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Abstract

Membrane technology is currently widely used for separation of ions, colloids,
organic matter and macromolecules. Among various membrane processes,
nanofiltration (NF) and reverse osmosis (RO) with thin film nanocomposite (TFC)
polyamide (PA) membrane at the heart of the separation process is being
increasingly employed for sea and brackish water treatment and wastewater
reclamation. Over the past decade, the increasing need to implement highly cost
and energy efficient membranes processes has accelerated the research effort to
fabricate advanced composite membranes with enhanced permeation,
thermomechanical, and antifouling properties. In the present research, systematic
studies were conducted to fabricate high performance composite PA membrane
with improved thermal stability and antifouling propensity. First, the effects of
synthesis conditions and chemical additives were studied on the permeation
properties of the TFC PA membranes. The composite membranes were prepared
by interfacial polymerization (IP) reaction between meta-phenylene diamine
(MPD)-aqueous and trimesoyl chloride (TMC)-organic solvents (such as heptane,
hexane and cyclohexane) at the surface of polyethersulfone (PES) microporous
support. Several influential factors including the concentration of the reacting
monomers, reaction time and temperature, thermal curing temperature, and the
concentration of chemical additive such as surfactant, pH regulator, co-solvents in
the water-based monomer solution was investigated using design of experiment
(DOE) methodology. The results revealed that the final permselectivity of a TFC
PA membrane is remarkably dependent of its surface physicochemical properties,
structural characteristics and the complex internal free volumes which can all be
influenced by synthesis conditions. The findings of the first stage of this research
provided valuable insight and useful guidelines for the development of TFC PA
membranes with wide range of water permeation and salt rejection. These findings
were used in the second stage of the research where robust and high performance
nanocomposite membranes were prepared by incorporation of metal oxide
nanoparticles (NPs) to the membrane structure. Initially, nanocomposite
microporous membranes were prepared by integration of indium tin oxide (ITO)
NPs to the PES matrix via phase inversion process. The resulting PES-ITO
membranes demonstrated higher thermal stability and antifouling porosity

comparted to pristine PES membranes when tested with industrially produced
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water. Finally, titanium dioxide (TiO;) NPs were effectively incorporated to the
PA active layer using a combination of biphasic solvothermal (BST) reaction and
IP reaction. The resulting thin film nanocomposite (TFN) PA-TiO, membranes
showed an enhanced thermal stability and anti-biofouling characteristics compared
to base TFC PA membranes.

Keywords: Membrane filtration, nanofiltration, reverse osmosis, thin film

composite, thin film nanocomposite, polyamide, interfacial polymerization, metal

oxide nanoparticle, thermal stable, antifouling.
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Chapter 1

Introduction



1.1 Water demand

Water crisis, according to the Global Risks Report by World Economic Forum
in 2015, is the foremost global risk to social, environmental, and economical
development of many countries in the next ten years [1]. Over the past decade,
demand for fresh water has drastically increased with rapid growth in the world’s
population, advancement in industrialization, global climate change and growing
scarcity of surface and ground water resources [2]. Today, more than 1.8 billion
people, around one-fifth of the world’s population, live in the areas with severe
water shortage where poor access to clean and safe drinking water causes several
million deaths every year [3,4]. The lack of fresh water has thus accelerated efforts
toward improvement of the current treatment processes and development of novel
techniques to sustainably produce potable water from sea water desalination and
industrial and municipal waste waters reclamation [5]. Canada’s oil sands industry
is an example which needs urgent improvement in water management as it uses
approximately 0.5 to 0.9 barrel of water consumed per barrel of oil produced in
steam assisted gravity drainage (SAGD) operation. Hence, the sustainability of
Alberta oil sands industry requires the recycling and reuse of process-affected

water.

1.2 Overview of SAGD operation

A great amount of research and development is currently ongoing in the
Canadian oil sands industry to improve the water treatment processes for higher
levels of water recycle and to reduce the energy associated with water treatment
and steam generation. A part of this effort to reduce the oil sands water
consumption is focused on the SAGD operation. SAGD is a thermally enhanced
heavy oil recovery technique which is widely practiced for bitumen extraction from
oil sands in Alberta, Canada.

In this process, steam is injected through a horizontal well into the bitumen-
rich region to decrease the viscosity of the bitumen and facilitates its extraction.
An emulsion of steam condensate and heated bitumen flows down along the
periphery of the steam chamber to the production well which is located below the
injection well. This emulsion is then pumped to the surface where the bitumen and
water are separated and the water is treated for reuse as boiler feed water. In a
typical SAGD surface treatment plant (Figure 1.1), the produced emulsion is first

sent through a series of gravity separation vessels to remove the gases, and



separate the bitumen and water. The de-oiled produced water then mixes with
make-up water and recycled boiler blow-down (BBD) and is sent to a warm lime
softener (WLS) to remove silica as well as the ion exchangers (IX) to remove Ca?®"
and Mg”*" to make the treated water suitable for boiler feed water (BFW). The
treated water is used as BFW in a steam generator, known as a once through
steam generator (OTSG), which can tolerate relatively high amounts of dissolved
solids and organic matter. To compensate for the relatively low-quality BFW,
however, OTSGs typically produce only a low quality steam (75-80%), resulting in
a large volume of BBD. A portion of the BBD is recycled back to the WLS and the

rest is sent to disposal.
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Weak.Ac:d TDS 2000~3000 mg/L
Cation .

Exchange
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TDS 7000~12000 mg/L
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3 ‘Silica 50~100 mg/L
. — .TOC300~500 mg/L
'TDS 1500~2000 mg/L

Fs

Disposal

Bitumen/Water
ld Separation

Injection

Bitumen-Water Separation Environmental issues

Bitumen

Figure 1.1: Process flow diagram of a SAGD process.

The conventional WLS-IX water treatment configuration does not reduce the
amount of dissolved organic matter (DOM) or total dissolved solids (TDS) in the
boiler feed water. The high levels of DOM and TDS in the OTSG feed water can
cause numerous operational problems like fouling of pipelines and equipment, and
clogging of injection wells [6-8]. To reduce the volume of disposal water,

evaporators are sometimes used as a downstream BBD recovery process.



Evaporators have also been used to directly desalinate produced water to make
high-quality boiler feed water, but energy use is high. High boiler feed water TDS
and DOM results in higher blowdown volumes and necessitates recycling more low
quality BBD water back to the process [8]. In light of the above, it is of interest to
compare the WLS-IX scheme with emerging membrane-based process which can
separate almost all silica and divalent ions and reject more than 90% of DOM and
TDS in a single step operation [9]. In addition to improving operation of the
current OTSGs, a membrane-based desalination process would allow the
production of high-quality BFW suitable for higher efficiency drum boilers, while

consuming less energy than if desalination evaporators were used.

1.3 Membrane technology for water treatment

Membrane separation technologies have secured an important role in available
water purification processes as a promising single step technique for removing
multiple sized solutes and organic pollutants from contaminated water. Membrane
technology inherits distinct advantages over traditional method such as distillation,
evaporation, ion exchange, and lime softening that includes primarily lower
operating expenses and energy consumption. In addition, membrane processes
provide higher separation efficiency and smaller footprint than conventional
processes. The required energy for the filtration in a membrane process can be
provided as a driving force such as applied pressure, temperature and
concentration gradient, or external electric field. Among different membrane
processes, pressure-driven membranes are widely used for purification of the liquids
from dissolved/dispersed contaminations. These membranes are typically classified
as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse
osmosis (RO). The MF membranes contain a distribution of pore size in the range
of 0.05 pm to 10 pm and are capable to isolate large particulate and colloidal,
organic matter. The UF membranes, which have smaller pores than MF
membranes in the range of 10 pm to 100 nm, are widely used to remove bacteria,
viruses and macromolecules such as proteins. NF membranes possess pore size
range between UF and RO membranes (1 to 10 nm). These membranes are
commonly utilized for water softening or separating divalent ions and minerals
from the wastewater. Finally, the RO membrane which is considered the densest
membranes, has a pore size less than 1 nm [10]. The RO membranes are mainly
used to separate monovalent ions to produce high quality water from sea and

brackish waters.



In terms of the internal structure, membranes can be categorized into
symmetric and asymmetric. The symmetrical membranes contain uniform pore size
distribution in their cross-section. In contrast, the asymmetric membranes have
smaller pores close to the top surface and larger pores at the bottom [11]. These
membranes consist of a dense skin layer with the thickness less than 500 nm on a
microporous sublayer with the thickness about 200 pm. Asymmetric membranes
often provide higher permeation rate compared to symmetric membrane of
comparable thickness [12]. In general, the permeation rate across a membrane is
inversely proportional to the membrane thickness. High permeation rate is highly
desirable to reduce the energy consumption, thus and ideal membrane should be as
thin as possible without sacrificing the quality of the filtered permeate [10].

Based on the internal free volumes, membranes can be divided into dense and
porous membrane. The transport mechanism through a dense and porous
membrane depends on the relative size and connectivity of the pores. In the case of
a dense membrane such as NF and RO membranes, the transport of solute and
solvent molecules occurs based on solution-diffusion mechanism through the
membrane [13]. The molecules of the component (solvent or solute) which is going
to transfer through the membrane are first dissolved into the membrane surface,
then diffuse across the membrane, and finally desorbed at the permeate side. The
very small pores of RO and NF membranes are in the scale of random thermal
motion of the polymer chains which form the membrane [10]. Regarding that, the
separation of components in NF/RO membranes is based on the difference in
solubility and diffusivity of the species within the membranes. In the case of porous
membranes such as MF and UF, the transport mechanism is well explained based
on pressure-driven convection through the pores. The separation of the species in
MF and UF membranes is mainly occurs based on the size of species, which is so

called molecular sieve mechanism [10].

1.4 Synthesis techniques of porous and dense

membranes

Different methods are used to fabricate synthetic polymeric membranes. The
widely used methods are listed in Figure 1.2 [12]. The selection of a proper
technique to fabricate the membranes highly depends on the desired properties of
the resulting membranes. Solution casting and interfacial polymerization reaction

are often employed to prepare dense NF/RO and gas separation membranes.
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Figure 1.2: Fabrication techniques for preparation of the polymeric membranes.

Phase inversion is the most commonly used method for the fabrication of the
porous polymeric membranes. This process works relies on the separation of solvent
and non-solvent in a polymer solution, producing a porous polymer film. During
the phase inversion process, a thermodynamically stable polymer solution
experiences a liquid-liquid demixing and then separates into a polymer rich and
polymer lean phase. [14]. Phase inversion process can be carried out by multiple
methods including (i) immersion of cast polymer film into nonsolvent bath, (ii)
evaporation of the volatile solvent from the cast polymer film, (iii) lowering the
temperature of the casting solution below a threshold, and immersing the polymer
film in a non-solvent vapor phase [15].

Non-solvent induced immersion precipitation method is widely wused to
fabricate porous sublayer for the NF/RO composite membranes. In this method, a
polymer solution is cast on a flat glass plate and then immersed into a nonsolvent
bath, so called coagulation bath (mainly water). The phase inversion process is
controlled by diffusion of low molecular weight components. Due to the exchange
of solvent in the polymer solution and non-solvent in the coagulation bath, the
resulting composition in the polymer film is changed. After some time, the
composition of the polymer rich phase reaches the glass transition composition and
the system solidifies. As a result of solidification process, the film’s morphology is

frozen at that point and polymer film with porous structure forms [16].



Currently, most of the commercial desalination plants employ RO and NF
with thin film composite (TFC) membranes at the heart of the separation
processes [17,18]. The TFC membranes are also widely-used in other membrane-
based filtration applications including food, pharmaceutical and chemical industries
[19,20]. These membranes typically consist of at least two compositional layers, (i)
a top thin selective layer and (ii) a bottom porous sublayer which are of different
structure and material [21]. The porous support provides the required mechanical
stability for the TFC membranes to operate under high pressures while the
ultrathin top layer plays the principal role in water filtration. The top selective
thin layer is typically fabricated from polyamide (PA) using an in-situ interfacial
polymerization (IP) reaction between two reacting monomers (diamine and
polyacyl chloride), at the surface of the porous support (such as polyethersulfone
(PES), backed by a polyester fabric mesh). The multilayer feature of TFC
membranes exploits the highly desirable advantage that each layer in the
composite membrane can be independently optimized with the proper choice of
materials and preparation methods for the specific application of interest [22]. A
schematic representation of a TFC PA membrane with surface and cross-sectional

images of the PA selective layer and PES substrate are illustrated in Figure 1.3.

PA Active layer
(100-300 nm)

&) _‘,&\5‘5

PES Microporous su ;;port
(100-150 pm)

Cross-sectional Image 500 nm.

PES- Surface Image  1pm

Figure 1.3: Schematic view of a TFC PA membrane along with the surface and cross-sectional

images of the top PA and bottom PES layers.



1.5 Transport mechanism through NF/RO

membranes

In the case of dense membranes such as NF and RO where the membranes
show high percentage of salt rejection, the concentration polarization (CP) by ions
and fouling by colloidal particles, organic matter, and microorganisms are two
interconnected phenomena which lower the water permeation rate through the
membranes. The resistance toward water passage through these membranes is
made up of three major components, namely (i) the hydrodynamic resistance of the
membrane in the absence of foulants, (ii) the resistance due to the accumulation of
ions at the membrane surface (CP), and (iii) the resistance due to the
accumulation of foulants at the membrane surface (fouling).

The hydrodynamic resistance (R.,) of the membrane can be calculated by
measuring the pure water flux (Jw, m*/(m?)) at different transmembrane pressure.

The membrane hydrodynamic resistance is then calculated using the following

equation:
AP
Jo= (1)

where g is the dynamic viscosity of the water (Pa s) and AP is the transmembrane
pressure (Pa). The resistance caused by accumulation of salt ions at the membrane
surface (CP), in the absence of fouling material, is determined by the generated
transmembrane osmotic pressure (TMOP). The TMOP lowers the effective driving
force for the transport of water molecules and is obtained by measuring the
permeate flux, pressure, and salt concentration over time using a salt water
solution with a specific NaCl concentration. The observed salt rejection (R,) and

the TMOP (A7, Pa) can be determined using the following equations:

R, =1 i
o TiTa, (1.2)
AP — Am
J%fv = uR,. (1-3)

where Cif and (i, (mol/m?) are the salt concentration in the feed and permeate
solutions, respectively. Using the evaluated R, and Az, the initial electrolyte mass
transfer coefficient in the salt CP layer (k, m/s) can be calculated by employing
the van't Hoff equation and film theory. Schematic diagram of the CP layer formed
on the membrane is demonstrated in Figure 1.4. Applying the mass balance
equation for the salt ions on a control volume shown in this figure gives the

following equation [23-25]:



dC;
J%\’Ci_ﬁvci,pJfDd_l =0 (1.4)

X

The appropriate boundary conditions are as follows:
x=0 C;=Cig
x=98 Ci=Cim (15)

where ¢ is the thickness of the mass boundary layer. Utilizing these boundary

conditions, the boundary layer film model is derived as:

C ., -C. I8 %
i,m ip _ W _ W
Ci-C, exp[ D, J ) QXP{T (1.6)

1 1

where D; and k; are the diffusion and mass transfer coefficients of salt ions in water,
respectively, and Ci, is the salt concentration at the surface of the membrane
surface. The van’t Hoff equation gives the osmotic pressure difference for the

simple case of dilute monovalent electrolyte as:

Am = 2RT (C;,, - C;,) (1.7)

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

of water (K). Plugging in Cl,m _Ci,p from Equation (6) into Equation (7) results:

S
Am = 2RT(C;; - Ci,p)exp(‘%vj (1.8)

Finally, the TMOP can be calculated by replacing CLf —Ci’p using the Equation
(2) as following:

Ar = 2RTC R, exp(I5 /k;) (1.9)

J we Cp

Figure 1.4: Schematic diagram of the CP layer.



The cake layer hydrodynamic resistance (R.,) which is caused by accumulation of
colloidal particles as well as organic matter at the membrane surface can be

evaluated by the film theory. Considering Re, the permeate flux can be written as:

o _ AP AP, AP - am,
W u RC HRIH H (R]n + RC) (1.10)

where AP, AP_, and AP, (Pa) are the total, trans-cake, and trans-membrane

c

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 TMOP (Ax, ).

m

1.6 Literature review

Since the early invention of TFC by Cadotte [26,27], a significant amount of
research and development has been underway to modify these membranes in terms
of water flux, salt rejection and fouling resistance. In general, conventional
membranes are subject to a trade-off relationship between permeability and
selectivity, i.e. high water flux membranes show a low rejection percentage and
vice versa. Therefore, one of the hoped-for goals of the research in the field of
membrane fabrication has always been to develop high throughput membranes
with high separation efficiency.

Recent advances in TFC membrane technology were mainly focused on (i)
improving the membrane synthesis protocols [28,29], (ii) developing new polymeric
material for the selective and support layers [30], (iii) modifying the surface
properties of the TFC membrane [31,32] and (iv) developing nanocomposite
membranes by the incorporation of multifunctional nanofillers [33-37]. The main
objectives are to synthesize more water permeable membranes with tunable surface
and bulk properties in order to provide enhanced thermomechanical, electrical,
chemical and anti-fouling characteristics hydrophilic. Although most of these
efforts have shown promising results in the lab-scale, they are still faced with the
challenges of cost-efficient synthesis process and easy scale-up for high volume

industrial practices [38].
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1.7 Research objectives

The main goal of the present research is to fabricate high performance thin
film nanocomposite (TFN) PA membranes with improved thermal, electrical and
antifouling characteristics for water purification processes. To reach this goal, the
current work is based on the following two themes:

(i) Modifying the membrane synthesis procedure via optimization of the IP
reaction conditions and addition of chemical additives. It is generally accepted that
the final transport properties of a TFC PA membrane strongly depend on multiple
synthesis parameters such as the chemical structure and concentration of reacting
monomers, presence of chemical additives in the monomers’ solution, reaction time
and temperature, post-treatment method, porosity of the porous sublayer. The
literature does not form a clear consensus about the influence of these synthesis
parameters on the final properties of the TFC membranes. Hence, further research
is needed to investigate the effects of these parameters in order to fabricate energy-
efficient membranes with enhanced range of permeation and selectivity. The
findings at this step are used to develop a base line for further modifications of the
TFC membranes by integration of the functional nanoparticles (NPs).

