, deteriorating permselectivity of the membrane in a long-term operation
[59,188]. High environmental stability and excellent anti-corrosive properties of PANI make it a
promising candidate for improving the attachment of conductive carbon thin film on top of
ECMs [59,189]. In this study, we developed a facile approach to fabricate robust stimuli-
responsive membranes, which could reduce membrane fouling when subjected to an electric
potential by combining the advantages of both AOP and membranes. We proposed a rapid and
versatile method to prepare highly-rigid ECMs by simultaneous lamination of rGO and PANI
onto polyethersulfone (PES) support. Using PANI, which served as a strong glue for the firm

assembly of rGO to the PES surface, without significant sacrifice of rGO electrical conductivity,
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has resulted in robust and high-performance ECMs. The physicochemical characteristics of the
fabricated ECMs were evaluated in terms of hydrophilicity, mechanical stability, and charge
density. Afterward, fouling behavior of these membranes was systematically studied in both
AEO and CER configurations using synthetic aqueous solutions of sodium alginate and real
boiler feed water (BFW), taken from steam-assisted gravity drainage (SAGD) operation for

bitumen extraction in Alberta, Canada.

4.2 Material & methods

4.2.1 Chemical and reagents

Commercial PES membrane of 0.1 pm pore size was obtained from Sterlitech Corporation and
was used as support layer. N-Methyl-2-pyrrolidone (NMP), potassium permanganates, and
H>SO4 were purchased from Fisher Scientific. Graphite powder and polyaniline (PANI)
(emeraldine base, MW~65000 Da) were purchased from Sigma Aldrich. Synthetic solutions of
sodium alginate (Acros Organics) and boiler feed water (BFW) of SAGD operation (Athabasca

oil sands region of Alberta, Canada) were used for fouling tests.

4.2.2 Preparation of rGO

Graphene oxide was synthesized by oxidation of graphite powder according to modified
Hummer method followed by exfoliation of graphene sheets by probe sonication. After multiple
times washing, GO sheets were freeze-dried. Subsequently, reduced graphene oxide (rGO) was

synthesized by thermal reduction at 1000 °C under pure N2 atmosphere.

4.2.3 Membrane fabrication
Stock solutions of PANI in NMP: DI water (Wnmp:Wpr water = 1:4) and rGO in DI water were

prepared through 1 h sonication. An appropriate amount of each solution was mixed in a dead-
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end filtration cell and it was allowed to pass through microporous PES substrate under nitrogen
gas pressure. The compositions that were used to prepare all membranes are summarized in
Table 1. The concentration of PANI in all membrane was 0.5 mg which was initially dispersed in

40 ml of NMP. rGO was dispersed in 160 ml of DI water.

Table 4.1. Chemical composition of laminated layer

Membranes PANI (mg) rGO (mg) PANI: rGO
ECM1 0.5 0 1:0
ECM2 0.5 1 1:2
ECM3 0.5 2 1:4

4.2.4 Representative organic waste
To evaluate the fouling resistance of the fabricated membranes listed in Table 4.1, we conducted
filtration test using sodium alginate synthetic solution (50 ppm, 5 mM NaCl), as well as real

BFW waste of SAGD operation.

Table 4.2. Properties of BFW samples of SAGD operation

Parameters BFW Water
pH 8.8

TOC (mg/L) 300

TDS (mg/L) 1310
Conductivity (uS/cm) 2049

Na* (mg/L) 470

Si (mg/L) 0.16

Mg?" (mg/L) 4.8

Ca?" (mg/L) 6.00

Fe?" (mg/L) 2.1

The sodium alginate solution was prepared by mixing 0.1 g of sodium alginate (as a foulant) and

0.58 g of NaCl (as an electrolyte) in 2 L of DI water. The concentration of organic contaminants
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in the BFW waste was determined by TOC analyzer (Shimadzu, TOC-V CHS/CSN model,
Kyoto, Japan). A large portion of carbon-based material existing in BFW of SAGD operation
wastewater i1s composed by humic acid [104]. In addition, ICP-OES (Thermo Scientific, iCAP™
6000, Massachusetts, USA) was used to measure the metallic cation concentrations in waste

solution. The results are shown in Table 4.2.

4.2.5 Membrane characterization

4.2.5.1 Contact angle measurement

The hydrophilicity of membranes was studied by measuring the water contact angle on their
surfaces using Kruss contact angle analyzer (Model DSA 100E, Hamburg, Germany) based on
the sessile drop method. For each sample, five measurements were performed, and their average

value was reported.

4.2.5.2 Transmission electron microscopy (TEM)

Philips/FEI Morgagni 268 TEM (Eindhoven, The Netherlands) was used to measure the
thickness of laminated PANI/rGO layer. At first, membrane samples were stained with uranyl
acetate and lead citrate and then embedded in Spurr’s resin. Next, ultrathin sections of the
samples were cut using an ultramicrotome (Reichert-Jung Ultracut E, USA), and finally,

examined by TEM.

4.2.5.3 Electrochemical measurements

The electrical conductivity of the membrane was measured using a Potentiostat/Galvanostat
(Princeton Applied Research, model 263A). The fabricated membranes were first cut in a strip
shape with a dimension of 1 cm x 2 cm. The strips were then clamped between two glass slides

with two copper tape electrode having a separating distance of 1 cm for conductivity
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measurement. The current developed over the surface of three fabricated membranes were
recorded by applying a varied DC potential to the membranes in the dry condition. Also, cyclic
voltammetry (CV) experiments were conducted to measure the current generation on the
fabricated membranes in the wet condition. The CV tests were all performed by cycling the
potential of a working electrode, and measuring the resulting current in a standard three-
electrode system using membrane (surface area = 1 cm?) as a working electrode (membrane),
saturated calomel electrode (SCE) as a reference electrode, and platinum wire as a counter
electrode. Electric potential, in the range of 0-1.2 V, was applied using the
Potentiostat/Galvanostat between membrane and the reference electrode. The electrolyte solution

in this experiment was 0.1 M KCI solution.
4.2.5.4 X-ray photoelectron spectroscopy (XPS)

Detailed elemental and chemical bonding analysis of PANI/rGO laminated membranes was
conducted by XPS imaging spectrometer (Kratos, AXIS Ultra, Manchester, UK), equipped with
a monochromatic Al Ka Xray source PS. XPS analysis provided information about the outer 1—
10 nm of the GO derivative samples. In the present work, Low-resolution survey scans, as well
as a high-resolution scans were taken. XPS spectra were obtained with passing energy of 160 eV

and sweep time of 100 s in the range of 0-1100 eV.

4.2.5.5 Field emission scanning electron microscopy (FESEM)

The morphology of fabricated membranes was observed using field emission scanning electron
microscopy (FESEM). The dried membranes samples were firmly mounted on SEM stub using
double-sided carbon tapes. To prevent membrane surface charging during FESEM analysis, all
membrane samples were coated with a thin film of carbon using Leica EM SCDO00S5 evaporative

carbon coater. The top view images were taken at 10 kV and high vacuum condition.
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4.2.5.6 Zeta potential measurement

The surface zeta potential of the fabricated membranes was measured using Surpass3 analyzer
(Anton Paar, Graz, Austria). Two pieces of membrane samples were cut and fixed on the sample
holders and then sample holders submerged in 0.001 M KCI solution at 25 °C. The gap between
two flat surfaces was set to 100 um. The surface zeta potential was then evaluated based on

streaming potential and streaming current measurements at different pH values.

4.2.5.7 Mechanical stability test

To investigate the mechanical stability of the fabricated membrane, they were immersed in DI
water and stirred for 2 weeks. Water samples were taken at the beginning and after each week
and were analyzed with the TOC analyzer to determine the amount of organic material leached

from the membrane into the water.

4.2.6 Evaluation of pure water flux

A cross-flow membrane filtration setup was used to study the performance of the fabricated
PANI-rGO-PES membranes. The process flow diagram of this setup is shown in Fig. Bl in
Appendix B. The membrane was cut into a circular shape with the effective filtration area of 19.6
cm?. Pure water flux experiments were conducted at a constant transmembrane pressure of 60 psi
to compare the permeability of fabricated membranes. Prior to each experiment, the fabricated
membranes were immersed in water for 30 min and then were compacted at 80 psi for 1 h to
achieve a steady flux. The water flux (Jo, L/m*h) was determined by direct measurement of the

permeate volume collected over time using the following equation:

" (4.1)
Jo pAAt
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where m is the mass of the permeate water (kg), p is the water density (1 kg/L), 4 is the
membrane effective area (m?), and Af is the permeation time (h). A digital balance (ME4002,

Mettler Toledo, USA) connected to a computer was used to automatically weigh and record the

permeate mass over time.

The rejection of organic matter by membranes was evaluated by analyzing the TOC in the

collected permeate using the following equation:

R(%) = (1 -2 x 100 42)
Cr

where €, and Cy are the TOC content in permeate and feed solutions, respectively.

4.2.7 Fouling tests

A lab-scale diaphragm pump served to apply 40 psi hydraulic pressure over the membrane
surface. Membrane’s top layer was connected to either anode or cathode output of a DC power
supply to conduct AEO or CER reactions, respectively. Using a piece of stainless-steel as an
anode (radius =2 cm), 2 V electric cell potential was employed to study the electroactivity of the
fabricated membranes. The distance between anode and cathode was adjusted at 0.5 cm. To
study fouling behavior of membranes, a three-step experimental protocol was followed. First, the
pure water flux was recorded (Jyyq). Then, the water flux during filtration of sodium alginate
solution or BFW was measured (Jyy¢). Finally, after hydraulic washing of the membrane surface
with deionized water in the same flowrate for 1 h, the water flux of the cleaned membrane was
recorded again (Jyy2). An equal electric potential, which was applied in fouling step, was also
imposed to membrane surface during washing step. To determine the antifouling property of the

membranes, total fouling ratio (DR;) and flux recovery ratio (FRR) were determined as follows:
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Jwe (4.3)

DR,=1-M2
‘ Jw1
FRR = 1wz (4.4)
Jw1

Here, DR, is the sum of irreversible fouling ratio (DR;,) and reversible fouling ratio (DR,),
which provide insight regarding the flux decline because of the adsorption of foulant molecules
on the membrane surface and concentration polarization phenomenon, respectively. DR;,- and

DR, can be calculated by the following equations:

DR, =1-1w2 (.5)
Jwi1
DR, = Uwz —Jwp) (4.6)
Jwi

4.3 Results & discussion

4.3.1 Membrane characterization results

To check physical stability of coatings, membranes were immersed in vigorously stirring DI
water for two weeks. Fig. B2 in Appendix B presents optical images of the membranes before
and after leaching tests. Neither visible defect on the membrane surface nor a change in the
turbidity of the aqueous solution was observed for all three membranes, implying that the coated
thin films were sufficiently stable under harsh conditions. To confirm this result, the TOC of the
aqueous solution was measured after two weeks. It was found that the TOC of solutions
containing ECM1, ECM2, and ECM3 were 2.47 ppm, 2.85 ppm, and 2.04 ppm, respectively.
The surface charge of fabricated membranes was evaluated through zeta potential measurements.
As demonstrated in Fig. 4.1, all membranes had almost similar zeta potentials at different pH

values. Zeta potential of the ECM1 was slightly more positive at lower pH values due to its
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higher density of amine functionals, being readily protonated in acidic environments. The
electrical conductivity of the membranes was studied by applying dynamic electric potentials to
membranes and recording the current. The trend of current elevation with applied voltage for all
three membranes is illustrated in Fig. 4.2. The results showed that ECM3 had the highest
electrical conductivity among all membranes (84.53 S/m). The electrical conductivities of ECM 1
and ECM2 are 0.459 S/m and 2.170 S/m, respectively. The observed substantial increase in
electrical conductivity of ECM3 is due to the higher weight ratio of rGO in its top thin layer,

which possesses better electrical conductivity than PANL
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Figure 4.1. Variation of membrane surface zeta potential in different pHs.

94



2.31x10° | Slope = 8.45 x 10°®

1.54x10°°
7.70x10°¢

0.00

6.0x10”

4.0x107

I (Alcm?)

2.0x10”

0.0

1.32x107

8.80x10°%

4.40x10®

0.00

05 00 05 10 15 20 25 30 35
E(Volts)

Figure 4.2 Current elevation over the surface of three different membranes by applying a varied DC potential.

Optical photographs, top FESEM, cross-sectional TEM, and water contact angles of the
fabricated membranes are shown in Fig. 4.3. It was observed that a uniform and defect-free thin
film of PANI or PANI/rGO nanocomposite was coated on the commercial PES support using the
pressure-assisted method. The color of HCl-doped PANI is green, and by adding rGO
nanosheets, the color of the thin layer is changed to dark gray. Top FESEM images indicated
visible open pores on ECM1, which was coated with just PANI. Solid plane structures of rGO

nanosheets were clearly observed in ECM2 and ECM3. It seems that rGO nanosheets are buried

95



within the PANI matrix. By increasing rGO content, the number of open pores remarkably

declined on the membrane surface, which would likely result in better solute rejection properties.

Optical Image FESEM Cross-sectional TEM Water Contact Angle

ECM2

ECM3

Figure 4.3. Optical, top FESEM, and cross-sectional images with water droplet pictures, representing contact angles in three
different fabricated membranes.

According to cross-sectional TEM images, the thickness of the coating layer was in the range of
100-150 nm. In terms of surface wettability, ECM1 with 41.4° had the lowest water contact
angle among all membranes. Owing to the hydrophobic nature of rGO, water contact angles were

elevated up to 63.9° and 73.65° for ECM2 and ECM3, respectively.

To study the surface chemical composition of the fabricated membranes, XPS analysis was

conducted, and the survey spectra, as well as deconvolution of high-resolution spectra of Nls
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peak, are presented in Fig. 4.4. The survey XPS spectra showed that all membranes contained
three main peaks at 284.6 eV, 398.8 eV, and 531.2 eV, which are respectively ascribed to
characteristic bonding energy of Cls, Nls, and Ols. The atomic percentage of these three
elements in Table B1 revealed that ECM1 possessed the highest contents of nitrogen and oxygen
atoms. In ECM2 and ECM3, the incorporated rGO increased the carbon content proportionally.
Deconvoluted N1s region gave three smaller peaks including the benzenoid amine at 397.8 eV
(=N-), the quinoid amine at 398.3 eV (-NH-) and the cationic nitrogen radical at 399.6 eV (N™)
[190]. It clearly shows that acid doping converted some emeraldine base PANI to salt
emeraldine, improving the electrical conductivity of the coated surface. The intensities of
deconvoluted N1s bonds (Table B1) shows that by increasing rGO content on the membrane
surface, the amount of cationic radical nitrogen increased. It might be due to the deprotonation of

few carboxylic acid functionals over the rGO plane which can slightly increase acid doping of
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Figure 4.4. Wide-survey XPS spectrum obtained from prepared membranes with typical high-resolution XPS scans of N1s.