(ii) Developing robust and high performance nanocomposite membranes by
incorporation of metal oxide NPs to the pristine membrane. The incorporation of
NPs to a polymer film, with the aim of enhancing the permeation and antifouling
properties, may not induce the desired functionality to the host membrane and
even deteriorate its permeation properties. The major challenges that need to be
addressed are the severe aggregation of the NPs in the monomer solutions as well
as the weak compatibility of encapsulated NPs with the polymer linkage. In the
case of TEFN PA membranes, large clusters of NPs cannot be accommodated in a
thin PA layer of 100-300 nm, which makes the agglomeration effect even more
severe. The non-uniform dispersion of NPs within the host polymer forms non-
selective voids within the PA matrix, which significantly reduces the rejection
percentage. Therefore, effective synthesis protocols for robust fabrication of
nanocomposite membranes are aimed to be developed to impart multiple
functionalities such as thermal stability, electrical conductivity and antifouling

propensity to the host membrane.
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1.8 Thesis structure

The present dissertation is organized in a paper-based format. Chapters 3, 4
and 5 each are written based on submitted/published articles. Chapter 2 provides
the list of materials, synthesis protocols and characterization techniques used for
the preparation of the NPs and membranes. The TFC membranes in the present
research consist of a thin PA layer over a micropores PES substrate. The PA layer
was made from m-phenylenediamine (MPD) and 1,3,5-benzenetricarbonyl
trichloride (TMC, also known as trimesoyl chloride) using IP reaction.

Chapter 3 presents the outcomes of a series of systematic studies on the effect
of synthesis conditions and chemical additives on the final properties of TFC
membranes. The concentration of reacting monomers, the time of the IP reaction
and the temperature of curing treatment were the influential parameters that were
studied. Also the effect of adding different chemical additives namely SDS, CSA,
TEA, DMSO, ethanol, isopropanol, xylitol, glycerol on the resulting characteristics
of the TFC membranes was investigated systematically.

Chapter 4 provides the results of thermally modulated IP reaction for the
synthesis of high throughput TFC membranes for forward osmosis (FO)
applications. The innovative adjustment relies on lowering the temperature of
organic-monomer solution to sub-zero temperatures prior to the IP reaction. The
substantial changes in the physicochemical properties of the resulting PA layer due
to thermal adjustment of the monomer containing organic solution were discussed
in this chapter.

Chapter 5 presents the findings of developing two types of nanocomposite
membranes. First, ITO NPs were integrated into PES matrix in order to improve
the electrical conductivity and thermal stability of the PES membranes. The
antifouling propensity of the PES-ITO membranes was evaluated using SAGD
produced water and compared with unmodified PES membrane. Furthermore, a
robust method developed to integrate TiO, NPs to the PA layer via in-situ
polymerization process. A well-dispersed TiO, NPs was first synthesized in heptane
using biphasic solvothermal (BST) reaction and then the stable NP suspension
added to TMC solution prior to IP reaction. Using this technique, TFN PA
membranes with enhanced thermal stability and antibacterial activity were
prepared.

Chapter 6 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 are provided.
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1.9 Thesis contribution

The permeation performance of a TFC PA membrane strongly depends on its
physicochemical properties (such as hydrophilicity, surface charge, and roughness)
and its internal structure (e.g. free volume distribution, cross-linking density, and
thickness). These characteristics are highly desirable to be controlled using IP
reaction in order to tune the final performance of the TFC membranes. Regarding
that, a series of studies were conducted systematically in order to develop a
fundamental understanding of the effect of the synthesis conditions and chemical
additives on the permeation characteristics of the TFC membranes. Guidelines for
fabrication of high performance TFC membrane with a wide range of water
permeation and salt rejection were presented in chapter 3. To reduce the thickness
of the PA selective layer and thus improve the water permeability of the TFC
membranes, an innovative adjustment of IP reaction was proposed in chapter 4. By
lowering the temperature of the organic-monomer solution prior to IP reaction,
TFC membranes with remarkably higher permeability were fabricated for
osmotically-driven filtration processes. Finally, systematic attempts were made
successfully in chapter 5 to improve the thermal stability, electrical conductivity
and fouling resistivity of the TFC membranes by incorporation of ITO and TiO,
nanoparticles into the membrane matrix. A novel membrane synthesis protocol was
also developed for in-situ incorporation of TiO, NPs into the PA layer which can

be widely used for robust fabrication of TFN PA membranes.

13



Chapter 2°

Materials and methods

" This chapter is organized based on references [39-45].
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2.1 Materials

Flat sheet microporous PES membranes with the average pore size of 100 nm
and 200 nm were purchased from Sterlitech Co. (WA, USA) and used as support
layer for the synthesis of TFC membranes. PES polymer (molecular weight of 58
kDa) was obtained from BASF and used as for preparation of the microfiltration
(MF) /ultrafiltration (UF) membranes casting solutions. The fabricated MF/UF
membranes were utilized either for pretreatment of industrial produced water or as
the support layer for the synthesis of TFC membranes [39].

MPD (2 99%) and TMC (= 98%) were obtained from Sigma Aldrich and used
as reacting monomers for the synthesis of PA films. N-Methyl-2-pyrrolidone
(NMP), ammonium hydroxide, cyclohexane, hexane, heptane (299%) were
purchased from Fisher Scientific. Camphorsulfonic acid (CSA), triethylamine
(TEA) and sodium dodecyl sulfate (SDS) were obtained from Fisher Scientific and
added into MPD-water solution as chemical additives. Ethanol, ethylene glycol,
xylitol and dimethyl sulfoxide were obtained from Sigma Aldrich and utilized as
co-solvents in the MPD-aqueous solution [40,41].

Indium chloride (InCls) and tin chloride (SnCly) were purchased from Strem
Chemicals Inc. (Newburyport, MA, USA) and used for synthesis of ITO NPs.
Titanium (IV) isopropoxide was purchased from Sigma Aldrich and used as a
precursor for synthesis of TiO; NPs. Commercial silicon oxide (SiO,), TiO, and
aluminum oxide (Al,O3) NPs were supplied from Skyspring Nanomaterials Inc.
(Houston, TX, USA). Chemical dispersing agents, namely oleic acid (OA),
hexylamine, dodecylamine and oleylamine (Sigma Aldrich) and proprietary BYK-
106 and BYK-107 (Altana AG, Wesel, Germany) were used to make
monodispersed suspension of NPs in different solvents. All the materials were used
as they were received from the suppliers [42].

The industrial produced water used for testing the fouling propensity of the
synthesized membranes was SAGD produced water provided from a SAGD water
treatment plant located in the Athabasca oil sands region of Alberta, Canada.
SAGD is a thermally enhanced heavy oil recovery method which is widely
practiced for bitumen extraction from oil sands in Alberta, Canada. In this process,
steam is injected through a horizontal well into the bitumen-containing formation
to decrease the viscosity of the bitumen and effect its extraction. An emulsion of
steam condensate and heated bitumen flows down along the periphery of the steam
chamber to the production well which is located below the injection well. This

emulsion is then pumped to the surface where the bitumen and water are separated
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and the water is treated for reuse. In a conventional SAGD plant, the produced
water is de-oiled and treated by warm lime softening (WLS) and ion exchange to
reduce inorganic scalants, and then used as boiler feed water (BFW) in a steam
generator known as a once through steam generator (OTSG), which can tolerate
relatively high amounts of dissolved solids, but is limited to low quality steam (70-
85%). The properties of WLS and BFW are summarized in Table 2.1 and 2.2
[43,44].

Table 2.1: Properties of WLS inlet water.

Parameter Unit WLS inlet water
pH - 10.0
TOC mg/L 480
TDS mg/L 1100
Conductivity pS/cm 1750
Na* mg/L 380
Cr mg/L 205
Mg?* mg/L 0.7
Ca®* mg/L 1.6
Tron, total mg/L 0.45
Si0g, dissolved mg/L 90

Table 2.2: Properties of conventionally-treated SAGD BFW.

Parameter Unit Specification
Conductivity mS/cm 1.8-2.2
pH 9.8 105
TDS mg/L 1800 — 2000
TOC mg/L 450 — 550
Silica (as SiO:) mg/L 30 - 40
Calcium mg/L 0.4-05
Tron mg/L 0.2-0.3

2.2 Synthesis of ITO NPs

The ITO NPs were synthesized in water solution with the following procedure:
indium chloride and tin chloride were first reacted in water in the presence of
ammonium hydroxide to make a complex of tin oxide—indium hydroxide and
ammonium chloride. The solution was then centrifuged and washed several times
with deionized (DI) water in order to remove ammonium chloride and make a
white compound of tin oxide—indium hydroxide. Following this, water was removed
by crystallization of this compound at 700 °C when the yellow ITO crystals were
formed. Finally, the yellow ITO crystals were hydrogenated with 10% H, and 90 %
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Ar gas at 350 °C to produce conductive blue ITO crystals [45]. Figure 2.1
illustrates the hydrothermal route for the synthesis of ITO NPs.

Reaction

InCl; + SnCl,

—>

Washing with water
and centrifugation

=

Crystallization
process (700°C )

—.

Hydrogenation
10% H,/Ar (350°C)

NH,OH | H,O NH,C1 H,O H,0
—p e — — —
v v v v
(SnO,) ( Ili(OH)3)y Pure (SHOZ)K(IHZOQ)’ (Snoz)x(lﬂzoa)y
+ (Sn0,),(In(OH)s), Yellow crystal ITO Blue crystal ITO
NH,CI ’ Less conductive More conductive

Figure 2.1: Schematic route for synthesis of ITO NPs.

2.3 Synthesis of TiO: NPs

TiO, NPs were prepared using a biphasic solvothermal (BST) reaction where
the reaction takes place at the interface of water and organic solutions at an
elevated temperature [46,47]. First, a water solution consisting of 20 ml of DI water
and 200 ul of TEA (as a pH regulator) was added into a PTFE Teflon liner.
Afterward, the organic solution was prepared by adding 800 pl of titanium (IV)
isopropoxide and 1200 pl OA to 20 ml of heptane. The heptane solution was
sonicated for 30 minutes in an ultrasonic bath (FS30H, Fisher Scientific) and then
poured gently over the water phase in the PTFE liner. The Teflon vessel was
placed into a stainless steel autoclave, then sealed and heated in a vacuum oven
(Thermo Scientific Heratherm™, USA) for 8 hours at 200 °C. Titanium (IV)
isopropoxide reacted with water at the water/heptane interface to generate TiO, as
follows [48]:

Ti[OCH(CHj)a)s + 2 H2O — TiOs + 4 (CH3),CHOH (2.1)

Afterwards, the autoclave was cooled down for 12 hours at room temperature
and the supernatant organic solution which contained TiO, NPs capped with OA
was carefully extracted. Assuming 100% conversion for the progress of the above
reaction, the produced TiO; was found to be 0.01 mg/pul. Figure 2.2 schematically
illustrates the synthesis route of the TiO, NPs using BST reaction.
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Titanium (IV)
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Water Solvothermal reaction at reaction

200 °C for 8 hours

Figure 2.2: Schematic synthesis route for making TiO2 NPs.

2.4 Synthesis of PES support layer

The PES substrate was prepared by phase inversion method with NMP and
water as solvent and nonsolvent, respectively. First, PES-NMP solution was stirred
for 24 h at room temperature. Then the solution was sonicated in an ultrasonic
bath (Fisher Scientific FS30H) to remove any air bubbles from the solutions.
Afterwards, the prepared homogeneous solution was cast using an automatic film
applicator (Gradco, FL, USA) with 200 pm clearance gap on a glass plate or a
polyester (PS) fabric. The cast film was subsequently immersed in a DI water bath

for 24 h to complete the phase separation process.

2.5 Synthesis of PES-ITO nanocomposite membrane

In order to add ITO NPs to the PES matrix, first a mono-dispersed
suspension of ITO NPs in NMP was prepared with the use of a proper dispersing
agent. The dispersing agents are basically surfactant molecules which have both
hydrophilic and hydrophobic groups (amphiphilic molecules) [49,50]. The
amphiphilic surfactants bound to the NPs surface by a number of attractive
interactions (e.g. chemisorption, electrostatic attraction, hydrophobic interaction
and hydrogen bonding) [51]. The surface modified NPs are then less prone to
aggregation due to repulsive forces between them which originate from electrostatic
repulsion, ligand-solvent and ligand-ligand  (steric) interactions, or a
hydration/solvation layer on the surface [52]. However, the final stability of the
NPs suspension depends significantly on the interaction of the surfactant molecule
with both NPs surface and carrier solvent. Very weak bonding between dispersing
agent and the NPs surface leads to easier detachment of longer chain surfactant
molecules from the surface of the NPs [53,34]. Furthermore, utilization of

dispersing agents with low solubility in the carrier solvent intensifies formation of
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surfactant micelles in the solution which might deteriorate the suspension stability
and ultimately cause aggregation and precipitation of NPs [54]. For synthesis of
nanocomposite PES-ITO membranes, after testing the six dispersing agents and
comparing the size distribution of ITO/NMP system, BYK-106 was selected to be
the most suitable dispersing agent that yielded the most stable mono-dispersion of
ITO NPs in NMP. The viscosity of the dispersing agent and its concentration in
the casting solution was very low which didn’t affect the viscosity of the casting
solution and subsequently the demixing of solvent and nonsolvent in the phase
inversion process [55]. In the second step, the PES polymer was added to the
suspension and sonicated for 2 h. Subsequently, the prepared homogeneous
PES/ITO suspension was cast on a glass plate using an automatic film applicator
(TQC AB3120, Gradco). The casting speed and clearance gap of micrometer film
applicator were adjusted to 20 mm/s and 200 pm, respectively. Other
nanocomposite membranes (PES-TiO,, PES-SiO; and PES-Al,O3) were fabricated

following the same procedure.

2.6 Synthesis of TFC membranes

The TFC PA membranes were prepared via IP reaction between MPD and
TMC monomers, which were dissolved separately into an immiscible solvent, at the
surface of PES microporous support. First, the PES support was placed between a
rubber gasket and a plastic frame and then the MPD-aqueous solution was poured
into the frame and allowed to fully penetrate into the support for 15 minutes
before draining the MPD solution. The frame and the gasket were then
disassembled and the excess amine solution was removed from the surface using a
rubber roller. Afterwards, the impregnated PES support was again mounted
between frame and gasket and this time TMC-organic (e.g. cyclohexane, hexane, or
heptane) solution is poured at the surface to allow the IP reaction to take place for
a desired period of time. The resulting TFC membranes were then thermally
treated in a digital oven at certain times and temperatures. Finally, to remove any
residual solution from the surface, the TFC membranes were washed several times
with DI water and kept in the water bath at room temperature until the
characterization tests were performed. The schematic view of the interfacial
polymerization reaction and the chemical formula of the resulting PA film are

presented in Figure 2.3.
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Figure 2.3: Schematic representation of the IP reaction between MPD and TMC at the surface of
the microporous PES support.

2.7 Characterization of synthesized NPs and

membranes

Different characterization techniques were employed to evaluate the

physiochemical and structural properties of the synthesized NPs and membranes.

2.7.1 Analysis of the surface and cross-sectional

morphology

The surface morphology of the membranes was examined using field emission
scanning electron microscope (FESEM, Zeiss Sigma 300 VP and JEOL 6301F).
The samples were carbon coated and imaged at an accelerating voltage of 10 kV.
The microscope was also equipped with energy-dispersive X-ray spectroscopy
acquisition system (EDX, Bruker) for elemental mapping and phase identification.
The cross-sectional images of the membranes and NPs were obtained using
transmission electron microscopy (TEM, Philips/FEI Morgagni 268, The
Netherlands) at acceleration voltage of 80 kV. Regarding the polymeric samples,
the preparation protocol included first staining in uranyl acetate and lead citrate,
then embedding in spurr’s resin, and finally sectioning using ultramicrotome
(Reichert-Jung Ultracut E, USA). In order to obtain the TEM image of the NPs, a
drop of dilute suspension of NPs was poured on the TEM grid. After evaporation

of the carrying solvent, the sample was inserted into the TEM machine.
2.7.2 Evaluation of the chemical composition

The functional groups present at the surface of the synthesised membranes
were investigated using attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy. The ATR-FTIR microscope (Thermo Nicolet Nexus
670, USA) was equipped with a mercury—cadmium—tellurium (MCT) detector. The
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spectrum of each membrane was averaged from 512 scans and collected over the
range of 600-4000 cm™! at 4 cm™! resolution.

X-ray photoelectron spectroscopy (XPS) is used for analyzing elemental
composition (C, O, N) for the top 1-10 nm of the membranes surface. The TFC
membranes analyzed using a Kratos AXIS ULTRA spectrometer equipped with a
monochromatic Al Ka X-ray source. The source was run at a power of 210 W (14
mA, 15 kV) and a hybrid lens with a spot size of 700 pm x 400 pm. Survey
spectra were collected with a pass energy of 160 eV, step size of 0.4 eV, and sweep
time of 100 s in the range of 0-1100 eV. High resolution spectra for C, O and N
elements were collected with pass energy of 20 eV, step size of 0.1 eV, and sweep

time of 200 s.
2.7.3 Analysis of surface topography

The surface topography and roughness of the TFC PA membranes were
studied using Atomic force microscopy (AFM, Bruker Dimension Icon, USA). The
surface topography of the membranes was obtained using tapping mode at scan
rate of 1.0 Hz at ambient conditions of temperature and humidity. Nanoscope
analysis software V.1.40 was used for processing the AFM data, removing the noise
and calculating the average (Ra) and the root mean square (Rq) roughness values.

The Ra and Rq roughness of the membranes were calculated using:
1N
i=1

X7 (2.3)

Ri=\5y

where Zi is the surface height and N is the number of points on the surfacee

of the membrane.
2.7.4 Evaluation of the membrane surface wettability

The surface wettability of the fabricated membranes was evaluated by
measuring the contact angle data using Kriiss DSA 100 (Kriiss GmbH, Germany)
and FTA200 (First Ten Angstroms, Inc.) instruments. A sessile drop of DI water
was placed on the surface of the TFC membranes and the static contact angle was
measured. The contact angle was measured at 5 different locations for each sample

in order to minimize the experimental error.
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2.7.5 Measurement of the degree of cross-linking of the PA
film

The degree of cross-linking for an interfacially polymerized PA film is referring
to the ratio of the cross-linked (branched part, m) to the linear (part n) structures

as shown in Figure 2.4.

Degree of cross-linking= o

x 100 (2.4)

m+n

The values of m and n can be obtained based on experimental O/N ratio measured

by XPS analysis using [56]:

9_3m+4n 5
N 3m+2n (2:5)

Theoretically, O/N ratio varies between 1.0 for fully cross-linked (CisH12N3O3 n=1
and m=0) and 2.0 for fully linear (Ci15H10O4Ny, n=0 and m=1) structure.

H HN\©/NHOC\©,CO HN\@NHOC\@
Cco COOH
NH  m
@‘\NH

S

co

Figure 2.4: Chemical structure of polyamide film. m and n represents the cross-linked and

the linear parts, respectively (m+n=1).

2.7.6 Measurement of total organic carbon

The concentration of organic matter in the industrial produced water was
done using a combustion type TOC analyzer (Shimadzu, model TOC-V; detection
range 3-25,000 mg/L). The concentration of inorganic elements such as silica,
Ca™2, Mg*? was measured using inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (Agilent 735 ICP-OES).

22



2.7.7 Evaluation of crystalline structure and size of the
solid NPs

The size of the solid ITO NPs was examined by X-ray powder diffraction
(XRD) and SEM techniques. The XRD profiles of ITO NPs were obtained using
INEL XRG 3000 X-ray diffractometer equipped with a Cu Ko radiation source (A
= 1.54 A) from 26=20° to 26=90° at a step of 0.02°. The SEM images of ITO
nano-powder were taken by Hitachi S4800 high resolution SEM device. By the use
of image processing software (Image J), the size distribution of NPs was obtained.
The crystalline structure of the TiO, NPs was examined by XRD technique
(Rigaku XRD Ultima IV, Cu-Ka source, 40 kV, 44 mA). The collected spectrum

was analyzed using JADE software.
2.7.8 Measurement of size and stability of NPs in solution

Particle size and stability of the dispersed NPs in solvent (such as water,
NMP, heptane) were measured by dynamic light scattering (DLS) technique
(ALV/CGS-3 compact goniometer, ALV-GmbH, Langen, Germany). Particle size
distribution (PSD) of NPs was extracted by CONTIN analysis through scattering

results obtained from He-Ne laser at 632.8 nm.
2.7.9 Evaluation of the thermal stability of the membranes

Thermal stability of the synthesized membranes was examined using thermal
gravimetric analysis (TGA), which determines the changes in the weight of the
sample in relation to changes in temperature. 10 mg of membrane samples were
placed in the sample holder and loaded into the TGA Q500 (TA Instruments). The
temperature was increased to 1000 °C with a ramp of 1 °C/min and the sample

weight reduction was recorded.

2.7.10 Measurement of the surface potential of the

membranes

The surface (zeta) potential of the nanocomposite membranes was measured
using Surpass Electrokinetic Analyzer (Anton Paar). The zeta potential values

were measured at pH 10 and 25 °C using 0.001 M KCI solution.
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2.7.11 Measurement of the electrical conductivity of the

membranes

The surface and bulk electrical conductivity of the synthesized PES-ITO
membranes were evaluated by measuring the current versus potential (I-V)
characteristics of the membranes using a potentiostat/galvanostat (model 263 A,
Princeton Applied Research). The applied potential increased from 0 to 1 V with
the increment of 0.01 V and the current passed through the membrane was

recorded.

2.7.12 Evaluation of the leaching of NPs from

nanocomposite membrane

The possible release of ITO NPs from the nanocomposite PES-ITO
membranes was examined by inductively coupled plasma-optical emission
spectroscopy (Agilent 735 ICP-OES). Samples of ITO nanocomposite membranes
with the same weight were soaked in three aqueous solutions at different pH of
acidic (pH=2), neutral (pH=7) and basic (pH=12). 15 ml water samples were
taken up to 14 days to find the leaching of ITO NPs in the water solution. The
concentration of indium in the water was measured using ICP-OES and used as a
criterion for leaching of ITO NPs. The higher leaching rate indicates poorer
binding of the NPs with the polymer matrix which implies that the nanocomposite
membrane will lose its modified properties faster. In contrast, the lower leaching

rate confirms the preparation of a more stable nanocomposite membrane.

2.7.13 Evaluation of the water flux and salt rejection of

the membranes in RO operation

The water permeability of the membranes was examined using a cross-flow
filtration setup (Sterlitech Corporation, USA) which is shown schematically in
Figure 2.5. The setup consists of a stainless steel feed tank, membrane cell, a
constant flow diaphragm pump of maximum capacity 6.8 LPM (1.8 GPM) from
Hydra-Cell, a chiller/heater (Isotemp 3013, Fisher Scientific) to maintain the feed
temperature at 25 °C, 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 LabVIEW (National Instruments) data

acquisition software. The filtration tests were conducted at a trans-membrane
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pressure of 1.52 MPa and at a feed flow rate of 1 L min™!

, corresponding to a
constant cross-flow velocity of 0.25 m/s and a laminar crossflow of Reynolds
number Re=730.

The water flux (Jw) at steady state was calculated by measuring the weight of
water (Am) passed through the effective surface area (A.,) of membrane over a

specific time (At) as follows:

Am

J W pA At (2.6)

where pis water density. Apparent salt rejection was calculated by measuring the

salt concentration in permeate solution after 3 h filtration of 2000 ppm NaCl

solution at 25 °C as follows:

R, = (1 - C%J x 100 (2.7)

where C, and Cf are the NaCl concentration in permeate and feed (2000 ppm
NaCl) solutions, respectively, measured after 3 h filtration process. The salt
concentration in each solution was obtained based on a calibration curve of
solution conductivity. Pure water permeability coefficient (Ap) was determined at
different applied pressure (1.52, 1.24, 0.96, and 0.69 MPa). The flux was allowed to
stabilize at each pressure for 30 min. The flux values were plotted against pressure
where the slope of the linear regression gave the pure water permeability of the

membrane. Salt permeability coefficient (B) was calculated by B = J (l/R ~1) at
1.52 MPa and 2000 ppm NaCl solution.
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Figure 2.5: Schematic view of the cross-flow RO filtration setup.
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2.7.14 Evaluation of the fouling propensity of the

membrane in RO operation

The fouling experiments consisted of three consecutive steps: (i) pure water
filtration, (ii) industrial produced water, and (iii) pure water filtration after
hydraulic washing of the membrane surface. Each of these filtration steps lasted for
3 h and the permeate flux was measured at each step. The fouling evaluating
parameters, namely total flux decline ratio (DRy), which is the sum of reversible
flux decline ratio (DR:) and irreversible flux decline ratio (DRy) as well as flux

recovery ratio (FRR) were calculated using the following equations [57,58].

DR, = 1—‘?& (2.8)
W1
FRR = Jwz
- (2.9)

W1

DR (J\VQ — J\Vf)

P I 2.10

JWl ( )

DR, = 1—% (2.11)
W1

where, Jwi1, Jwr and Jw2 are pure water flux, water flux during filtration of SAGD
water, and pure water flux after hydraulic washing of the membranes, respectively.
The rejection of organic matter was calculated by measuring the TOC in the

collected permeate during the filtration of SAGD water at 25 °C as follows:

TOC,
Rroc=|1=755" 100 (2.12)

f

where TOC, and TOC; are the TOC concentration in the permeate and feed

solutions, respectively.

2.7.15 Evaluation of the permeation performance of the

composite membranes in FO process

The permeation performance of TFC membranes was evaluated using a cross-
flow FO filtration setup which is illustrated schematically in Figure 2.6. The

membrane cell was designed with channels on both sides of the membrane. The
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length, width and height of both channels were 145 mm, 96 mm, and 2 mm,
respectively, providing an effective filtration area of 140 cm? Thin plastic mesh
spacers were used on both sides of the membrane to provide mechanical support to
the membrane and to induce better mixing in the channel to reduce external
concentration polarization (ECP).

Water permeation of the membrane in FO unit was measured using salt water
with different NaCl concentrations (ranging from 0.25 M to 3 M) as draw solution
and DI water as feed solution. The test was first conducted with DI water on both
sides of the membranes for 15 min. The volumes of initial draw and feed solutions
were 2 L and 2.5 L, respectively. Afterwards, in a series of stepwise experimental
runs, the concertation of the draw solution was increased to desired values by
adding proper amount of concentrated (5M) NaCl solution. The temperature of the
feed and draw solutions were maintained at 21+2 °C using Isotemp water bath
(Polyscience, model: MX-CA11B and model: 6560M11A120C, USA). Variable
speed gear pumps were used to maintain the flow of both solutions at 2.5 L/min
(0.22 m/s cross flow velocity). The draw solution tank was placed over a digital
weighing balance (Mettler Toledo) and the change in the weight of the solution
was recorded continuously. For all experiments, the initial volumes of draw and
feed solutions were 2 L and 2.5 L, respectively. During the test, the conductivity of
the feed and draw solutions was monitored using in-line conductivity sensors and
recorded automatically every minutes.

The water flux through the membrane was calculated by measuring the
change in the weight of the draw solution passed through the effective surface area
of the membrane over a specific time period of the experiment using equation 2.6.
The reverse salt flux, J;, in gm™?h? (gMH) was calculated by dividing the mass flow
rate of NaCl (obtained via measuring the feed conductivity) by the membrane
effective surface area. The ratio of reverse solute flux to pure water flux, J,/J,, was
considered as specific flux ratio. The FO filtration of BFW was carried out with 0.5
M NaCl salt water as the draw solution and BFW as the feed solution. The FO
tests were conducted over a time period of 6 hours under similar operating

conditions.
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Figure 2.6: Schematic view of the FO setup. All the TFC membranes were tested in active layer
toward feed side (AL-FS) orientation.

2.7.16 Determination of the FO membrane structural

parameter

The structural parameter (.S) is one of the most important properties of a FO
membrane, and is used as a measure to evaluate the vulnerability of the membrane
to the ICP. The structural parameter is basically a property of the support layer
and depends on the support porosity (e), tortuosity (r) and thickness (¢) (S = tt/e

). The structural parameter can be obtained using the following equation [59,60]:

D B+ATC b
S=|—|ln—v 2 (2.13)
Jw B+ Jy + Aan

where D is the salt (NaCl) diffusion coefficient, 7, is the osmotic pressures of the
bulk draw solutions, and 7~ is the osmotic pressures of the feed solution on the

membrane interface. For high salt rejecting membranes, B is typically assumed to
be zero [61]. The structural parameters of the lab-made and commercial
membranes were evaluated using 1 M NaCl solution and DI water as draw and
feed solution, respectively. The cross-flow velocity of both draw and feed solutions

was maintained at 0.22 m/s. Using DI water as feed Eq. (2.14) is simplified to:

B+ An
S = [—D ] In—— 20 (2.14)
Jw B+ Jyw
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2.8 Design of experiment (DOE) using Taguchi
method

The synthesis of TFC membranes were designed using the Taguchi method
which primarily emphasizes on conducting a minimum number of experiments by
using tables of orthogonal arrays while studying the simultaneous influence of
several control factors on a target response. The Taguchi method utilizes the plots
of “marginal means” which provide a visual interpretation of the “trend of
influence” of a control factor on a response variable [62]. The key feature of the
Taguchi design, which is highly desirable in the membrane fabrication by IP
reaction, is the reduction of the response variability by providing an optimum
experimental design that is robust against uncontrollable conditions. The
variability of a response due to signal (controllable) and noise (uncontrollable)
factors can be evaluated by calculating the signal to noise (SN) ratio. The method
of evaluation of the SN ratio depends on the target of the experiment. The three
standard SN ratios which are commonly used for assessment of the response
quality include the larger-the-better, smaller-the-better, and nominal-the-best [63].
In all these cases, a bigger SN ratio indicates the better quality of the result
(permeate water in this study) as well as smaller variation in the response caused
by noise factors. In the present study, the larger-the-better SN ratio was employed

using the following equation:

1y 1
SN = -10log| = — (2.15)
=1 Yj
where y; is the observation at each experimental trial and n is the total number of
experiments. Three main stages to employ the Taguchi method include (i)
establishing the quality characteristic (response), (ii) selecting the matrix of
experiment by identifying control variables and their corresponding levels, (iii)
conducting the experiments and performing and analysis of variance and (iv)

conducting more experiments to confirm the Taguchi results.

2.9 Analysis of Variance (ANOVA)

When manipulating a series of experimental data, it is always informative to
determine the contribution weight of different factors and to recognize the most

influential one(s). ANOVA is a useful statistical technique to determine the
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contribution and significance of each parameter to the total variation of the results.
Instead of analyzing each single data, the ANOVA test evaluates the variability
(variance) of the control and noise factors to provide the level of confidence and
statistical significance of the experimental results. The analysis first starts with the
calculation of the total sum of squares (SSt) and the factors sum of squares (SSa)
to quantify the deviation of the experimental results from their mean values using

the following equations [62]:

N
SSp = i:ZlYi N (2.16)
Kyl A2 T2
S, = S| 2 |- =
A i_Zl(nAiJ S (2.17)

In these equations, Y; is an experimental data, e.g., water flux, N is the total
number of experimental observations, T is the sum of all N observations, A; is the
experimental observations at level i of factor A, K, is the number of levels of factor
A, and na; is the total number of trials that includes Ai. The sum of squares of
error (SS.) will be the difference of total sum of squares and the factors sum of

squares as:
SS, =SSt —(SS, +SSp +...) (2.18)

where A and B are the control variables. It must be noted that the term “error”
here not only accounts for experimental measurement errors but also represents the
contribution of all other unknown or uncontrollable parameters that may affect the
response variable. To measure the distribution of the experimental results about
their mean value for each control factor,

In general, the variance (V) of a collection of data presents the distribution of
individual observations about the mean value. For the experimental results

involving a control factor A, V, can be calculated as follows:
V,=55,/DOK (2.19)

where DOF, is the degree of freedom of factor A and is equal to one less than the

level number of the variable A (DOF, =K, —~1). Similarly, the variance of error is
obtained by V, = SS,/DOF, where DOF. is the degree of freedom of error given by
DOF, = DOF; —(DOF, + DOF; +...). DOFr in this equation is the total degree of
freedom which equals to one less than total number of observations (DOF, =N-1).

The variance ratio for a particular control factor, which is also known as F-
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statistics, compares the variance because of the effect of the control factor with the

variance caused by the effect of noise factors (F, = V,/V, ). F-statistics is

commonly used to assess the significance of a control factor on the target response.
The computed F-statistic from experimental data is compared with a standard F-
table for a particular level of significance. The standard F-tables can be found in
most textbooks of statistics for different levels of significance (o) and degrees of
freedom. If the value of the calculated F-statistics for a control variable is larger
than the extracted one from the F-table, a conclusion can be drawn that the
influence of the control variable of interest on the response is significant and must

be taken into account.

2.10 Performance prediction using Taguchi method

Using the Taguchi method, a prediction model (transfer function) can be
employed to predict the permeation performance (water flux and salt rejection) of
the synthesized TFC membranes. The prediction model exploits a linear

interpolation between the levels of control factors by the following equation:
— = — — T
Response = (Ai+Bj+Ck+D1+...)—3xN (2.20)

where the response can be water flux or salt rejection and Xi’gj’ Ck » and ﬁ are

the average values of observations (flux or rejection) for the control factors (A, B,

C, ...). at i, j, k and 1 levels of these variables.
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Chapter 37

Effect of synthesis conditions and
chemical additives on the properties

of TFC PA membranes

T This chapter is organized based on references [39-41].
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3.1 Systematic study on the influence of monomer
concentration, reaction time and curing temperature

on the properties of the TFC PA membranes

3.1.1 Introduction

Over the past decades, TFC PA membranes has attracted great
attention in desalination and water purification applications [5,29]. The PA
film is often synthesized by an IP reaction between polyfunctional amine and
acyl chloride monomers at the surface of a porous sublayer [32,38]. Demands
to improve the productivity of composite membranes have triggered much
research to understand and optimize the properties of the top layer which is
responsible for the final productivity and selectivity of these types of
membranes. The reported results reveal the significant importance of the
synthesis condition on the permselectivity of the resulting PA film. However,
the experimental results in the literature do not form a clear consensus about
the trend of influence of the synthesis parameters on the final properties of
the PA membranes. This is mainly due to (i) the complex nature and fast
polymerization rate of the PA selective layer which make the full
characterization of the resulting PA film very challenging and (ii) different
experimental methodologies and conditions used by the researcher. Therefore,
further research is needed in order to produce definitive practical conclusions
leading to the robust and high performance membrane designs. Particular
research challenges in this field are (i) to fundamentally and systematically
understand the effects of reaction conditions on the characteristics of
fabricated thin films, and (ii) to identify the most influential parameters
affecting transport properties of the membranes.

A Dbrief overview of earlier studies on the influence of synthesis
conditions on the structure and transport properties of TFC membranes is
presented in Table 3.1 [64-73]. Although the reported studies in the
literature have demonstrated the significant role of individual chemical
additives on the variation of the final properties of TFC membranes, the
simultaneous effects of multiple additives have not been well studied [17,73—
80]. All previous studies have wused one-factor-at-a-time (OFAT)
experimentation methods in which only one variable (control factor) was

varied in each experiment. The major drawbacks of the OFAT approach are
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that the chance of testing the optimum condition is very low, and the

covariance between influential parameters cannot be verified [81,82]. Also,

OFAT is not able to find the level of significance of each parameter and

predict the level setting that leads to the less variability of the results with

noise factors. Thus, existing results should be interpreted with caution, and

the widely accepted hypotheses for the effect of synthesis conditions require

further revaluation to be extrapolated to novel practices.

Table 3.1: Overview of experimental studies regarding the effects of synthesis conditions on

performance of TFC membranes [39].

Reference

Studied

Parameters

Performance’
Flux (LMHbar)
Rejection(%)

Major Results

Chai and

- PA thickness increased with increase in TMC conc.