4.3.2 Fouling of membranes with sodium alginate
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Sodium alginate is an anionic linear polysaccharide which could be derived from seaweed.
Owing to abundant hydroxyl and carboxyl functional groups, this natural polymer is negatively
charged, forming hydrogels with oppositely-charged ions [191]. In Fig. 4.5, the left plot is
showing the normalized water flux of three different membranes after addition of sodium
alginate under no electric potential. The initial water fluxes of ECM1, ECM2, and ECM3 after
compaction was 238.5 LMH, 188.5 LMH, and 107.7 LMH, respectively. Presence of open pores
on the surface of ECMI, as well its higher hydrophilicity (see Fig. 4.3), improve water
permeation through the ECM1. The planar structure of rGO blocked some pores on the thin layer
of ECM2 and ECM3 and declined hydrophilicity of these membranes. Higher initial flux is a
reason behind higher fouling of ECM1, which caused an intense dragging force of foulant
material over the surface [146]. In ECM3, higher content of hydrophobic rGO in top layer
decreased the affinity of the surface toward water molecules. The absence of aqueous dense layer
over hydrophobic membrane surface increases the attachment of foulants, leading to higher
observable fouling in ECM3 [192]. Results of normalized flux decline when membranes
experienced 2 V cathodic cell potentials are shown in the mid graph of Fig. 4.5. Comparing to
baseline (steady Jw/Jwo without applying electric potential), improvement of anti-fouling
performance was negligible (~2%) for the ECM1. It is worth mentioning that by applying 2 V
CER, the ECM1 experienced a distinguished less water decline before 4000 s of filtration time.
However, ECM2 and ECM3 demonstrated 5.4% and 11.4% less fouling in the CER mode,
respectively. By changing DC electrodes positions and applying 2 V anodic cell potential on the
surface of membranes more favorable results in term of fouling propensity of membranes was
obtained (right graph of Fig. 4.4). ECM3 with 31.9% showed the highest improvement and

ECMI1 and ECM2 provided 17.4% and 12.5% less water flux declines, respectively, due to
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sodium alginate fouling. To get better insight in fouling behavior of the prepared membranes,
DR values were calculated and plotted in Fig. 4.6. The less DR, the better membrane would be
in term of resistant against fouling. As can be observed, ECM3 provided the lowest DR; after

applying 2 V anodic or cathodic potential.
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Figure 4.5. Variation of normalized water flux versus time for three fabricated membrane when no electric potential (left graph),
2 V cathodic potential (middle graph), and 2 V anodic potential (right graph) were applied.
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Figure 4.6. DR¢ values measured from sodium alginate fouling of membranes under no, CER, and AEO electric potential
applications.

4.3.3 Electro-oxidative behavior of membranes under high electric potentials
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Since ECM3 provided significant improvement fouling resistance, we focused on this membrane
in all following experiments. The capability of ECM3 in water flux recovery was evaluated after
sodium alginate fouling in three different anodic potentials by recording normalized water flux
versus time, as depicted in Fig. 4.7a. The water flux recovery of ECM3 was also studied under
no electric potential. The DR, FRR, DRj;, and DR; were respectively calculated using Eqgs. 3-6
and the results are displayed in Fig. 4.7b. As can be seen, increasing the anodic potential, the
ECM3 represented less water flux drop after sodium alginate fouling. The DR value of the
ECM3 reduced from 63.08% for zero potential to 30.97% when 9 V imposed to the membrane
surface. Increasing the applied voltage, the FRR showed a growing trend and reached 97.47%
under 9 V electro-oxidative potential after washing by salty water. Excellent anti-fouling and
flux recovery performances, as well as feasible fabrication method, makes ECM3 a promising

candidate for large-scale applications.
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Figure 4.7. (a) dynamic sodium alginate fouling behaviors and (b) representative fouling parameters for the ECM3 in different
anodic potentials.

4.3.4 Purification of BFW under different CER potentials
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The capability of ECM3 in the purification of BFW was first evaluated in AEO configuration.
We observed that permeation of water through the membrane was totally prevented quickly after
employing of 3 V anodic cell potential. In contrast, less water flux decline was observed in CER
configuration. As represented in Fig. 4.8a, 89.19% normalized water flux decline was observed
for the ECM3 under no electric potential by using BFW as a feed solution. Applying 3, 6, and 9
V CER potentials, ECM3 showed 82.75%, 72.20%, and 67.18% normalized water flux decline,
respectively. Also, a slight improvement in water flux recovery was observed after the washing
steps. Such a sharp flux decline and a minor flux recovery after washing imply that the main
mechanism of fouling was membrane pore blocking by the organic matter in BFW [151,193].
Irreversible fouling of ECM3 has, therefore, significantly reduced the FRR. Fig. 4.8b shows the
optical images of feed BFW, as well as the permeate solutions at different CER potentials. The
percentages of TOC removal in four experiments are illustrated in Fig. 4.8c. It is evident that by
increasing the applied CER potential, the TOC rejection of the ECM3 was improved. ECM3
provided 33.29% TOC rejection without applying external potential, which increased
significantly to 85.52% by applying 9 V negative DC potential. With increasing CER potential,
the density of negative charge would increase over membrane surface, thereby a more severe
electrostatic repulsion with negatively-charged organic matters in BFW caused a better

performance in TOC removal.
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Figure 4.8. (a) Normalized water flux decline of the ECM3 in different CER potentials, (b) optical images of BFW and the
permeate solutions obtained at different applied potentials, and (c) TOC removal performance.

4.3.5 Hypothetical mechanisms of fouling reduction in ECMs

The improved anti-fouling behaviors of ECMs could be explained by the following reasons:

4.3.5.1 Electrostatic forces
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With a few exemptions, the surface charge of organic matter is naturally negative in water [194].
Therefore, making the membrane surface more negative would obviously be a practical strategy
to minimize the attachment of organic foulants to the surface. It was reported that organic fouling
of membrane due to pore blocking and gel formation could be partially controlled via surface
charge manipulation [195]. Dudchenko et al. studied the electrostatic interactions between
organic foulant and an electrically conductive membrane made of poly(vinyl alcohol) and
carboxylated multi-walled carbon nanotubes. They demonstrated that applying -3 V and -5 V the
fouling rate by alginic acid has decreased significantly, compared to no voltage scenario [174].
Using a modified version of the Poisson—Boltzmann equation in the DLVO theory, they showed
that by applying electrical potential electrostatic interactions created strong repulsive force
between the membrane surface and the charged foulants. It was also found that with increasing
cathodic potential, the overall repulsive force would increase. Using the ECMs as a cathode
(CER plot in Fig. 4.5) induces a negative charge on the surface, which subsequently enhances the
electrostatic repulsion between the membrane and sodium alginate foulants. According to Gouy-
Chapman theory, existing of counter charge substances like divalent cations (Ca*" and Mg?*) in
water may alter charge property of the membrane surface, making the membrane less negatively
charged [196]. Given that, failure of the ECM3 in the purification of BFW under anodic

potentials could be correlated to the presence of multivalent cations in the feed water.

4.3.5.2 Electric field effect

Application of large electric field between two external electrodes mounted on both sides of a
membrane was found to improve the anti-fouling tendency of the membrane, as well as permeate

water flux [197,198]. It is hypothesized that in an electric field of appropriate polarity,
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electrophoresis phenomenon decreases the rate of cake deposition and increases the rate of
permeation through the filter cake by electroosmosis. A recent molecular dynamics simulation
study confirmed that besides water flux, the rejection of solutes also improves by applying
electric field due to formation a stable hydration shell around solute that prevents solute passage
through membrane pores [199]. However, in such electro-filtration system, electrical insulation
of the middle-standing membrane decreases the effectiveness of external electric field on feed
solution, thereby increasing energy demands. Using ECMs between electrodes the applied
electric field won’t be diminished so that even low potentials are significantly effective on

controlling the fouling behavior.
4.3.5.3 Gas bubbling

Gas bubbling was found to be an effective technique to decrease membrane fouling [179]. In
conventional oxidation processes on the metal electrode, oxygen evolution reaction (OER)
occurs on the electrode surface through water electrolysis (Eq. 7). In the present study, the anode
(graphene) is made by SP? carbon-based materials, which is an active electrode and can drive
OER reaction in low potentials. Therefore, even in low potentials, there is a high chance of
oxygen production when the ECM is used as the anode. On the cathode, water electrolysis can
also result in hydrogen production, as shown in Eq. 8. By increasing electric potential, the
amount of produced gas (oxygen or hydrogen) on the electrode surface increases, which can

effectively reduce the fouling rate.

2H,0 - 0, + 4H™" + 4e~ 4.7)
2H,0 + 2e~ —> H, + 20H" (4.8)
Existing of some ionic species in the aquatic environment may cause various side reactions

[200]. For instance, in the presence of chloride anions, chlorine (Cl2) can be generated via an
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indirect oxidation reaction on the anode surface (Eq. 9). The produced chlorine gas easily
diffuses from the membrane surface to the bulk solution, disproportionating to produce

hypochlorous acid (HCIO) and chloride (Eq. 10).

2C1~ - Cl, + 2e~ (4.9)
Cl, + H,0 < HCIO + Cl~ + H* (4.10)

4.3.5.4 Electrochemical reactions

Regardless of process configuration, two mechanisms could control membrane fouling when
electrochemical reactions occur on the surface. First, production of superactive reagents like
hydroxyl radicals (OH®), which can attack chemical bonds of organic compounds close to the
membrane surface. It minimizes their molecular size and reduces their attachment to the
membrane surface through reduced hydrophobic interactions. Second, easy-access to OH® may

completely break down chemical structure of the adsorbed foulants (surface self-cleaning).

4.3.5.4.1 CER reactions

In acidic or neutral media, hydrogen peroxide can be generated on the cathode surface via two-
electron reduction of dissolved oxygen (Eq. 11) [201]. In a basic solution, oxygen
electroreduction makes hydroperoxide ions (HOz ), which is a conjugate form of H202 (pKa =

11.64, Eq. 12) [202].

0, + 2H* 4+ 2e~ - H,0, (4.11)
0, + H,0 + 2~ > HO; + OH™ (4.12)
When ferrous cations exist in water (e.g., in BFW, Table 4.1), classical Fenton process occurs in

which super-active hydroxyl radicals are produced ( OH*®) as follows:

Fe?* + H,0, + H* - Fe3* + H,0 + OH® (4.13)
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Hydroxyl radical attack organic molecules (R) and thus degrade their carbon-based structure
through different mechanisms: (i) forming water through dehydrogenation, (ii) redox reactions,
and (iii) electrophilic substitution on non-saturated carbon bonds, with the latter being the most

typical degradation mechanism of aromatic compounds [203].

4.3.5.4.2 AEQO reactions

Two main oxidation mechanisms in AEO configuration are:

(1) direct oxidation, where the membrane surface directly transfers electrons to organic species
(R) and subsequently oxidizes them (Eq. 14) [204]. In theory, direct electro-oxidation is just
possible at low potentials, where oxygen could not be evolved on electrode surface. The reaction
rate in direct mechanism has very low kinetics specially in the graphene-based electrodes with

excellent adsorption properties.