Krantz, Monomers conc.?, 0.39-0.74 and reaction time, but did not change with MPD conc.
1994 [64] reaction time 96.7-98.5 - Water flux substantially decreased with increase in
reaction time.
- Flux and rejection increased with increase in reaction
time up to 60 sec, but rejection decreased dramatically
Reaction time, _
Rao et al., . 0.68-1.33 for higher reaction time
curing time and Er—
1997 [65] 74-975 - Increasing curing temp up to 75 °C improved both
temperature o . .
flux and rejection; higher curing temperature lowered
the flux considerably.
Reaction & - Lowering the reaction time and curing temperature
Rao et al. ) ) 1.1-2.57 . . . .
curing time and —_— resulted in thinner membranes with higher water flux.
2003 [66] 92-95 o iy i .
temperature - Salt rejection was not sensitive to modified conditions
- Water flux increased with increase in reaction time at
low TMC conc.; the opposite trend was reported at
Song et al. Monomers conc., 0.3-2 .
o = higher TMC conc.
2005 [67] reaction time 50 - 98 ) ) o
- Increasing MPD conc. improved salt rejection but
lowered the flux.
- PA film thickness increased with increase in both
Roh et al., 0.78-1.17 MPD and TMC conc.
Monomers conc. e o . .
2006 [68] 75-97 -Surface hydrophilicity increased by increasing TMC
conc., but decreased as MPD conc. increased.
Organic solvent - High surface tension, low viscosity solvents led to
Ghosh et al.  properties, curing 0.76 -1.8 higher permeation performance for membranes
2008 [69] time and 93 -93 -Flux and rejection increased with increase in curing
temperature temperature.
o - Increasing reaction time reduced permeation flux and
Reaction time, . o
improved salt rejection.
pH of MPD ) )
Liu et al. 0.38-0.7 - Water permeation increased with increase in TMC
solution, curing —_—
2008 [70] 64.6-99.4 concentration.

time and

temperature

- Both water flux and rejection increased with increase

in curing temperature.
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) Monomers conc., Increasing MPD/TMC conc. ratio and reaction time
Jin and Su

reaction time and NA resulted in PA film with more hydrophilic -COOH
2009 [m1] temperature group at the surface.
- There was an optimum range for monomer conc. to
Monomers conc., obtain high water flux
Xie et al. thermal 1.35-2.65 - Salt passage was not sensitive to change in monomer
2012 [72] treatment 99.4-99.7 conc.
method - Thermal treatment did not cause any significant
effect on transport properties of membranes
- Water flux decreased with increase in MPD conc. and
Klaysom et Monomers conc., 0.6-1.2 reaction time
al. 2013 [73]  reaction time 73-05 - Membranes performance did not changed with TMC

conc. except for low values where water flux dropped

with increase in TMC conc.

'All reports used RO test cell to study membranes performance except reference [71] which used FTIR
spectroscopy for membrane characterization.
*Reacting monomers are MPD and TMC for all studies except reference [70] which used 5-

chloroformyloxyisophthaloyl chloride (CFIC) in organic solution.

Here, a systematic study was conducted to investigate the effect of
simultaneous changes in the MPD concentration in water, TMC
concentration in hexane, IP reaction time and heat curing. The experimental
trials were arranged using a robust DOE method known as Taguchi to
minimize the number of experiments, quantifying the significance of each
parameter, and obtaining valuable information about the inter-relationship

between the parameters.

3.1.2 Materials and methods

TFC PA membranes were prepared via IP reaction between MPD-water
and TMC-cyclohexane solutions at the surface of PES microporous (0.2 pm)
support. The MPD-water solution contained 2 wt. % CSA, 1 wt. % TEA and
0.2 wt. % SDS as additive. The concentration of these additives was kept
constant in all trials. Table 3.2 presents the control variables investigated in
the present study and their corresponding levels and arrangement in the Lg
(4 three-level factors) array. Each run was replicated twice (18 membranes
were synthesized in total) to evaluate the repeatability of membrane

formation.
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Table 3.2: Control factors (synthesis parameters) and their corresponding levels in Taguchi Lo

design.

Control factors

Synthesized TFC

membrane TMC Conc. Reaction Time Curing Temperature

MPD conc. (wt.%) (%) ®) °C)
M1 1 0.15 15 25
M2 1 0.25 30 55
M3 1 0.35 60 85
M4 1.5 0.15 30 85
M5 1.5 0.25 60 25
M6 1.5 0.35 15 55
M7 2 0.15 60 55
M8 2 0.25 15 85
M9 2 0.35 30 25

3.1.3 Results and discussion

3.1.3.1 Chemical composition of the TFC membranes

The chemical composition of prepared membranes was analysed by ATR-FTIR and
the spectra are presented in Figure 3.1. The spectra of PES support layer showed
three peaks at 1410, 1485 and 1580 cm! due to presence of aromatic ring (benzene)
skeletal vibration [83,84]. These peaks were also identified in all synthesized TFC
membranes due to high penetration depth of IR beam (>300 nm) at this region
(1350-1750 cm™). However, the three new peaks at 1667, 1611, 1541 cm™ in the
spectra of the TFC membranes revealed the presence of interfacially polymerized
PA film at the surface of the PES support. These peaks were associated with C=0
stretching of amide I bond, aromatic amide ring breathing and N-H bending of
amide II in -CO-NH- group, respectively [84]. According to Figure 3.1, the similar
spectra characteristics of the TFC membranes suggest the presence of PA layer

with similar basic structure in spite of different synthesis conditions.
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Figure 3.1: ATR-FTIR spectra of TFC membranes and base PES support.

3.1.3.2 Water flux and salt rejection

Figure 3.2 presents the average water flux and salt rejection of the
synthesized TFC membranes (M1 to M9 membranes). As it is shown in this
figure, the water flux and salt rejection of all membranes were in a mutually
exclusive relationship, so that when the water flux increased, the salt
rejection decreased and vice versa. While the rejection percentage of the
membranes varied in the range of 94-98% the water flux changed remarkably
in the range of 7-68 L/(m?h) (LMH) which indicates a greater influence of
synthesis parameters on water permeability leaving the rejection rate at

consistently high and desirable value.
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Figure 3.2: Water flux and salt rejection of all synthesized membranes. The performance
measurements were carried out at a trans-membrane pressure of 1.52 MPa and at a feed flow

rate of 1 L min'!; corresponding to the laminar crossflow of Reynolds number Re=730.

The amine/acyl chloride (-NH,/—COCI) molar ratio in Figure 3.2 is a
criterion showing the amount of reactive functional groups present in
polymerization reaction. This ratio is calculated by converting the initial
mass concentration of MPD and TMC in their corresponding solvents to
molar concentration considering the numbers of -NH; and —COCI functional
group in each monomer (two —NH, and three—COCI groups). According to
Figure 3.2, the membranes with low molar ratio (—-NH,/—COCI1<7) showed
significantly  different flux/rejection  behaviour compared to other
membranes. As will be shown later, very high molar ratio (-NH,/—COCI >
30) also changes the separation performance of composite membranes
considerably. The —NH,;/—COC] molar ratio directly affects the rate of
monomers diffusion and polymerization reaction at the surface, which
subsequently changes the resulting morphology and water permeation of
membranes. The detailed explanation of the effect of monomer concentration
on the properties of synthesized PA films is discussed in the following

section.
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3.1.3.3 Influence of control factors on the properties of the

resulting TFC membranes

3.1.3.3.1 Effect of MPD and TMC concentration

The plot of “marginal means” for water flux, salt rejection and their
corresponding SN ratios at different levels of each control factor are shown in
Figure 3.3 and Figure 3.4. The marginal graphs are plotted by averaging the
results of experimental trials at a specified value of a parameter. For
example, the mean water flux for the membranes made with 1 wt.% MPD
concentration is the average of the results of M1 to M3 where MPD
concentration is 1 wt.%. Although more than one factor is varying at each
run of Table 3.2, the arrays orthogonality in this table allows an independent
estimation of the influence of each factor on the response. Figures 3.3a and
3.4a show that the average influence of increasing MPD concentration in the
aqueous solution was the formation of TFC membranes with higher salt
rejection but lower water flux. Exactly the opposite trend was observed by
increasing the TMC concentration as indicated in Figure 3.3b and Figure
3.4b. SN ratios in these figures account for response variability, so that the
higher the SN ratio the lower the variability of the response, thus the better
the quality of the product. According to Figure 3.3 and Figure 3.4, the mean
responses and SN ratio followed the same trend, implying that the optimum
condition would also provide the least variability in response and maximum
robustness. Furthermore, the relatively high SN ratios in these graphs show
that the levels of control factors were adjusted properly so that the effects of
the uncontrollable or unknown noise factors on the response were minimized.
The extracted trends using Taguchi marginal graphs can be verified by comparing
the performances of membranes synthesized by only changing the levels of one
specific factor when all other factors maintained constant. Since no two runs in the
L9 matrix are comparable, 11 extra confirmation membranes were prepared at
combinations, which were not considered in Table 3.2. The synthesis conditions
and permeation performance of these confirmation membranes are presented in
Table 3.3. Taguchi predicted flux and rejection in this table are calculated by
Taguchi transfer function (a linear model) that will be explained in ANOVA
section. By comparing the permeation results of C1 vs. C2 and C3 vs. C4, it is
confirmed that membranes prepared at higher MPD concentration showed lower

water flux and higher salt rejection.
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Figure 3.4: Average salt rejection and SN ratio for each level of each control factor.

40



Table 3.3: Synthesis conditions and permeation performance of the confirmation experiments.

Controllable factors Results
rmaiti Average  Taguchi Average Taguchi
Confirmation MPD TMC Curing 8 8 g g
membrane Reaction water predicted salt predicted
conc. conc. temperature
N time (s) flux flux rejection rejection
(wt.%)  (wt.%) (°C) V
(LMH) (LMH) (%) (%)
C1 1 0.15 15 55 20.9 42.8 96.9 95.7
C2 2 0.15 15 55 19.6 12.8 97.4 98
C3 1 0.35 15 55 79.1 72.8 91.4 93
C4 2 0.35 15 55 42.5 42.8 96.2 95.3
C5 1 0.15 15 85 15.6 31 97.5 96.4
C6 2 0.15 30 55 194 13.3 97.6 97.8
c7 3 0.15 15 55 110.5 NA 72.1 NA
C8 3 0.35 15 55 30.6 NA 96.7 NA
C9 1 0.25 15 55 46.0 56 95.2 94.6
C10 2 0.25 15 55 26.0 25 96.4 97
C11 3 0.25 15 55 15.3 - 97.1 -

In order to explain the observed trends in Figure 3.3 and Figure 3.4, the
mechanism of PA formation via interfacial polymerization should be
understood. The TP reaction initiates at the surface when the MPD /water
impregnated PES support is brought into contact with TMC/organic solvent
solution. Since water and organic solvent are immiscible, the polymerization
reaction occurs at the water/organic interface [22,85,86]. In most IP
reactions, the MPD concentration in water is much larger than the TMC
concentration in the organic solvent, due to negligible solubility, vigorous
reaction of the acyl chloride monomer with water and good solubility of
amine in organic solvent [64,69]. Thus the IP reaction is believed to be
mainly controlled by diffusion of MPD molecules to the reaction zone and
thus the polymer film grows from the water/organic interface toward the
bulk of the organic solution [87,88]. However, the growth of the PA film does
not follow a linear increase over the reaction time. Immediately after the
contact of the two monomers solution the water/organic interface provides
an empty platform for fast reaction of MPD and TMC molecules to form an
ultrathin incipient (core) PA film at the PES surface. After that,
polymerization shifts to a slow growth stage where the MPD diffusion and
thus reaction rate slows down significantly due to presence of the incipient
layer [89]. The result of polymerization at this stage is the formation of a
second layer with the so-called ridge-and-valley morphology which covers the

core layer [69,72,88]. The separation performance of the final PA layer
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depends not only on the overall film thickness (The thicker the film is, the
lower the water permeates), but also on the cross-link density of the internal
structure [72]. It is worth mentioning that, other than thickness and density
of the core layer, its crystallinity also plays a major role in determining the
permeability of the membrane [90]. In general, the crystallites of the
polymers have highly packed structure, and the transport of water only takes
place through the amorphous part. Hence, the higher the crystallinity the
lower is the permeation flux. Crystallinity is primarily determined by the
chain flexibility and the volume fraction of polymer, thereby directly depends
on the density of polymer. Polyamide in TFC RO membranes is a semi-
crystalline polymer which its degree of crystallinity couldn’t be measured
directly. This is due to the fact that, the very thin layer of PA, synthesized
by in-situ polymerization, is not detachable from the PES support to be used
for further tests on crystallinity. In the present work, the discussions on the
density and/or crystallinity of the membranes are provided based on the
pure water flux and salt rejection results, knowing that the crystallinity of
the polymer affect the space between the polymer chains and thus the
diffusion rate [91]. It was shown by Freger [92] that the cross-link density of
the PA film is not uniform across the cross-section where the incipient thin
film is proposed to be the densest and actual selective layer over the whole
structure [92,93]. Since the monomer diffusion and reaction rate in the slow
growth stage strongly depend on the mass transfer resistance of the core
layer, any factor which changes the properties of this layer (in terms of the
thickness and cross-link density) will affect the final morphology and
separation performance of the resulting films.

Regarding the Figure 3.3a, the flux decline with the increase in MPD
concentration could be attributed to the increase in the overall thickness of
the PA film during the course of polymerization. At higher MPD
concentration, there will be a larger driving force for MPD to diffuse through
the initially formed PA film. The increase in the number of available MPD
molecules in the reaction zone promotes polymerization, thus increases the
membrane internal resistance toward water passage by forming a thicker PA
film with bigger ridge-and-valley structure at the surface [72].

The observed trend for the influence of the TMC concentration was also
confirmed by comparing the permeation flux of confirmation membranes C1
vs. C3 and C2 vs. C4 as presented in Table 3.3. It is a widely held view that

in a typical IP reaction, an increase in the TMC concentration decreases the
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amine to acyl chloride molar ratio (-NH,/—COCI) and results in a thinner
but denser PA active film with lower water flux in overall [72,93]. Surface
images of the membranes made at high TMC concentration (C3) in this
study also confirmed the formation of a thin and dense film at the surface
(based on more resemblance of PES and C3 surface morphology). However,
significant increase in the water flux with increasing in TMC concentration
(from 20.9 LMH in C1 to 79.1 LMH in C3), not predicted by the above
hypothesis, reveals the complex influence of the film thickness and density on
the transport properties of membranes. The thickness and cross-link density
of PA layer were measured by TEM and XPS analyses, respectively to
approve above discussion. For example, for the C1 and C3 membranes shown
in Figure 3.5, the XPS results are presented in Table 3.4. As can be seen, the
cross-linking density of C1 and C3 are 28% and 69%, respectively, which
confirms our hypothesis about the higher density of C3 membrane. However,
it must be noted that, the density of the core layer, which is commonly used
to justify conclusions (e.g. change in surface morphology) cannot be
measured with characterization tests because it is covered by the outer loose
layer. In the present study, we qualitatively discussed and compared the
density of core layer for different membranes by noting that the mass
transfer resistance of the incipient layer to MPD diffusion is directly related
to its density. As mentioned earlier, in the case of denser core layer, the mass
transfer resistance against diffusion of MPD diffusion is larger and less ridge-

and-valley morphology forms on the surface.

Table 3.4: Atomic concentration of C, O and N in PA layer of C1 and C3 membranes obtained
by XPS analysis.

Atomic Concentration (%)

Sample Cross-linking Density (%)
O 1s N 1Is Cls S 2p
C1 14.74 9.03 75.97 0.25 28
C3 12.75 10.31 76.72 0.23 69

The surface FESEM and cross-section TEM images of two confirmation
test membranes along with PES substrate are shown in Figure 3.5. Unlike
microporous PES supports which have a relatively smooth and featherless
morphology, C1 had a tortuous and ridge-and-valley structure at its surface
[22]. However, by increasing the TMC concentration from 0.1 wt. % (C1) to
0.35 wt. % (C3), the morphology changed to a nodular structure with small
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microprotuberances at the surface. This again confirms formation of a denser
PA core layer which hindered diffusion of MPD, thereby prevented film
growth and formation of ridge-and-valley features on the surface. Moreover,
the TEM images illustrate that increasing the TMC concentration results in
a marked decrease in PA film thickness which is highly desirable for reducing

the hydraulic resistance of membrane against water permeation.

Figure 3.5: FESEM surface and TEM cross-section images of confirmation test membranes: PES
support, C1 (MPD 1 wt.%, TMC 0.15 wt.%) and C3 (MPD 1 wt.%, TMC 0.35 wt.%) to study

the effect of TMC concentration. The levels of other parameters are presented in Table 3.3.

The substantial change in surface morphology and the absence of ridge-
and-valley structure at the surface by increasing TMC concentration is a
proof of concept for formation of a thin and dense core layer at the early
stage of IP reaction. At higher TMC concentration, due to the presence of a
higher number of TMC molecules in the reaction zone, the incipient PA layer
became dense enough that hindered MPD molecules to diffuse to organic
phase and form a thick ridge-and-valley structure during the time of IP
reaction. There are two likely causes for such a significant increase in
permeation flux by increasing the TMC concentration: First, there is a
marked decrease in the thickness of the PA active layer as it is shown by
TEM images in Figure 3.5, which decreases membrane resistance against
mass transfer and eventually increases the water flux. Second, a thinner
active layer is more prone to be affected by the subsurface morphology (e.g.

porosity and roughness of the support) than the thicker ones; the presence of
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any open nanopores at the substrate due to incomplete coverage by the thin
film may manifest themselves by increasing the water flux and lowering the
salt rejection.

The typical trade-off behaviour between salt rejection and water flux
was also observed in confirmation experiments. According to Table 3.3,
increasing TMC concentration from 0.1 wt.% (Cl1) to 0.35 wt.% (C3)
increased water flux significantly (almost four times), but decreased the salt
rejection slightly from 96.9% to 91.4%. The salt rejection results from the
confirmation experiments (C1-C4) show the dramatic role of monomers
concentration. The range of results varies from high rejection/low flux RO

membranes to low rejection/high flux NF membranes.

3.1.3.3.2 Effect of curing temperature

Heat curing is primarily performed to speed up evaporation of both
water and organic solvent from the membrane surface and to help
termination of the polymerization reaction [69]. The average effect of curing
temperature on the performance of TFC membranes is presented in Figure
3.3c and Figure 3.4c. According to these figures, curing at room temperature
(25 °C) resulted in TFC membranes with a high rejection but poor water
flux. Raising the temperature to 55 °C increased the flux roughly 5 times
with only a 2% reduction in rejection. Further increase in the curing
temperature slightly decreased the flux and improved the rejection. This
result is confirmed by comparing the performance of base membrane M1
(Table 3.2) and by confirmation experiments C1 and C5 (Table 3.3). The
observed variation in water permeation and salt rejection of the membranes
can be justified by monitoring the change in surface morphology at various
curing temperatures. The surface images of M1, Cl1 and C5 (Figure 3.6)
indicates that the PA film underwent a surface densification with increasing
curing temperature. The thin ear-like PA ridges at the surface of M1 (cured
at 25°C) merged together and became larger in C1 (cured at 55 °C). This
change in morphology increased water permeation from 7.1 LMH in M1 to
20.9 LMH in C1. However, further increase in the curing temperature to
85°C (above the boiling point of cyclohexane) resulted in film shrinkage due
to the fast evaporation of solvent residue from the C5 membrane which could

explain the slight decrease in the water flux for this membrane [69,72].
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3.1.3.3.3 Effect of reaction time

Figure 3.3d and Figure 3.4d present the average effect of the reaction
time on the transport properties of the TFC membranes. It can be observed
that changing the polymerization time from 15 s to 60 s did not result in an
appreciable change in the average flux and rejection. The observed trend was
also verified by the performance results of confirmation membranes C2 and
C6 (Table 3.3) and base membrane M7. A very narrow range of water flux
(19.4-19.9 LMH) and salt rejection (97.4-97.7%) indicated a trivial effect of
reaction time on the membrane properties. Based on the IP reaction
mechanism, prolonging the reaction time should increase film thickness and
thus membrane resistance to water flow. However, a negligible shift in flux
and rejection with the change in reaction time reveals that the growth of the
PA film after 15 s was insignificant and implies that the permeation was
mainly controlled by the dense core layer which was rapidly formed at the

surface.
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Figure 3.6: FESEM surface morphologies of Taguchi base membrane M1 (cured at 25°C) and
confirmation test membranes C1 (cured at 55 °C) and C5 (cured at 85 °C) to study the effect of

curing temperature. The levels of other parameters are presented in Table 3.3.

3.1.3.4 Interaction between MPD and TMC concentration

The interaction between two factors, in a simple explanation, accounts
for a condition where a factor shows different behavior at different levels of
the other factor [62]. Identifying the possible interactions between synthesis
parameters can be quite helpful as it not only improves the basic
understanding of the PA formation via interfacial polymerization reaction,
but also increases the efficiency and output quality of the preparation
process. Although exploiting saturated orthogonal arrays (like L9) eliminates
the chance of extracting the interactions directly from OA table, it can

provide guidance to track probable interactions between influential
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parameters. According to Figure 3.3 and Figure 3.4, the average trends of
the influence of TMC and MPD concentrations are in opposite directions,
which suggest a possible interaction between these two factors. The
interaction between two factors can be visually represented by plotting the
impact of one of these factors on the response at different level of the other
factor. In general, an interaction exists when the straight lines are not
parallel [62]. Employing the water flux data in Table 3.3, a two way
interaction plot for the TMC and MPD concentrations is presented in Figure
3.7. The intersecting lines in this figure reveal the existence of a mutual
interaction between the TMC and MPD concentrations.

Figure 3.7 shows that MPD concentration induced different effects on
permeation flux when TMC changed from 0.15 wt.% to 0.35 wt.% in organic
solution. At MPD concentration of 1 wt.%, the water flux significantly
improved from 20.9 LMH (C1) to 79.1 LMH (C3) with the increase in TMC
concentration. When MPD concentration in aqueous phase increased to 2
wt.%, the rate of flux enhancement decreased, which supports the accepted
hypothesis that membranes become thicker with higher internal resistance at
higher MPD concentrations. However, at 3 wt.% MPD, the trend was
different: water flux first dropped dramatically from 110.5 LMH in C7 to
15.3 LMH in C11, then increased to 30.6 LMH in C8 with further increase in
the TMC concentration.

The SEM images of C2, C4, C7 and C8 membranes (Figure 3.8) provide
clear evidence that the unexpected shift in water flux was the result of a
significant change in the surface structure of the membranes. The C7
membrane, prepared at high MPD (3 wt. %) and low TMC (0.15 wt. %)
concentrations, had completely different morphology from previously seen
ridge-and-valley and nodular structures. The markedly thick and fully
formed PA film at the surface of this membrane reveals that due to the lack
of sufficient TMC molecules, the incipient core layer was not dense enough to
slow down the polymer growth at the surface. Therefore, rapid diffusion of
MPD molecules to the reaction zone in the organic phase resulted in a thick
but loose structure with high water flux and low salt rejection. By increasing
the TMC concentration to 0.35 wt.% in C8, the active layer became dense
again and the surface morphology transformed to a nodular structure, similar
to C3 and C4 membranes which were similarly prepared at high TMC

concentration.
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Figure 3.7: Two-way interaction plot for MPD and TMC concentration (reaction time: 15 s,

curing temperature: 55 °C).

According to the interaction plot (Figure 3.7), it can be concluded the
widely accepted view that the lower amine/acyl chloride molar ratio (closer
to unity) results in a denser polyamide film with lower water flux
[72,89,93,94], cannot be simply generalized to all practices. The flux and
rejection of the PA films is directly related to the surface structure and more
specifically to the cross-link density of the core layer which are controlled by
initial concentration of both monomers at the beginning of IP reaction rather
than a single molar ratio. The very high (31.6 in C7) and low (4.51 in C2)
molar ratio in our experiments resulted in high flux membranes at the
expense of salt rejection decline, suggesting that there is an acceptable range
of monomer concentration which yields salt rejecting NF and RO membranes
with desirable water flux (>90%). In order to make TFC membranes with
tailored properties, this range must be first identified by considering the

monomer concentration interaction at very high and low molar ratios.
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Figure 3.8: Surface images of confirmation membranes C2 & C4 (MPD concentration 2 wt.%)
and C7 & C8 (MPD concentration 3 wt.%). The microporous structure of PES support is clear

for C7 and C8 due to formation of thin dense layer at the surface.

3.1.3.5 ANOVA analysis

Table 3.5 presents the analysis of variance of experimental results based
on water flux data. According to this table, the calculated F-ratio for all
factors was greater than the extracted F-table (F=4.26) with 95% confidence
(o =0.05) which means all factors had significant effect on the response.

The percent contribution of each factor (P) can also be evaluated by
considering the sum of squares (SS) values wusing the equation

P, =SS,/SSt x100 . According to the P values presented in Table 3.5, curing
temperature had the highest contribution (40.7 %) to the variance in the

water permeation in comparison to other factors. The MPD and TMC
concentrations had similar contribution to permeate flux, 28% and 27.8%,
respectively. Reaction time, as was observed in the marginal plots (Figure
3.3d), had the minimum contribution (1.9%) on the response. It must be
noted that the extracted contribution values are limited to the levels of
control factors considered in this study and could be different for a different

set of factor combinations.
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Table 3.3 presents the predicted water flux and salt rejection of
confirmation membranes. Note that the prediction data for C7, C8 and C11
membranes were not presented in this table as the monomers concentration
for these trials were not within the range of initial levels. As can be seen in
Table 3.3, the Taguchi prediction model predicts the permeation flux pretty
well for the high flux membranes (C3 and C4) where the monomers
concentration, particularly TMC, are set to the highest level. However, it
fails to precisely predict the flux of Cl1 and C5 membranes which are
prepared at the lowest level of TMC and MPD concentration. The relatively
high prediction error for the flux of C1 and C5 membranes can be due to
simplicity of the prediction model, as it assumes that the change in the
results follows a linear behaviour. From the other point of view, it can be
indicative of complexity and nonlinearity of film formation by IP reaction
when the TMC concentration in the organic solution is low (0.15 wt. %).
However, as the TMC concentration increases (0.35 wt. %), the model
prediction and experimental results match very well, suggesting a more

predictable mechanism for the polymerization reaction at the surface.

Table 3.5: Analysis of variance based on water permeation data.

Factor Ss! DOF? Variance F-ratio® P* (%)
Curing Temperature (°C) 3977 2 1988 111.0 40.7
MPD Concentration (%) 2733 2 1366 76.3 28.0
TMC Concentration (%) 2720 2 1360 75.9 27.8
Reaction Time (s) 187 2 94 5.2 1.9
Error (%) 161 9 18 _— _—

1
Sum of squares

2

Degree of freedom

3

F-table for a (risk) =0.05 is F=4.26

4
Percent contribution of each factor on response (SSa/SSt)

a0



3.2 Systematic study on the influence of chemical
additives on the properties of the TFC PA

membranes

3.2.1 Introduction

In order to improve the physicochemical and permeation properties of
the TFC PA membranes, extensive research has been carried out by utilizing
different types of additives such as surfactants [74,80], phase-transfer
catalysts [73,75], and co-solvents [76-78] in amine aqueous solution to tune
the physicochemical and structural properties of the resulting membranes.
The presence of these additives in the water solution is believed to alter the
partitioning and diffusion rate of the amine molecules into the reaction zone
by changing the properties of the water-organic interface.

Although the reported studies in the literature have demonstrated the
significant role of individual chemical additives on the variation of the final
properties of TFC membranes, the simultaneous effects of multiple additives
have not been well studied. Hence, the objective of the present work is to
systematically study the synergistic effects of four commonly used additives,
namely SDS, CSA, TEA and DMSO on the permeation performance of the
resulting TFC membranes. The experimental trials were designed using
Taguchi method to quantify the significance and contribution of each
additive on the surface characteristics and transport properties of the

synthesized membranes while minimizing the number of experimental runs.

3.2.2 Materials and methods

The TFC membranes were fabricated by the IP reaction between 2.0
wt.% MPD in water and 0.15 wt.% TMC in hexane at the surface of a PES
microporous (0.1 pm) support. In order to elucidate the impact of chemical
additives, a reference membrane without any additive (MO) was also
synthesized following the same procedure. The control variables considered in
the present study, their levels of variation in the L9 array (4 three-level
factors) are given in Table 3.6. The chemical additives introduced in this
table, were added into MPD-water solutions. All the membranes were
synthesized twice based on the designed conditions to evaluate the

repeatability of the experimental results.

o1



Table 3.6: The list of control factors and their corresponding levels of variation in the designed

experimental trials.

Control factors

Membrane
SDS conc. (wt.%) CSA conc. (wt.%) TEA conc. (wt.%) DMSO conc. (wt.%)
MM1 0.1 0.5 0.5 0.5
MM2 0.1 1 1 1
MM3 0.1 2 2 2
MM4 0.2 0.5 1 2
MMS5 0.2 1 2 0.5
MM6 0.2 2 0.5 1
MM7 0.4 0.5 2 1
MM8 0.4 1 0.5 2
MM9 0.4 2 1 0.5

3.2.3 Results and discussion

3.2.3.1 Trend of influence of additives based on Taguchi

marginal mean graphs

Figure 3.9 presents the pure water flux and salt rejection of the TFC
membranes synthesized based on the Taguchi design (Table 3.6). The
flux/rejection data of the base membrane (MMO), as a baseline membrane, is
also provided in this figure to demonstrate the significant effect of chemical
additives on the permeation performance of the synthesized membranes. As
can be seen, the water flux and salt rejection of the modified TFC
membranes varied in the range of 30.6-119.2 LMH and 90.9-98.2%, while the
base TFC membrane (MMO) provided 6.0 LMH and 91.1% rejection under
the same operating condition. This observation implies the critical role of
chemical additives in the fabrication of high-performance and energy-efficient
membranes.

The results presented in Figure 3.9 show the overall performance of the
modified TFC membranes where all the control factors simultaneously
contributed to the wvariation of the final performance. In order to
demonstrate the trend of influence of the individual factors, the “marginal
mean” graphs for water flux and rejection results are presented in Figure
3.10 and Figure 3.11, respectively. Each data point in these graphs is
obtained by averaging the results of all the experimental trials conducted at
each level of the additive of interest. For example, the mean water flux for
the membranes made with 0.1 wt.% SDS concentration is the average of
experimental results corresponding to MM1, MM2 and MM3 membranes for

which the SDS concentration was set to 0.1 wt.% in the synthesis process.
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Figure 3.9: Pure water flux and salt rejection of the synthesized TFC membranes. The synthesis

conditions of MM1 to MM9 membranes are presented in Table 3.6. MMO is a refernece (base)

TFC PA membrane prepared without using any additive in water solution [40].

It is worth noting that although more than one factor is varying at each
row of Table 3.6, the orthogonality of the Taguchi arrays allows an
independent estimation of the mean influence of each control factor on the
response [63]. Orthogonality here means that there are equal numbers of level
settings at each column of the design table. In Taguchi OAs, each factor
column is also mutually orthogonal to any other column which implies that
all possible ordered pairs of two columns appear just once. Assigning the
levels 1, 2, and 3 in Table 3.6 to weighing factors of -1, 0, and 1, respectively,
the inner product of these weighing factors for any two columns will be zero.
This property leads to the primary assumption of using Taguchi method that
the main effects of independent variables on response are separable. The
Taguchi OAs are also suitable designs when there is a fixed number of levels
for each control factor. Also, in Taguchi method, the interaction between the
control factors is assumed to be minimal which means that the impact of
each control factor on the target response is independent of the influence of
the other factors. Although, Taguchi method may suggest an accurate
optimum combination of the factors for experiments with multi-level and
dependent factors, however, the estimated response variable at this

conditions can be significantly inaccurate [63].
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The general approach in using the graphs of marginal means is to
examine the trends and pick the levels that optimize the response. According
to Figure 3.10, to maximize the water flux, SDS concentration should be set
to its low level (0.1 wt.%), whereas the concentration of other additives
should be adjusted at their high level (2.0 wt.%). This level setting, however,
minimizes the salt rejection (Figure 3.11). The maximum salt rejection was
achieved at the high level of SDS concentration, the medium level of DMSO
and CSA concentration, and the high level of TEA concentration. The
marginal mean plots also provide a graphical representation of the
significance of each factor. The larger the difference between the low and
high levels the longer the line and more significant is that factor. Based on
the Figure 3.10 and Figure 3.11, SDS and DMSO were more influential on
permeation properties than CSA and TEA. The TEA was found to be the
less significant factor on response compared to the other additives within the
studied concentration levels ( see Table 3.6).

The observed trends in Figure 3.10a and Figure 3.11la show that the
mean influence of increasing the SDS concentration in amine solution was the
formation of TFC membranes with lower water flux and higher salt rejection.
The effect of SDS was found to be more significant at lower concentrations
(i.e. from 0.1 wt.% to 0.2 wt.%). In contrast to SDS, the addition of other
additives improved the water permeation through the membrane (see panel
b, ¢, and d in the Figure 3.10 and Figure 3.11). The water flux increased
steadily by increasing the concentration of CSA and TEA over the whole
range, while DMSO appeared to have a more significant effect at higher
concentrations (1.0 wt.% to 2.0 wt.%).
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Figure 3.10: Marginal mean graphs showing the effect of additive concentration on water

permeability of the TFC membranes with the corresponding SN ratio.
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Figure 3.11: Marginal mean graphs showing the influence of additive concentration on salt

rejection of the synthesized TFC membranes with the corresponding SN ratio.

99



The salinity of the permeate water also changed when the different
concentration of additives was added into the aqueous solution. Figure 3.11b
shows the addition of low concertation of DMSO in MPD solution favourably
led to a slight improvement of salt rejection at 1.0 wt.%. However, the
rejection decreased significantly with further increase in its concentrations up
to 2.0 wt.% . Similarly, Figure 3.11c illustrates that at lower concentrations
of CSA (0.5 wt.% to 1.0 wt.%), the salt rejection increased slightly, then
decreased at higher concentrations (up to 2.0 wt.%). Contrary to DMSO and
CSA, the variation in the TEA concentration resulted in a smooth decline in
salt rejection, as shown in Figure 3.11d.

The IP reaction for the synthesis of TFC membranes is very sensitive to
numerous factors which some of them are not easily controllable even by
elaborate automation of membrane fabrication process. Hence, one of the
hoped-for goals in the field of membrane manufacturing has been making
robust membranes with identical permeation properties. Taguchi advocates
the claim that utilizing the SN ratio enables exploring a combination of
levels that minimizes both the influence of noise factors and the standard
deviation in response. The SN ratio in Figure 3.10 and Figure 3.11 measures
the sensitivity of the experimental results to different noise conditions. In
general, a higher SN ratio represents a lower variability of the response due
to the noise factors. Thus, as the second stage of Taguchi optimization, a
factor setting that provides a maximum SN ratio must be identified. Based
on Figure 3.10 and Figure 3.11, the mean responses and SN ratio followed
the same trend, suggesting that (1) response variability can be minimized
applying the same level setting that gives optimum responses (flux and
rejection), and (2) the SN ratio changes in direct proportion to the signal
variable with a constant noise portion (with the insignificant effect of noise

conditions).

3.2.3.2 ANOVA analysis

Table 3.7 provides the analysis of variance for the water flux results of
the synthesized TFC membranes. Since the computed F-statistics for each
control variable is larger than the extracted F-statistics from standard
statistical tables (F-table) at 95% confidence level (@=0.05), it is concluded
that the addition of all additives into the MPD-water solution had a

significant effect on the water flux of the resulting TFC membranes.
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The percent contribution (P) of each control variable was also calculated
by dividing the factors sum of squares by total sum of squares. The percent
contribution values in Table 3.7 shows that the concentration of SDS and
DMSO had a significantly higher contribution (40.8 % and 37.0%,
respectively) to the water flux in comparison to the other control factors.
The CSA concentration had a modest contribution to permeate flux (17.7
%). Finally, the addition of TEA into the amine solution had the minimum
contribution (4.1%) on the response, as was also observed in the marginal
plots (Figure 3.10d). It is worth noting that the present analysis of variance
of water flux only applies to the experimental trials which were done within
the considered range of wvariation of the control factors, and any
extrapolation to different levels of control factors needs to be interpreted

with caution.

Table 3.7: ANOVA based on water permeation results. F-table for a =0.05 is 4.26.

Factor SS DOF Variance F-statistic P (%)
SDS concentration (wt.%) 4305.8 2 2152.9 444.6 40.8
DMSO concentration (wt.%) 3919.2 2 1959.6 404.6 37.0
CSA concentration (wt.%) 1872 2 936.0 193.3 17.7
TEA concentration (wt.%) 420.3 2 210.2 43.4 4.1
Error (%) 43.6 9 48 0.4

3.2.3.3 Prediction of permeation properties of TFC membranes

The permeation properties (water flux and salt rejection) of the
synthesized membranes were predicted using equation 2.22. To evaluate the
accuracy of the prediction model four new confirmation membranes (CM1 to
CM4) were synthesized at the conditions that were not previously considered
in the Taguchi design.

Table 3.8 presents the synthesis conditions and the predicted permeation
performance of the confirmation membranes. The results show that the
Taguchi model is able to provide a reliable prediction of the water flux and
salt rejection with a maximum error of 9.8% and 1.9% for the flux and
rejection, respectively. It can also be inferred that there is minimal

interaction between the control variables (i.e. chemical additives) which
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allowed the Taguchi model to predict the permeation properties of the
resulting membrane with satisfying accuracy. Cost-benefit analyses using the
estimated performance of various additive blends by this prediction model

can be used to guide membrane development efforts.

Table 3.8: Predicted water flux and salt rejection of confirmation membranes using Taguchi

model.