(i1) indirect oxidation where some super-reactive intermediates are produced from the oxidation
of water, as well as other ions, and they participate in demineralization of organic compounds
(Eq. 15 and 16). One of the very common indirect reactions is the oxidation of water molecules,

which results in the production of *OH and O3 as follows [205]:

RAdsorbed on ECM — 2e” - ROxidized (4-14)
ECM + H,0 - ECM(OH®) + H* + e~ (4.15)
3H,0 - 03 + 6H* + 6e~ (4.16)

Regardless of the nature of organic foulant, hydroxyl and ozone can non-selectively degrade
carbon-based backbone, forming CO; and H>O as final products. The surface adsorbed hydroxyl
radicals, (ECM(OH*®), can produce H>O> as a moderate oxidant. This reaction (equation 17) is

more likely to happen over low Oz-overpotential electrodes like graphene. In such condition,
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redox couple of ECMO/ECM is acting as an active mediator for the oxidation of organic

substances.

2ECM(OH®) - 2ECMO + 2H,0, 4.17)

Carbon-based electrodes like graphene have low oxygen evaluation overpotentials, implying that
only partial oxidation of organic pollutants is allowed to be happened via indirect mechanism

[200].

In a water solution, hypochlorite ions (CIO ™) are in equilibrium with hypochlorous acid (Eq. 18).
By increasing pH to more than 8 (increasing OH™ in the solution), H" will be consumed and more
hypochlorite ions will be generated based on Le Chatelier's principle. All chlorine-based species
are capable of oxidizing organic substances near the surface of the membrane, consequently

reducing its fouling propensity [177].

HCIO & ClO™ + HY (4.18)
Despite unfavorable electrostatic forces in sodium alginate fouling of the ECMs exposed to AEO
(positive charge), a series of effective electrooxidation reactions, as well as the production of
oxygen bubbles could minimize water flux decline (see Fig. 4.4). Total flux decline results

confirm the strong impact of AEO configuration on the recovery of fouled membranes (Fig. 4.5).

4.4 Conclusion

This study presented a versatile method to develop physically stable electroconductive
membrane. Optimized weight ratios of PANI and rGO were co-deposited over PES support,

under pressurized air force, to fabricate electric potential-responsive membranes. The fabricated
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membranes were stable under harsh stirring conditions. By increasing rGO content, the electric
conductivity of the final membrane increased accordingly. Our findings showed that fouling
potential of organic matter in the synthetic wastewater of sodium alginate can be mitigated in
AEO configuration. ECM3 demonstrated 31.9% less water flux decline by applying only 2 V
anodic potential. By applying higher electric potentials in AEQO, less water flux decline, as well
as better flux recovery ratios could be achieved. In the case of BFW, AEO failed in permeation
tests, while the anti-fouling performance and rejection results of CER were promising. The
antifouling properties of the prepared ECMs were justified based on electrostatic interactions,

gas bubbling, and electrochemical reactions.
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Chapter 5

Conclusions and future works
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5.1 Conclusion

The thesis is built on the experimental research on fabrication and charactrization of UF
graphene-based nanocomposite memberane and application for the treatment of produced water
obtained from SAGD operation. The research was conducted in three stages considering the
main objective, which was developing high-performance nanocomposite membrane with

enhanced permeation, sepration and fouling resistance properties.

In the first part of the thesis, graphene nanoribones were used for the first time to fabricate
nanocomposite membranes using NIPS fabrication method The synthesized membranes by
graphene nanoribones were then compared with three other GO-based nanocomposite
membranes, in terms of water flux, fouling resistance, separation performance. The GO
derivatives used have different shapes and different oxidation states that affected membranes
properties such as pore size, hydrophlicity, and surface charge. The results for contact angle and
zeta potential measurements showed formation of more hydrophilic and negatively charged PES-
GO nanocomposite membranes. All graphene-based nanocomposite membranes exhibited better
water flux and separation of organic matter compared to the unmodified PES membrane. The
fouling measurement results displayed that fouling was hindered owing to enhanced membrane
surface properties. Longitudinally unzipped graphene oxide nanoribbons (GONR-L) at an
optimum loading of 0.1 wt% supplied the maximum water flux (70 LMH at 60 psi), organic
matter rejection (59%) and antifouling properties (30% improvement compared to pristine PES
membrane). Flux recovery ratio experiments indicated a remarkable enhancement in the fouling

resistance property of PES/GO nanocomposite membranes.