Control factors: Additives conc.
in MPD solution (wt.%)

Results

Confirmation
Measured Predicted Measured Predicted

membrane Prediction Prediction
SDS CSA TEA  DMSO flux flux rejection rejection
error (%) , error (%)
(LMH) (LMH) (%) (%)

CM1 0.2 2 0.5 2 72.4 79.5 9.8 93.6 91.8 1.9
CM2 0.2 1 1 1 48.1 43.8 9.0 96.9 98.0 1.1
CM3 0.1 1 2 1 75.8 7.8 2.6 94.1 95.0 0.9
CM4 0.2 2 1 1 55.3 57.7 4.3 96.2 95.8 0.4

3.2.3.4 Characterization of structural and physicochemical

properties of TFC membranes

The establishment of a precise correlation between the physicochemical
properties and the permeation performance of the modified TFC membranes
is not within the scope of the present work. However, it is worth presenting
some of the characterization results obtained for the synthesized TFC
membranes.

Figure 3.12 illustrates the FESEM images of the PES microporous
support, the unmodified M0, M2 and M6 membranes. The significant role of
additives on changing the surface morphology of the membrane is evident in
panel b & ¢ where the modified M2 and M6 membranes had remarkably
larger surface features compared to nodular structure of the unmodified MO
membrane. Furthermore, the addition of the chemical additives into MPD
solution resulted in thicker PA film as it is shown in the TEM cross-sectional
images of the M2 and M6 membranes compared to a very thin PA film at
the surface of the MO membrane.

The 3D AFM images in Figure 3.13 show a more illustrative comparison
between the surface topography of the modified and unmodified TFC

membranes. Confirming the previous observations by FESEM, AFM images

o8



showed that the modified TFC membranes by using chemical additives

possessed a rougher surface compared to the unmodified MMO membrane.

MME6- TEM 200 NM =—

Figure 3.12: FESEM Surface morphology of PES support, unmodified MMO, and modified TFC
membranes. The concentration of additives for the preparation of the modified TFC membranes

was presented in Table 3.6.

Figure 3.13: AFM surface topography images of unmodified (MMO) and modified TFC

membranes. The concentration of additives in the synthesis of modified TFC membranes are

presented in Table 3.6.

The surface and cross-sectional images of the confirmation membranes
are presented in Figures 3.14 to 3.16. These images provide useful

information to exclusively examine the effect of individual additives.
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Figure 3.14: FESEM Surface morphology of confirmation membranes. The synthesis conditions of

the modified TFC membranes are presented in Table 3.6.
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Figure 3.15: Cross-sectional images of confirmation membranes. The synthesis conditions of the

confirmation TFC membranes are presented in Table 3.6.
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Figure 3.16: AFM surface topography images of confirmation membranes. The concentrations of

additives used in the MPD-solution to modify the TFC membranes are presented in Table 3.6.

Table 3.9 presents the chemical composition, surface roughness and
contact angle data of the unmodified and modified TFC membranes. Since
the synthesis protocol and the underlying PES support was identical for all
membranes, the substantial change in the structural morphology and the
physicochemical properties of the resulting PA films can be attributed to the
variation of the interfacial properties of the aqueous-organic interface due to
the presence of the chemical additives. Lowering the interfacial tension of the
water-hexane interface, for instance by adding SDS into the MPD solution,
results in a faster diffusion and partitioning of MPD molecules into the
organic phase. As a result, the number of available MPD in the reaction zone
may increase, as compared to that of TMC molecules, which consequently
promotes the polymerization rate and enlarges the thickness of the PA film
[39,42,80,95].
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Table 3.9: Degree of cross-linking, surface roughness and contact angle data of the synthesized

TFC membranes.

Membrane

Degree of Cross-

Contact Angle (°)

Surface Roughness (nm)

linking Ra Rq
MMO 2.7 82+2 46+2 61+£5
MM2 32.6 704 60+3 7845
MM6 40.0 82+4 85+8 115+9
CM1 46.9 7243 59+5 7546
CM2 38.1 5942 100+7 140+10
CM3 37.2 68+3 7246 9548
CM4 28.1 5743 5945 T7T+5

Figure 3.17 presents the TEM cross-sectional images of four TFC membranes that

were prepared with different concentrations of SDS in MPD solution. It can be

observed that the PA film thickness dramatically increased with an increase in the

concertation of the SDS in the water solution.

e . : ‘ » Jinis '51' I

TEM 0.0 wt.% SDS 500 nm TEM 0.1 wt.% SDS

TEM

Figure 3.17:

,

0.2 wt.% SDS 500 nm TEM 0.4 wt.% SDS

500 nm

TEM cross-sectional images of TFC membranes prepared with different

concentration of SDS in water solution. Synthesis conditions: 2.0 wt.% MPD in water, 0.15 wt.%

TMC in hexane, 30 sec reaction, 4 min thermal curing at 60 °C. No other additive was used in
the MPD solution.
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The comparison between the characteristics of the M2 and C2
membranes in Table 3.9 provides more details about the effect of SDS on the
properties of the prepared PA films. The synthesis conditions of these two
membranes differ only in SDS concentration (0.1 wt. % in M2 to 0.2 wt. % in
C2, see Table 3.6 and Table 3.8). The results revealed that a thicker and
rougher PA film with more degree of cross-linking and higher surface
wettability was formed when more SDS was added to the MPD solution. The
combination of these effects resulted in a decrease in the water flux and
enhancement of salt rejection by the addition of SDS into the MPD solution
as shown in Figure 3.10a and Figure 3.11a.

M6 and C1 membranes can be considered as a pair where only DMSO
concertation was changed in their preparation process (1.0 wt. % in M6 and
2.0 wt. % in C1). Based on the data presented in Table 3.9, the membrane
prepared with higher DMSO concentration possessed a smoother PA film
with a higher degree of cross-linking and surface wettability. A thicker PA
film was obtained when higher concentration of the DMSO was added into
MPD solution (see Figure 3.12 and Figure 3.15) which can be attributed to
the higher miscibility of the water-hexane interface at higher DMSO
concentration. DMSO has a solubility parameter (26.7 MPa'/?) between
water (47.8 MPa'/?) and hexane (14.9 MPa'/?) [96]. Therefore, DMSO
reduces the miscibility gap between water and hexane solutions and thus
improves the partitioning of MPD molecules into the reaction zone.
Furthermore, DMSO partially swells the incipient PA film which is formed
during the initial stage of IP reaction. Hence, MPD molecules can migrate to
the organic phase and react with TMC molecules at higher rates and form a
thicker PA film when DMSO is present in the solution. The permeation
results in Figure 3.10b and Figure 3.11b showed that the addition of the
DMSO into MPD solution at lower concentration (0.5 wt. % to 1.0 wt. %)
favorably improved both water flux and salt rejection, whereas at higher
concentrations (1.0 wt. % to 2.0 wt. %) the flux enhancement was
accompanied by a slight sacrifice in salt rejection.

The observed permeation results of the modified TFC membranes with
DMSO is quite interesting, as it is generally considered that the water flux
and salt rejection follow a mutually exclusive relationship. Also, a TFC
membrane with a thicker PA film and a higher degree of cross-linking is
typically expected to provide lower water flux compared to a membrane with

thinner and less cross-linked PA layer. However, caution should be exercised
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while drawing a conclusion based on the characterization results for a dense
RO membrane where the transport mechanism is principally based on
solution-diffusion phenomenon. In TFC RO membranes, the surface and
structural characteristics of the membranes such as surface roughness,
thickness, charge density, degree of cross-liking, size and configuration of the
complex internal free volumes within the PA structure may significantly
affect the final performance of the TFC membrane [88,95,97-102]. For
example, just considering the overall thickness of the PA film (obtained be
SEM or TEM) as a measure of the film resistance toward water passage can
be misleading due to the presence of numerous nano- and microvoids within
the PA structure [95,103-108]. Although the formation mechanism of these
multiscale voids during IP reaction is not still clear, they can significantly
contribute to the enhancement of water passage through the PA film,
particularly when the voids are internally connected [88,99,100,109,110].

Regarding the effect of DMSO, recent studies attributed the
enhancement of water flux, in spite of formation of thicker and higher cross-
linked PA film, to an increase in the number and size of the network and
aggregate pores within the PA matrix, as well as, formation of more
favorable spots for hydrogen bonding by amide linkages [76,104,108,111]. A
possible explanation for the improvement of both water flux and salt
rejection of the membranes at low concentration of DMSO and CSA might
be the reconfiguration of the size and number of free volumes within the PA
network that provided more surface area for the permeation of water
molecules without any sacrifice in salt rejection. Indeed, more
characterization at nanoscale resolution must be conducted to draw a solid
conclusion about the physicochemical-permeation relationship of the modified
TFC membranes at low DMSO concertation. Similarly, the addition of CSA
into MPD solution desirably improved both water flux and salt rejection at
lower concentrations of CSA (0.5 — 1.0 wt.% ), as shown in Figure 3.10c and
Figure 3.11c. The comparison between the physicochemical properties of C2
and C4 membranes in Table 3.9 reveals that an increase in CSA
concentration resulted in a considerably smoother PA film with a slightly less
degree of crosslinking.

A similar comment can be made about the N/O ratio obtained by the
XPS analysis. In general, a high N/O ratio represents a highly cross-linked
PA film with low water flux and high salt rejection. However, it should be

noted that XPS is commonly used to analyze the elemental composition of
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the top 5-10 nm of the PA surface and it is not expected to give detailed
information about the inner structure of the PA layer. Hence, a high N/O
ratio alone does not guarantee a high degree of cross-linking or uniform
distribution of the microvoids over the entire cross-section of the PA layer.
This is particularly correct for the unmodified membrane (M0) where both
the water flux and salt rejection were lower than the modified TFC
membranes despite the formation of a thinner and more cross-linked PA film
over the PES surface (see Figure 3.12 and Table 3.9).

Comparing M2 and C3 membranes provides insight into the effect of
TEA concertation (1.0 wt.% in M2 to 2.0 wt.% in C3). The addition of more
TEA into the MPD solution resulted in the formation of a thicker PA film
with a slightly greater degree of cross-linking and a higher surface roughness
in C3 compared to M2. However, the membranes prepared at higher TEA
concentration provided more water flux and less salt rejection (Figure 3.10d
and Figure 3.11d). A possible explanation for this result might be due to the
restructure of the internal free volumes within the PA network by
incorporation of higher TEA to the organic solvent which develops pathways
for easier transport of both water and solute molecules. Overall, the
experimental results revealed a less significant influence of TEA compared to
the other additives which supports the results of formerly reported studies
[87,112,113].
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3.3 Investigation of the influence of monohydric and
polyhydric alcohol additives on the properties of the
TFC PA membranes

3.3.1 Introduction

It is a widely held view that the permeation properties of a synthesized
TFC membrane are highly influenced by the conditions of the membrane
synthesis reaction. For an IP reaction where the concentration of the amine
monomer is considerably larger than the acyl chloride monomer (often 10 to
20 times higher), the IP reaction is essentially controlled by the diffusion of
amine molecules to the organic phase, and thus the reaction mainly happens
on the organic side of the interface [87,88]. Therefore, any variation in
miscibility of the water-organic interface is expected to affect the diffusion
and partitioning of the amine molecules into the reaction zone and thus
change the rate of the polymerization reaction.

A common approach for changing the miscibility of water and organic
phases is to incorporate chemical additives in either of the aqueous and
organic phases. Although extensive research has been conducted to improve
transport properties of the TFC membranes using surfactants, phase transfer
catalysts and co-solvents [17,112,114,115], a few efforts have been made to
explore the effect of polar alcohols on permselectivity and morphology of the
resulting membranes [116-120]. Utilization of alcohols with polarity and
miscibility between water and the organic solvent is anticipated to alter the
solubility and diffusion of the reacting monomers through the water-organic
interface. As a result, the rate of the polymerization reaction changes which
consequently affects the surface morphology, thickness and physicochemical
properties of the synthesized PA selective layer. Jegal et al. [121] studied the
effect of different concentration of n-propanol in amine-water solution on
permeation properties and morphology of PA TFC membranes. The addition
of n-propanol up to 20 wt% in amine-water solution increased the water flux
with a constant rejection of polyethylene glycol (PEG) 200 Da (~90 %).
However, higher concentrations of n-propanol in aqueous solution resulted in
dramatic decrease in salt rejection (~25 %). The change in permeation
properties of the synthesized membranes was attributed to a change in the
miscibility of water and organic solvent (hexane) that affected the

polymerization reaction and the final structure of the polymerized
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membrane. Liu et al. [122] used different concentration of isopropyl alcohol
in aqueous solution in order to modify the IP reaction between MPD and 5-
chloroformyloxyisophthaloyl chloride (CFIC). It is reported that the water
permeability and salt rejection of the synthesized membranes improved at
lower concentration of the isopropyl alcohol (less than 6 wt.%). In contrast,
at higher isopropyl concentration, the increase in water flux was
accompanied with dramatic decrease in salt rejection. The reason behind the
observed decrease in salt rejection was ascribed to formation of a loose PA
film due to high concentration of alcohol additive during the IP reaction. Qui
et al. [123] reported that the incorporation of isopropanol into the amine-
water solution enhanced the permeation flux, while the salt rejection
remained constant. The increase in water flux was mainly attributed to the
fast reaction between hydroxyl groups of the alcohol and the functional
groups of the acid chloride monomer that led to the formation of ester
structure within the PA network. Furthermore, the swelling of PA film with
isopropanol alcohol as well as change in polarity of the water-alcohol system
were also mentioned as the possible reasons for water flux enhancement of
the modified membranes. However, in spite of the existing reports in the
literature regarding the modification of TP reaction using alcohol additives,
more investigation is required to provide a clear understanding of the
influence of size and functionalities of alcohols (i.e. number of hydroxyl
groups and chain length) on the kinetics of the IP reaction and consequently
the physicochemical properties of the resulting TFC membranes.

Here, the effect of using monohydric and polyhydric alcohol additives
with different chain length and hydroxyl group on the final properties of the
TFC PA membrane was studied. Different concentrations of ethanol
(C2HgO), ethylene glycol (C2HgOs), and xylitol (C5H1205) were added into the
MPD-aqueous solution. The physicochemical characteristics of synthesized
TFC PA membranes such as surface morphology, wettability, and chemical
composition were analysed and linked to their permselectivity (pure water
flux and salt rejection) properties. The addition of alcohols into MPD-
aqueous solution was found to enhance the water flux by changing the
miscibility of water and the organic phase during IP reaction which
significantly altered the surface morphology and permeation characteristics of
the PA active layer. The number of hydroxyl groups and the chain length of
the alcohols were also identified as significant influential factors on the

permeation properties of the synthesized membranes.
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3.3.2 Materials and methods

TFC PA membranes were prepared via IP reaction between 2.0 wt.%
MPD in water and 0.15 wt.% TMC in hexane at the surface of the PES
microporous (0.1 pm) substrate. The MPD solution contained 0.2 wt.% SDS
and 1.0 wt.% TEA and different concentration (1.0-6.0 wt.%) of alcohol
(ethanol, ethylene glycol and xylitol). The list of the synthesized TFC
membranes and the concentration of the alcohols used as the additives in the

MPD-water solution are presented in Table 3.10.

Table 3.10: List of the synthesized TFC membranes with corresponding monomer and alcohol

concentration in MPD-water solution [41].

Alcohol

Monomer conc. Alcohol Alcohol . Alcohol Concentration
% . . Alcohol Chemical . Molar
Membrane (wt%) in MPD Chemical Density of alcohol
- oluti Formul: Structure ( - volume ( " ‘7)
MPD  TMC solution ormula g/cm?) (e/mol) wt.%
TFCO 2 0.15
TFC1 2 0.15 1.0
Ethanol C:H0 ~oH 0.79 46.07
TFC2 2 0.15 6.0
TFC3 2 0.15 OH 1.0
Ethylene
’ C:Hs0 HO™ L1l 62.07
TFC4 2 0.15 glycol 6.0
[o /7]
TFC5 2 0.15 1.0
Xylitol C:H1,05 Ho: 2 OH 1.52 152.15
OH OH
TFCG6 2 0.15 6.0

3.3.3 Results and discussion

3.3.3.1 Surface morphology of synthesized TFC membranes

The FESEM surface images of the PES microporous support, unmodified
(base) membranes, and the modified TFC membranes with the minimum
and maximum concentrations of alcohols (ethanol, ethylene glycol and
xylitol) are presented in Figure 3.18. According to this figure, the active
surface of all TFC membranes has the typical “ridge-and-valley” structure of
the PA-based TFC membranes. However, taking a closer look at Figure 3.18
reveals that larger ridges and valleys were formed at the polyamide surface

when the film was prepared at lower concentration (1.0 wt.%) of alcohols
(TFC1, TFC3, and TFC5).
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Figure 3.18: FESEM surface morphology of the PES substrate, unmodified PA membrane
(TFCO0), and modified TFC membranes by ethanol (TFC1, TFC2), ethylene glycol (TFC3,
TFC4), and xylitol (TFC5, TFC6) prepared at 1.0 and 6.0 wt.% concentration of these alcohols

in the MPD-aqueous solution.
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The cross-sectional TEM images of the unmodified and modified TFC
membranes in Figure 3.19 show the significant influence of alcohols on the
internal structure and thickness of the PA skin layer. According to this
figure, all the modified TFC membranes had a thicker PA layer than the
unmodified membrane. Furthermore, the PA films modified with 1.0 wt.%
alcohol had multiple voids within the ridge-and-valley structure (see TFCI1,
TFC3, and TFC5). In contrast, by increasing the concentration of alcohols to
6.0 wt.%, especially for the case of ethanol and ethylene glycol, the
synthesized PA layers became thicker and fuller with the fewer voids inside
the PA structure (TFC2, TFC4, and TFC6).

The observed change in surface and the cross-sectional structure of the
modified TFC membranes implies a significant change in the kinetics of the
IP reaction caused by the addition of alcohols into the MPD solution.
Basically, the polymerization reaction between MPD and TMC molecules
starts immediately when the TMC-hexane solution is brought into contact
with the MPD-impregnated PES support. In the absence of any chemical
additives, water and organic solvent are immiscible, restricting the
polymerization reaction to occur at the interface of water and organic
solution [22,86,124]. The IP reaction is mainly controlled by the diffusion of
MPD molecules to the organic phase which is attributed to (1) higher
concentration of MPD than TMC in their relevant solvents and (2) better
solubility of MPD in the organic solvent rather than TMC in water [87,88].
Hence, any change in the property of water/organic interface (such as
miscibility and interfacial tension) significantly affects the diffusion rate of
MPD molecules to the organic phase and thus alters the kinetics of IP
reaction [44,108].

The change in the miscibility of water and hexane solution by the
addition of alcohols can be evaluated through comparing the Hansen
solubility parameters of the two phases. This parameter is calculated as

follows:
& =83+, + i (3.1)

where &4, 8, and &, are the solubility parameter components due to
(atomic) dispersion forces, (molecular) permanent dipole forces, and
(molecular) hydrogen bonding (electron exchange or in general donor-

acceptor interactions), respectively.
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Figure 3.19: TEM cross-sectional images of the modified TFC membranes prepared at 1.0 and
6.0 wt.% concentration of ethanol (TFC1, TFC2), ethylene glycol (TFC3, TFC4), and xylitol
(TFC5, TFC6) in the MPD-aqueous solution.
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These components can be predicted from group contributions using the method

proposed by Hoftyzer and Van Krevelen [125]:

8(1 = z\];‘di
VEFo
61) = Tp (32)

6}1 — z\];lhi

where Fg, F,i are the molar attraction constants for the dispersion and dipole
forces of a specific group i, respectively, Ei; represents the hydrogen bonding energy
of each group, and V is the molar volume of the molecule [126]. The values of the
structural group contributions (Fa, Fpi and Ei) of water, alcohols and organic

solvent used in this study are presented in Table 3.11.

Table 3.11: Values of group contributions for solubility parameter component for some structural

groups.
Structural group Fai, (MJ/m?)"? mol ! Fpi, (MJ/m?)"? mol™ Eui, J/mol
-CHs 420 0 0
-CHo- 270 0 0
>CH- 80 0 0
-OH 210 500 20000

The solubility parameter of the water-alcohol mixture § . at different

mix
concentrations is calculated using the volume fraction (¢ ) of each component

by the following equation [127-129]:

Smix = d)compl 600mpl + ¢comp2 600mp2 (33)

The volume fraction of each component can be obtained using [96]:

(Vol.Fraction) M)mmpl / Wt.Fraction Wt.Fraction (3.4)

(W) compl + (—)(:0111})2

compl —

Density Density

Table 3.12 presents the solubility parameter components of water,
hexane and water-alcohol mixtures. According to this table, the addition of

all alcohols into water phase increased the miscibility of water and organic
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solvent as the difference in the total solubility parameter between the
aqueous and organic solutions decreased by the increase in the concentration
of alcohol in the water. Comparing the three components of the solubility
parameter in Table 3.12, it can be concluded that the major variation in the
total solubility parameter of alcohol-water mixture was due to hydrogen
bonding contribution (&) in the solution which itself decreased by the
decrease in the number of hydroxyl groups of the alcohol. Therefore, among
the three alcohols, the miscibility of water-hexane phases increased more by
ethanol, followed by ethylene glycol and then xylitol. The increase in the
miscibility of water and hexane solutions facilitates the migration of MPD
molecules to reach the organic phase. The presence of more MPD molecules
in the reaction zone speeds up the rate of the polymerization reaction,
thereby producing thicker PA film at the surface as it can be observed for
the case of TFC2, TFC4 and TFC6 membranes in Figure 3.19 [39,42,72].

Table 3.12: Solubility parameter components of water, hexane and water-alcohol mixtures.

Ethanol conc. Ethylene glycol Xylitol conc.
Solubility Ethvlene in water conc. in water in water
parameter Water Hexane Ethanol | h | Xylitol
yco. S 3 3
(MPal”?) LR 1 6 1 6 1 6
wt% wt% wt% wt% wt% wt%
8a 15.6 14.9 15.4 17.2 18.3 15.6 15.6 15.6 15.7 15.6 15.7
3, 16.0 0 8.56 12.7 11.2 15.9 15.4 16.0 15.8 16.0 15.8
S 42.3 0 18.5 26.8 31.6 42.0 40.5 42.2 41.5 42.2 41.9
3 47.8 14.9 25.6 34.3 38.2 47.5 46.1 477 47.1 47.8 474

3.3.3.2 Chemical composition of the PA active layer

The elemental composition and chemical bonding information of PA
active layer of the synthesized TFC membranes were evaluated using XPS
analysis. Figure 3.20 illustrates the deconvolution of C (1s) high resolution
XPS spectra of the modified TFC membranes which involved four peaks: (1)
a peak at 285 eV which is assignable to the single-bond carbon
(aliphatic/aromatic C—C and C—H), (2) two peaks at 285.7 and 286.5 eV
which are associated with carbon attached to weak electron withdrawing
atoms (carbons in C—N and C—O, respectively), and (3) a peak at 288.6 ¢V
which corresponds to carbons adjacent to strong electron withdrawing atoms

(carbon atoms in carboxylic O=C—O and amide O=C—N groups) [130].
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Figure 3.20: C 1s deconvolution of high resolution spectra of base (M0) and modified (M2) TFC

membranes.

The extent of cross-linking of the synthesized membranes can be
compared by considering the ratio of the surface area under C—O peak over
the C=0 peak. Theoretically, a fully cross-linked PA film (CisH12N303) does
not have any C—O covalent bond in the structure. In contrast, the C—O
bond appears in the linear chain of PA structure. Therefore, a higher
C—0/C=0 ratio represents a lower extent of cross-linking of the synthesized
PA film. By this measure, all the modified TFC membranes (TFC1 to
TFC6) had higher C—0O/C=0 ratio and thus were less cross-linked than the
unmodified membrane (TFCO) as presented in Table 3.13. This observation
can be attributed to the neutralization of TMC monomers by the penetrated
water and alcohol molecules via a nucleophilic addition/elimination reaction
[131]. The carbon atom in acyl chloride group has partial positive charge due
to higher electronegativity of the oxygen and the chlorine atoms which
makes the carbon atom to be easily attacked by nucleophile molecules like
water or alcohols. Regarding that, the first stage (i.e. the addition stage of
the nucleophilic reaction) of the hydrolysis reaction of TMC molecules is a
nucleophilic attack on carbon atom of the acyl chloride by a lone pair on the

oxygen atom of water or alcohol molecule as it is shown if Figure 3.21.

REC ?
( s R—C-CI
Poee —F I I +
R-0 R—C])
[
H H

Figure 3.21: Addition stage of the hydrolysis (nucleophilic) reaction of a TMC molecule.
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The hydrolysis reaction then moves to second (elimination) stage where
hydrogen chloride will be produced in two successive stages: first, the
covalent double bond between the carbon and oxygen atoms reforms and
then hydrogen will be removed by the chloride ion to give carboxylic
(O=C—OH) or ester linkage (O=C—0—C) and hydrogen chloride (see Figure
3.22) [131].

<0 (o)

STy /,O = Vi 0O
R—-C—Cl - : o

g, T R C\ + ,'CI ——— C\d-_R: —_— R—C\ + HCI
R=0 O=R & ) 0-R

H H H'\___,:CI

Figure 3.22: Elimination stage of the hydrolysis (nucleophilic) reaction of a TMC molecule.

Therefore, the addition of alcohol additive into MPD solution intensifies
the neutralization reaction of the carboxylic groups of the TMC molecules
and result in more participation of water and alcohol molecules during the IP
reaction. As a result, a PA film with more linear structure than the cross-
linked network forms at the surface of the PES support [42]. Comparing the
C—0/C=O0 ratio of the modified TFC membranes with ethanol and ethylene
glycol, the network cross-linking of these membranes decreased with increase
in alcohol concentration (see TFC2 and TFC4 compared to TFC1 and
TFC3, respectively). This result suggests that more hydrolysis and
nucleophilic reactions take place at the higher concentration of these
alcohols. In contrast, for the membrane modified by xylitol, C—0O/C=0 ratio
significantly increased at lower concertation of this alcohol (1.0 wt.%, TFC1
compared to unmodified TFCO membrane), then decreased by the addition
of more alcohol suggesting a highly cross-linked PA film at high xylitol

concentrations.
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Table 3.13: Elemental compositions, chemical bonding peak area of the synthesized TFC

membranes.
Atomic Concentration (%) Chemical Bonding Peak Area
oco C-0 C-0
Sample C-C, C—N Peak Cc-0 0-C l\" _— e —
O (1s) N (1s) C (1s) C—H Peak at 285.7 Peak at 1_: K at C=0 C-N
eak a
at 285 eV eV 286.5 eV
288.6 eV
_ 31.1546.66
TFCO 13.42+1.59 12.16£1.14 74.42+1.82 51.68+4.02 14.2240.5 2.96+2.87 0.10 0.21
TFC1 13.95+1.43 12.29+0.73 73.77£1.63 50.13+4.23 13.0+0.50 4.44%2.85 32.43£6.69 0.14 0.34
TFC2 15.45+1.93 12.01£1.09 72.55%2.08 55.11£3.07 13.74+0.44 5.24+3.48 25.91£5.61 0.20 0.38
TFC3 14.45+1.70 12.46+0.86 73.09+2.42 56.32+3.48 13.71£0.48 4.00£2.19 25.96+4.99 0.15 0.29
TFC4 15.97+1.34 12.26+0.99 71.77£1.94 52.61£3.76 14.32+0.49 6.27+4.27 26.80£6.95 0.23 0.44
TFC5 14.74£1.19 11.99+0.85 73.27£1.50 55.26+3.36 13.88+0.55 5.26+2.41 25.60+4.68 0.21 0.38
TFC6 15.01+1.16 11.93+0.77 73.06£1.50 56.47+3.79 13.56+0.47 2.91+2.42 27.37£5.68 0.11 0.21

3.3.3.3 Surface wettability and roughness of the synthesized

membranes

The contact angle data of the synthesized TFC membranes is presented
in Table 3.14. In general, the contact angle measurement is conducted to
evaluate the surface wettability of the synthesized membranes A lower value
of the contact angle is often interpreted as higher surface hydrophilicity
which can lead to the enhancement of water permeation and antifouling
properties of the membrane. According to Table 3.14, the surface wettability
of the TFC membranes was increased by the addition of all alcohols into
MPD-water solution. In the case of ethanol and ethylene glycol, the contact
angle decreased significantly with increase in their concertation. For xylitol,
however, the contact angle first decreased notably to ~35° at 1.0 wt.%, and
then increased, suggesting lower wettability of resulting TFC membranes at
higher xylitol concentration. Among all the synthesized membranes, the ones
prepared with 6.0 wt.% of ethylene glycol and xylitol had the lowest and
highest surface wettability with contact angles of 31° and 62°, respectively.
The change in surface hydrophilicity is related to the presence of hydrophilic
functional groups (such as hydroxyl, ester, and amide linkage) in the PA
network. For monohydric and polyhydric alcohols with smaller chain length,
e.g., ethanol and ethylene glycol, the surface hydrophilicity increased by an

increase in the number of hydrophilic C—O bond at the surface (due to
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neutralization of TMC molecules via nucleophilic reaction) as it is evidenced
by XPS (Table 3.13). However, for the case of membranes modified by
polyhydric alcohol with high molar volume, e.g., xylitol, the trade-off
relationship between the number of the hydrophilic —OH groups and
hydrophobic C—C bonds of alcohol governs the wettability. At low
concertation of xylitol (TFC5), the number of ~OH groups is dominant, and
the surface hydrophilicity of the resulting membranes is improved. This
result aligns well with the XPS result of C—0O/C=0 ratio as presented in
Table 3.13. At higher xylitol concentration (TFC6), however, there was a
negligible improvement in the surface wettability of the polymerized films
compared to the original membranes, due to presumably lower rate of
hydrolysis reaction and the adverse effect of hydrophobic C—C bonds on
wettability.

Table 3.14: Contact angle and surface roughness of the synthesized TFC membranes.

Surface Roughness (nm)

Sample Contact Angle (°)
Ra Rq

TFCO 62.5+3.7 12249 156412
TFC1 54.4 +£34 160410 201+11
TFC2 49.0+4.1 98+11 131412
TFC3 44.1+1.5 127+16 169+14
TFC4 31.9+4.0 87+£8 117£10
TFC5 34.9+1.7 133+10 174£13
TFC6 62.0+4.1 41+6 56+9

It must be noted that the contact angle of the synthesized membranes is
partially affected by their surface roughness. Adding surface roughness is
reported to enhance the wettability caused by the chemistry of the surface
[132]. The AFM 3D surface topography of the modified TFC membranes is
displayed in Figure 3.23. According to this figure, the membranes
synthesized using a higher concentration of alcohol in water solution (TFC2,
TFC4, and TFC6) had a smoother surface with smaller surface features. The
comparison between the surface roughness data of modified and unmodified
membrane in Table 3.14, show that the addition of 1.0 wt. % alcohol into
MPD solution increased the surface roughness of the resulting TFC
membranes. The synergistic effect of the increased roughness and improved
chemistry (C—0O/C=0 ratio measured by XPS) decreased the contact angle
of these modified membranes compared to the unmodified base membrane.

Further addition of alcohol into MPD solution, however, effectively reduced
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the roughness of PA active layer. In the case of ethylene and ethylene glycol,
despite the reduction of roughness, the contact angle decreased which clearly
shows the dominant effect of the polymer chemistry improvement. For the
TFC6 which was synthesized with 6.0 wt.% xylitol in water solution, the
integrated effect of diminished roughness (~42 nm compared to ~133 nm in
TFC5) and reduced hydrophilic groups in polymer structure (0.11
C—0/C=0 compared to 0.22 in TFC5) increased the contact angle
significantly. It is also worth mentioning that the AFM roughness results are
in good agreement with the observed FESEM surface and TEM cross-section

morphologies of the membranes.

Figure 3.23: AFM 3D surface topography of the modified TFC membranes.
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3.3.3.4 Water flux and salt rejection of TFC membranes

Figure 3.24 presents pure water flux and salt (NaCl) rejection of the
TFC membranes. It can be observed that the addition of ethanol and
ethylene glycol into the MPD-aqueous phase resulted in a significant
enhancement in water permeation from ~14 LMH to ~30 LMH. However, the
addition of xylitol up to 1.0 wt.% concentration in the aqueous solution first
significantly increased the water flux to 28.5 LMH, then decreased the flux
gradually at higher concentrations (up to 6.0 wt.%). It is also worth
mentioning that the salt rejection of all modified TFC membranes almost

remained unchanged with the addition of alcohol into amine solution.
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Figure 3.24: Effect of alcohol concentration in MPD solution on water permeation and salt
rejection of the synthesized membranes. Experimental conditions: feed solution: distilled water

for water flux test and 2000 ppm NaCl solution for salt rejection measurement, operating

pressure: 1.5240.04 MPa (220+5 psi), temperature: 25+1 °C, pH: 6.5-7.

The water permeation through the PA active layer of a TFC membrane
is strongly related to both structural properties (such as thickness, cross-link
density, network pore size) and surface characteristics (like roughness,
hydrophilicity /hydrophobicity) of the membrane. Therefore, the observed
variation in water flux and the salt rejection of the synthesized membranes
needs to be rationalized by considering all these influential properties. In the
case of modified membranes with ethanol and ethylene glycol, the

enhancement in water flux can be mainly attributed to the higher surface

79



wettability (Table 3.14) and lower cross-linking of the PA layers (Table 3.13)
which could compensate the negative impact of an increase in the film
thickness. Similarly, the low concentration of xylitol in amine solution also
resulted in higher permeability and salt rejection compared to the unmodified
membrane. However, at higher xylitol concertation the triple effects of a
decrease in surface wettability, as well as an increase in the network cross-
linking and the thickness of the PA film, resulted in a remarkable decline in
the water flux. This result shows the complex influences of polyhydric
alcohols with larger chain length on physicochemical and permeation
properties of the resulting TFC membranes. Furthermore, since the salt
rejection of the modified TFC membranes remained constant, it can be
concluded that the addition of hydrophilic alcohols into the amine-water
solution did not result in an undesirable enlargement of free volume within
the PA network, and consequently the salt rejection of the membranes was
not sacrificed by the flux enhancement. One of the most significant finding to
emerge from this study is that there is no straightforward correlation
between the number of hydroxyl groups in an alcohol and the permeation
properties of the synthesized membranes. As a matter of fact, polyhydric
alcohols are not necessarily providing higher hydrophilicity of the surface and
therefore, other important properties including the molar volume (chain
length), solubility parameter, miscibility in aqueous and organic solutions, as
well as the tendency of alcohol to participate in nucleophilic reaction with
carboxylic acids of the PA, must be accounted. All these properties affect the
miscibility of the organic and the aqueous phase and the diffusion of water,
MPD monomer and alcohol additive to the reaction zone, thereby changing

the properties of the synthesized PA layer.
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3.4 Conclusion

Here, the effect of synthesis conditions and chemical additives on the
physicochemical and permeation properties of interfacially polymerized TFC
PA membranes was systematically investigated. The concentration of
reacting monomers, reaction time and curing temperature were considered as
synthesis parameters. Furthermore, different chemical additives, namely SDS
as a surfactant, TEA as an acid acceptor, DMSO as a co-solvent, and CSA
as a pH regulator were added into MPD solution in order to control and
modulate the permeation properties of the resulting TFC membranes. The
experimental trials were designed using Taguchi method (L9 orthogonal
arrays) in order to investigate the synergistic effects of the influential
parameters.

Regarding the effect of synthesis conditions, the plot of marginal means
showed that the average influence of increasing the MPD concentration was
to lower water flux and to improve salt rejection, whereas increasing the
TMC concentration resulted in more permeable membranes with lower
rejection. Furthermore, a strong interaction was found between MPD and
TMC concentrations, suggesting the importance of monomer concentration
(or molar) ratio rather than on individual concentration. The ANOVA
revealed that the water flux through synthesized membranes was most
dramatically affected by curing temperature. The MPD and TMC
concentration also had significant effect whereas changing the reaction time
beyond one minute was found to have the lowest influence on water
permeation.

Regarding the effect of chemical additives, it was found that the average
effect of adding TEA, CSA, and DMSO to the MPD-aqueous solution was to
improve water permeation of the resulting TFC membranes whereas
increasing SDS concentration lowered the permeability of the TFC
membranes. Based on the results, to maximize the water flux, the high level
of TEA, CSA, and DMSO concentration and low level of SDS concentration
was suggested. Also, to make the results less sensitive to noises and enhance
the robustness, the same level setting was proposed. The ANOVA revealed
that the change in the SDS and DMSO concentrations had the most
significant influence on water flux of the membranes. Increasing the CSA

concentration moderately improved the water permeation through the
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membranes. Finally, TEA concentration was found to be the least significant
parameter on water permeation.