In the second part of the thesis, two experimental techniques were used to study antifouling
behavior of GO-modified nanocomposite membrane. The extent of organic fouling depends on
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membrane-foulant affinity, which relies on the physicochemical properties of the foulant and
membrane. In this research, an extended DLVO (XDLVO) interaction energy analysis, fouling
experiments, and quartz crystal microbalance with dissipation monitoring (QCM-D) were all
employed to investigate the adsorption behavior of organic foulant from steam assisted gravity
drainage (SAGD) produced water on three synthesized ultrafiltration (UF) membranes including
pristine polyethersulfone (PES), PES/polyvinylpyrrolidone (PVP), and PES/PVP/ graphene
oxide (GO) nanocomposite. In the XDLVO analysis, the fundamental interactions (van der
Waals, electrostatic, and acid-base interactions) that control organic fouling were evaluated.
Surface tension parameters, derived from contact angle measurements, were employed to
calculate the free energy of adhesion between membrane and foulant material to elucidate the
differences in flux decline. It was found that acid-base interaction energies between foulant and
membrane’s surface were the most influential factor on the total energy of interaction in distance
shorter than 5 nm. This investigation demonstrated that surface free energy elements, evaluated
for the wastewater and membranes, could successfully anticipate fouling behavior of organic
matters on the membrane surface. QCM-D technique was also used to study the fouling behavior
of membranes. The QCM-D results contrasted with XDLVO theory and fouling test due to
different fluid conditions and surface characteristics.

In the third part of the thesis, a thin layer of polyaniline (PANI)- reduced graphene oxide (rGO)
was laminated on polyethersulfone (PES) support by feasible pressure-assisted technique. Using
electrical conductivity of the fabricated membranes, we reduced organic fouling by applying an
external electric field. Electrical conductivity of pristine PANI film was 0.46 S/m while adding
appropriate amount of rGO, it was improved to 84.53 S/m. Physical stability tests were done for

two weeks by vigorously-stirring water on top, showing that the laminated coating is highly
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stable where neither visible defect nor particle leaching out was observed in aqueous solution.
We applied either of anodic or cathodic potentials in different ranges on the prepared membranes
when feed water contained sodium alginate or boiler feed water (BFW) waste of steam-assisted
gravity drainage (SAGD) operation. The obtained results for anodic potentials were more
favorable in term of less fouling for all membranes. Batch tests showed that membrane ability in
alginate fouling resistance can improve about 30% when 2 V anodic potential was applied. By
increasing the applied voltage from 3 V to 9 V, the antifouling propensity of membrane
increased dramatically in anode setting. The enhanced electrostatic repulsive force between
foulant and membrane surface, massive gas bubble as well as electrooxidative reactions are listed
as possible reasons for such observation. Cathodic reduction was also tested for BFW feed,
where both water flux decline and rejection performance were favorably ameliorated by

elevating electric potential.

InsituSim cloud-based software (https://insitusim.com) was employed to simulate a SAGD plant

with 33,000 bpd bitumen production rate (WLS inlet flow rate of 900,000 kg/hr or 135,942 bpd)
before and modification with our membrane-based system for water treatment. The power
consumption for the conventional warm lime softener/ion exchange resin configuration and
steam to oil ratio (SOR) of 3 is 21.5 MW which will reduce to 13 MW using our membrane
scheme. The two main changes in the simulation are replacement of OTSG with 80% steam
quality with a drum-type boiler with 99.9% steam quality, and reducing the SOR from 3 to 2, as
the higher steam quality increases the bitumen production rate. Therefore, the energy efficiency

for one SAGD plant will be 8.5 MW with the successful use of the membrane process.

In terms of water efficiency, the current scheme uses 26,000 bpd brackish water, as makeup

water, which will be reduced to 7,000 bpd with the replacement of the membrane process. In
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addition, 19,000 bpd decrease in makeup water usage will be obtained. The total water recycling

rate will be 99.78% which is close to zero liquid discharge (ZLD).

5.2 Possible Future Directions

In this study, we fabricated GO-based nanocomposite membranes for pressure-assisted filtration
setup. However GO-based nanocomposite membranes could be used in other membrane
filtrations processes including forward osmosis (FO) and membrane distillation (MD) to increase
the efficiency of the water treatment system. Incorporation of GO nanosheets can change the
thermodynamic of casting solution in the process of membrane fabrication therefore, it can tune
the pore size and skin layer thickness so water throughput may increase in FO filtration method.
Moreover, to enhance the rate of contaminants removal in electro-Fenton cell, it may couple with
FO filtration setup. One of the weaknesses of the electro-Fenton reaction is that the rate of
contaminant removal becomes extremely slow when the concentration decreases in the feed side.
By coupling electro-Fenton cell with FO setup, water will permeate to draw side and the

concentration of organic matter will increase in feed side resulting in faster contaminant removal.

Regarding MD, the driving force for the membrane distillation method is temperature gradient
and the membrane suitable for MD should have hydrophobic characteristics. Incorporation of
rGO to the membrane matrix can increase the hydrophobicity of membrane so hydrophobic
graphene-based nanocomposite membranes can be designed and fabricated for MD process. The
objective could be to reduce energy consumption and increase the separation efficiency of MD

process with these membranes.
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5.3 List of contributions

The outcomes of this research are published and presented in the following journals and

conferences:

5.3.1 Journal papers
1. A. Karkooti, A.Z. Yazdi, P. Chen, M. McGregor, N. Nazemifard, M. Sadrzadeh, Development
of advanced nanocomposite membranes using graphene nanoribbons and nanosheets for water

treatment, J. Membrane. Science. 560 (2018) 97—-107. doi:10.1016/j.memsci.2018.04.034.

2. A. Karkooti, M. Rastgar, N. Nazemifard, M. Sadrzadeh, Study on antifouling behaviors of GO
modified nanocomposite membranes through QCM-D and surface energetics analysis. Accepted

in Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2019

3. A. Karkooti, M. Rastgar, N. Nazemifard, M. Sadrzadeh, Anti-fouling electro-conductive thin
film composite membranes fabricated by reduced graphene oxide- polyaniline (rGO-PANI),

Accepted in J. Science of the Total Environment, 2019

5.3.2 Conference presentations

1. A. Karkooti, M. Rastegar, M. Sadrzadeh, N. Nazemifard, Fabrication of fouling-resistant
electro-conductive thin film composite membranes by laminating polyaniline (PANI) and
reduced graphene oxide (rGO) on polyethersulfone, 2019 Annual Meeting The American

Institute of Chemical Engineers (AIChE), Orlando, FL, Nov 2019

2. A. Karkooti, M. Sadrzadeh, N. Nazemifard, Study on antifouling properties of electro-
conductive membranes fabricated by rGO-PANI laminate, 13th International Symposium on

Electrokinetics (ELKIN), Massachusetts Institute of Technology, Boston, MA, June 2019
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3. A. Karkooti, M. Sadrzadeh, N. Nazemifard, Study on antifouling behaviors of GO modified
nanocomposite membranes through QCMD and surface energetics analysis, 28" Annual

Meeting North American Membrane Society (NAMS), Pittsburgh, PA, May 2019

4. A. Karkooti, M. Sadrzadeh, N. Nazemifard, Study the dynamic adsorption of organic foulants
from SAGD produced water onto PES-GO membrane using QCM-D, XXIX Interamerican
Congress of Chemical Engineering Incorporating the 68" Canadian Chemical Engineering

Conference, Toronto, ON, October 2018

5. A. Karkooti, M. Sadrzadeh, N. Nazemifard, Synthesis and characterization of graphene-based
polyethersulfone nano-composite membrane , 67 Canadian Chemical Engineering Conference,

Edmonton,AB , October 2017
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Appendix A

Al. Magnified C1s and O1s from XPS survey spectra

Magnified survey spectra (Figure Al) clearly show that Cls peak of GNP is more intense than
other nanofillers. Other nanofillers almost show the same intensity of Cls. On the other hand,

Ols peak is more prominent for more hydrophilic GONR-H and GONR-L nanofillers.
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Figure A1. Magnified Cl1s and O1s of XPS survey spectra of GNP, GO, GONR-L, and GONR-H. Carbon to oxygen ratio (C/O)
for GO, GONR-L, GONR-H, and GNP is 2.04, 1.05, 3.10 and 8.01, respectively.

A2. Casting solution viscosity at different shear rates

As shown in Fig. A2, the viscosity of casting solution increased by increasing the GO content in
the casting solution which caused a delay in solvent/nonsolvent demixing and thus suppressed
the formation of large pores. The delayed demixing also increased the thickness of skin layer in

the synthesized phase inversion membranes.
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Figure A2. Viscosity of casting solution vs. loading of GO nanofillers at different shear rates

A3. Water flux vs. pressure for different concentration of nanofillers

The slope of lines in Figure A3 is the hydraulic permeability (LMH/psi) of membranes. As can
be observed in this figure, the addition of nanofillers up to 0.1 wt.% first increased the hydraulic

permeability then decreased it when the nanofiller content increased to 0.2 wt.%.
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Figure A3. Pure water flux and permeability for different loading of graphene-based nanofillers in PES membranes

A4. Mean pore radius of the membrane as a function of nanofiller concentration

Figure A4 shows that the addition of nanofillers decreased the pore size of membranes. By
increasing the nanofiller loading to 0.2 wt.% the mean pore size of membrane reduced

significantly from 8.4 nm for pristine PES membrane to 6.2, 6.0, 5.8, and 5.2 nm for GO,

GONR-H, GONR-L, and GNP, respectively.
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Appendix B

B1. The Process flow diagram of the filtration setup

The setup consists of a stainless steel feed tank, custom-designed membrane cell, a constant flow
diaphragm pump, a bypass valve and a back pressure regulator to control applied pressure and
cross-flow velocities (Swagelok). A digital weighing balance (Mettler Toledo) was used to

measure the permeate flow rate and the data were directly collected in a computer using Mettler

Toledo data acquisition software.
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Figure B1. Process flow diagram used for conducting membrane fouling tests
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B2. The optical images of the membranes

The optical images of the membranes before leaching tests and after leaching tests. Neither
visible defect on the membrane surface nor a change in the turbidity of the aqueous solution was

detected for all three membranes, implying that the coated thin films were sufficiently stable

under harsh conditions.

Figure B2. Optical photographs of membranes with surrounding solutions: a), c), e) before and b), d), f) after two weeks
immersing in vigorously stirred DI water.
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B3. XPS analysis

The characteristic bonding energy of Cls, Nls, and Ols. The atomic percentage of these three

elements shows that ECM1 possessed the highest contents of nitrogen and oxygen atoms.

Table B1. Experimental results obtained by XPS analysis.

XPS elemental analysis Deconvoluted N1s
Membrane
C1S N 1S 018 -NH- =N- N*
ECM1 73.53 9.28 17.19 84.91 11.00 4.08
ECM2 84.53 5.92 9.56 87.10 8.61 4.29
ECM3 91.88 2.73 5.40 86.06 8.50 5.44
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