The effect of addition of monohydric and polyhydric alcohols into MPD-
aqueous solution on the final properties of the TFC membranes was studied
using ethanol, ethylene glycol, and xylitol. The experimental results showed
that inclusion of alcohols in the water solution improved the permeation
properties as compared to the based TFC membrane. In addition, increasing
the concentration of ethanol and ethylene glycol increased the water flux
continuously, while, in the case of xylitol, a maximum flux was obtained at
~1.0 wt.% concentration and then the flux decreased by further addition of
this alcohol. Furthermore, the addition of alcohols showed a promising effect
on the membrane selectivity as all the modified membranes possessed higher
salt rejection percentage than the unmodified TFC membranes. Applying
hydrophilic alcohols in amine-water solution during the IP reaction was
found to overcome the trade-off relationship between permeability (water
recovery) and selectivity (water quality) normally observed in polymeric
membranes. This study shows the significant role of the four considered
influential parameters on the final properties of TFC membranes. The
findings can be used as guidelines for the synthesis of NF/RO membranes
possessing a broad range of water permeation and salt rejection

characteristics.
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Chapter 4}

Thermally modulated IP reaction for
fabrication of high throughput TFC PA

membrane for FO application

* This chapter is organized based on references [42] and [44].
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4.1 Introduction

Forward osmosis (FO) has attracted increasing interest in the past decade as
an alternative to conventional pressure-driven membrane processes for various
applications including seawater desalination [133], wastewater treatment [134], food
processing [135] and clean energy generation [136]. The transport mechanism in a
FO membrane is based on the osmotic pressure gradient between a low
concentration solution, known as “feed”, and a high concentration solution which is
referred to as “draw”. Applying a semi-permeable membrane between the draw and
the feed solutions provides pathways for water molecules while restricting the
passage of solutes from one side of the membrane to the other side.

An ideal FO membrane exhibits high water permeability, high solute rejection,
low concentration polarization, low fouling propensity and high chemical and
mechanical stability [137,138]. The majority of the recent advances in the FO
process is devoted to membrane materials development with the aim of fabricating
high performance FO membranes [139]. Commonly used commercial FO
membranes are made from asymmetric cellulose triacetate (CTA) [140-142] which
became popular due to its hydrophilic nature and relatively low cost [143].
However, the major drawbacks of the CTA membranes are their low
permselectivity and poor stability in harsh acidic and basic environment [144].
These limitations have diverted attention from single layer cellulose based
membranes toward TFC PA based membranes.

The TFC membranes are very popular in pressure-driven separation processes
such as NF and RO processes, however, their application in the FO processes is at
the early stage [145]. These membranes exhibit low permeation flux when tested
for the FO process, as in the absence of hydraulic pressure, the dense active layer
hinders the permeation flux through the membrane [135,140,146]. Additionally, the
thick and dense support layer provides a large resistance against the diffusion of
the draw solute to the back side of the active layer, contributing to internal
concentration polarization (ICP) phenomenon, thereby adversely affecting the
water permeation of the membranes [147]. The ICP generally occurs inside the
pores of the porous support layer and depends mainly upon the thickness, porosity
and tortuosity of the support layer rather than the hydrodynamics of the flow
[147]. Ideally, the support layer should be thin, highly porous with low tortuosity
[147,148]. To date, numerous efforts have been made on modification of TFC
membranes in terms of the physicochemical characteristics of both the active and

support layers to make them efficient for the FO process. Much of these efforts
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were dedicated to improve the support layer permeability by the following
strategies:

(i) modifying the support layer morphology [142,145,149-152]

(ii) increasing the hydrophilicity of the common support materials (i.e. PES or
PSf), either by blending them with more hydrophilic materials such as sulfonated
polysulfone (SPSf) [137], polyphenylsulfone (PPSU) [150], carboxylated polysulfone
(CPSf) [153], Montmorillonite (MMT)-sulfonated polyethersulfone (SPES) [154] or
by coating them with hydrophilic polymers like polydopamine [140] or sodium
dodecyl sulfate (SDS) [155]

(iii) using alternative hydrophilic support materials like cellulose acetate (CA)
[156], cellulose acetate propionate (CAP) [157], polyacrylonitrile (PAN) [73],
polyketone (PK) [158], sulfonated poly(ether ketone) (SPEK) [159], and sulfonated
polyphenylenesulfone (sPPSU) [160]

(iv) incorporating organic and inorganic nanofillers LDH and TiO, NPs into the
support matrix [161,162]

(v) using a highly porous electrospun nanofiber matrix such as polyvinylidene
fluoride (PVDF), PES and PAN as support layer [163-166].

In spite of vast research on the properties of support layer, there are only a
few studies focused on modifying the characteristics of the active thin layer of the
TFC membranes for FO application, and these are mainly focused on incorporating
nanoparticles like Zeolite, SiO; and multi-walled carbon nanotube (MWCNT) into
the active layer of the TFC membrane [167-170]. However, the addition of
nanoparticles in a thin film with the aim of fabricating a thin film nanocomposite
(TFN) membrane is more complicated than it appears, due to (i) severe
aggregation of the nanoparticles in the monomer solutions during the IP reaction,
and (ii) weak compatibility of the nanoparticles with the host polymer matrix. It is
well known that non-uniform dispersion of nanoparticles forms non-selective voids
at the interface of the polymer and the nanoparticles, which significantly reduces
the rejection percentage [53,171]. The uncertainties related to the formation of an
integrally-skinned and defect-free thin film due to the presence of nanoparticles
limit further development of the TFN membranes.

In the present study, a novel and efficient method is proposed to enhance the
water permeation of the TFC membranes by performing the PA synthesis reaction
at sub-zero temperatures of organic solution. Investigation of the effect of organic
solution temperature on the properties of the resulting PA membranes has been

limited to a few studies. Ghosh et al. [69] investigated the effect of variation in the
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temperature of the organic solution from 8 °C to 38 °C, on the surface morphology
and permeation performance of the TFC membranes. The TFC PA membranes
were made by IP reaction between m-Phenylenediamine (MPD) in water and
trimesoylchloride (TMC) in Isopar-G solution. It was demonstrated that the
synthesis of the TFC membranes at lower temperatures decreased water
permeation of the membranes by formation of thicker and denser PA films. In
contrast, at higher temperatures of organic solution, thinner, rougher and more
water permeable films with higher hydrophilicity were produced. Yu et al.[172]
reported the same trend for their synthesized TFC membranes by the reaction of
MPD-aqueous solution and 5-chloroformyloxyisophthaloyl chloride (CFIC) in
Isopar-G solution at different temperatures ranging from 10 °C to 40 °C. However,
the aforementioned studies did not capture the influence of the organic solution
temperature, which becomes critical at sub-zero temperatures. In the present work,
the variation range of organic solution temperature is broadened from -20 °C to 50
°C using three different solvents (hexane, cyclohexane and heptane). It was
anticipated that the change in the temperature of the organic solution would
change the transfer rate of monomers to the reaction zone and thus alter the rate
of polymerization reaction, final physicochemical and permeation properties of the
resulting TFC membranes. Additionally, in order to evaluate the separation
performance of the synthesized TFC membranes for treatment of industrial water
with different types of contaminants, FO tests were carried out using BFW of
SAGD process.

4.2 Materials and methods

TFC PA membranes were prepared via IP reaction between MPD-aqueous
solution (2 wt.% MPD, 0.2 wt.% SDS, 2 wt.% CSA and 1 wt.% TEA) and TMC-
organic solution (0.2 wt.% TMC in cyclohexane, hexane, and heptane).
Polyethersulfone (PES, 0.2 um) was used as porous substrate. The temperature of
the organic solution was changed from -20 °C to 50 °C using isotemperature water
bath and freezer. The organic solution was kept in sealed glass vials to ensure no
loss of solvent and change in monomer concentration at elevated temperatures.
Table 4.1 presents the temperature of the organic solution used for preparation of

TFC membranes.
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Table 4.1: Synthesized TFC membranes, organic solution used for dissolving TMC monomer,
temperature of the organic solution during the IP reaction. The IP reaction was allowed to

proceed for 30 secs and after that, the membranes were thermally treated at 70 °C for 5 min.

Membrane Organic solvent Organic solution temperature (°C)
TFC1 Heptane -20
TFC2 Heptane +1
TFC3 Heptane +25
TFC4 Heptane +50
TFC5 Hexane -20
TFC6 Hexane +1
TFC7 Hexane +25
TFC8 Hexane +50
TFC9 Cyclohexane -20

TFC10 Cyclohexane +1
TFC11 Cyclohexane +25
TFC12 Cyclohexane +50

The surface tension and viscosity of three organic solvents namely
cyclohexane, hexane and heptane at different temperatures are presented in Table
4.2 [173-176]. For all solvents, both the surface tension and viscosity decrease with
increase in temperature vice versa. The observed change in these properties is
believed to be the principle reason for the substantial change in the final chemical

and physical characteristics of the polymerized film.

Table 4.2: Selected properties of the organic solvents used for making TFC membranes.

Solvent Melting Boiling Surface Tension (mN.m™) [173,174] Viscosity (mPa.s) [173,176]
(chemical Point[173]  Point[173]
formula) (°C) (°C) -20°C -10°C 1°C 25°C  50°C | -20°C  -10°C 1°C 25°C 50°C
Cyclohexane :
(i) 6.7 80.7 NA NA NA 24.16  21.26 NA NA NA 0.894 0.615
2611712
Hexane
-95.3 68.7 22.48 21.46 20.34  17.89 1533 0.48 0.42 0.38 0.3 0.24
(CoHu)
Heptane
(Cit) -90.55 98.38 24.06 23.08 22 19.66  17.19 0.69 0.6 0.52 0.39 0.3
7LL16,
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4.3 Results and discussion

4.3.1 Membrane morphology

Figure 4.1 illustrates the FESEM, TEM and AFM images of TFC1 to TFC4
membranes which were prepared in heptane at different temperatures. These
images provide useful information about the surface structure, thickness and
roughness of the PA films, respectively. Based on the FESEM images, the surface
morphology of the PA skin layer is noticeably different for the synthesized
membranes. The surface of the TFC3 membrane, which was prepared at room
temperature 25 °C, has several wrinkled features which are well-known as ridge-
and-valley structures [177]. By increasing the organic solution temperature to 50 °C
(see TFC4), the wrinkled protuberances enlarged and resulted in a thicker PA
layer as it is more evident in the TEM cross-section image. In contrast, for the
membranes synthesized at lower temperatures (see TFC1 and TFC2 which were
prepared at -20 °C and 1 °C, respectively), the size of the ridges and valleys
decreased remarkably and a thinner PA film was produced at the surface. The 3D
AFM image of TFC4 membrane also confirmed the formation of rougher PA films
at high temperature of organic solution compared to the other membranes. It is
worth mentioning that the apparent holes in the FESEM image of TFC1 and
TFC2 correspond to PES substrate, not the PA skin layer. These holes are visible
in TFC1 and TFC2 due to formation of an ultrathin layer of the PA on the
support surface, whereas they are completely covered by a thicker PA film in
TFC3 and TFC4 membranes. Taking a closer look at the TEM images of TFC1
and TFC2 in Figure 4.1, it is found that the support holes are internally closed by
the PA layer otherwise the membrane selectivity would fall down drastically.

Figure 4.2 and Figure 4.3 illustrate the FESEM images of the membranes
prepared using hexane and cyclohexane as organic solvent, respectively. The
similar surface morphologies at the surface of these membranes also reveal the

significant influence of the solution temperature on the structure of the resulting
PA films.
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786.7 nm
76.8 nm
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Figure 4.1: Surface FESEM, cross-sectional TEM and 3D AFM images of the TFC membranes.
The synthesis conditions were the same for all TFC membranes except the temperature of the

heptane solution which was —20 °C for TFC1, 1 °C for TFC2, 25 °C for TFC3 and 50 °C for
TFC4 [42].
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Figure 4.2: FESEM images of TFC membranes prepared in 0.2%-hexane solution. The
temperature of the hexane solution for TFC5 to TFC8 was changed as -20 °C, 1 °C, 25 °C and
50 °C, respectively. All other synthesis conditions were the same as TFC1 to TFC4.

Figure 4.3: FESEM images of TFC membranes prepared in 0.2%-cyclohexane solution. The
temperature of the cyclohexane solution for TFC9 to TFC12 was changed as 8 °C, 25 °C, 35 °C
and 50 °C respectively. All other synthesis conditions were the same as TFC1 to TFC4. Since the
melting temperature of the cyclohexane is about 6.7 °C, synthesis of PA membranes at sub-zero

temperature was not possible with this solvent.
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4.3.2 Chemical composition and elemental analysis

Figure 4.4 presents the result of ATR-FTIR and XPS analysis of the
membranes which provide information about compositional elements and
functional groups of the polyamide skin layer. The ATR-FTIR spectra of the TFC1
to TFC4 membranes (Figure 4.4a) confirm the successful formation of a PA skin
layer at the surface of the PES support by the IP reaction. According to this
figure, the FTIR spectrum of the base PES substrate had three peaks at 1410,
1485, and 1580 cm™ due to the aromatic ring (benzene) vibration [178,179].
However, for the composite membranes, three new peaks at 1541, 1611, and 1667
cm were identified which are attributed to the PA skin layer over the PES
support. These peaks are related to C=0O stretching of the amide I bond, aromatic
amide ring breathing and N-H bending of amide II in the ~-CO-NH- group,
respectively [83,84,180,181].
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Figure 4.4: (a) FTIR spectra (PES support and TFC1 to TFC4), (b) XPS survey spectrum (TFC
1) along with high resolution C (1s) and O (1s) spectra, (c¢) convoluted high resolution C (1s)
and (d) convoluted high resolution O (1s) spectra (TFC 1 & TFC4). FTIR shows additional
peaks associated with the PA to the PES support. The survey spectrum indicates the presence of
O, N and C elements and the absence of S on the surface of the membranes indicating all
membranes are integrally skinned. The convoluted high resolution C (1s) and O (1s) peaks

provide information about the PA chemical bonds that helps to quantify C=0/C—N ratio.
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The XPS survey spectra of TFCI1, which has the thinnest PA skin layer
(Figure 4.4b), shows the presence of only three elements, namely oxygen (O 1s),
nitrogen (N 1s) and carbon (C 1s) at the membrane surface. The absence of a
sulfur peak, which is the principle peak of the PES support, implies the formation
of an integrally skinned PA layer at the support surface for all TFC membranes.
The XPS survey spectra of the other TFC membranes were similar to TFC1 and
thus were not shown here. The high resolution spectra of the C (1s) and O (1s) of
TFC2 and TFC3 membranes are presented in Figure 4.5.
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Figure 4.5: (a) Convoluted high resolution C (1s) and O (1s) spectra of TFC2, (b) convoluted
high resolution C (1s) and O (1s) of TFC3 membrane.

Table 4.3 summarizes the XPS analysis of the synthesized TFC1 to TFC4
membranes. The results of the elemental compositions show that by decreasing the
temperature of the organic solution, the experimental O/N ratio nears the
theoretical values for fully cross-linked PA films which is comparable with that of
commercial XLE, LE, ESPA3 and SWC4 Hydranuatics membranes [84]. In
contrast, by elevating the organic solution temperature to 50 °C, the O/N ratio of
the synthesized TFC membranes increased to 1.42, implying formation of more

linear structures in the polyamide network similar to commercial NF90 and FT-30
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Filmtec membranes [76,182]. The information of chemical bonding was obtained by
deconvolution of C (1s) and O (1s) high resolution XPS spectra as shown in Figure
4.4c. The C (1s) high resolution spectra for all TFC membranes showed three
peaks: a major peak at 285 eV which is assignable to a carbon atom without
adjacent electron withdrawing atoms (carbons in aliphatic/aromatic C—C and
C—H), an intermediate peak at 286.5 eV that is associated with carbon in weak
electron withdrawing atoms (carbons in C—N) and a minor peak at 288.5 ¢V which
corresponds to carbons attached to strong electron withdrawing atoms (carbons in
carboxylic O=C—0O and amides O=C—N) [130] The C=0/C—N ratio can also be
used for comparing the degree of cross-linking of the synthesized membranes.
Theoretically, for every aromatic carbon attached with a single bond to nitrogen
there is one carbon in amide group which makes the O=C—N/C—N ratio equal to
1.0. Therefore, for a highly cross-linked PA film, the C=0/C—N and
0=C—0/0=C—N must approach 1.0 and 0.0, respectively, due to the lower
number of carboxylic groups in the polymer structure. Based on Table 4.3, it can
be concluded that the membranes prepared at lower temperatures of the organic
solution had a higher degree of cross-linking. High resolution O (1s) spectra have
two peaks (Figure 4.4d), which illustrate the presence of two types of oxygen in the
PA layer: O=C at 531.6 eV and O—C at 533.0 eV [183,184]. The ratio of
0=C/0O—C for TFC1-4 membranes was calculated to be 4.53, 3.35, 3.04, and 2.78,
respectively. This again confirms that synthesis of TFC membrane at low
temperatures results in more cross-linking in the polyamide network, while
elevating the reaction temperature decreases the cross-linking density of the PA

layer.

Table 4.3: Elemental compositions, O/N ratio, chemical bonding peak area and degree of cross-
linking of the TFC1 to TFC4 membranes.

Atomic Concentration . .
Chemical Bonding Peak Area

(%)
Cross-link
C—C, C—N c=0 O/N ]
Sample 0=C-0, _— ) Density
O N C C-H Peak at C—N ratio
O=C—N Peak (%)
(1s) (1s) (1s) Peak at 286.5
at 288.5 eV
285 eV eV
TFC 1 12.92 12.61  74.47 44.99 22.64 32.37 1.42 1.02 97
TFC 2 14.93 1294 7213 42.62 22.51 34.87 1.54 1.15 79
TFC 3 1740 1298 69.61 41.72 20.75 37.53 1.80 1.34 56
TFC 4 17.09 11.61 71.30 40.06 20.22 39.72 1.96 1.47 42
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4.3.3 Surface roughness and wettability of TFC

membranes

Table 4.4 presents the contact angle and surface roughness of TFC1 to TFC4
membranes. Contact angle measurement is commonly carried out for evaluating
the wettability of the membrane surface. A lower value of the contact angle is
often interpreted as enhancement of water permeation through the membrane
[185]. For a non-smooth polymeric film like a TFC polyamide membrane, the
contact angle measurement can be influenced by both surface chemical composition
(hydrophilic/hydrophobic functional groups) and morphology (roughness) [186].
Compared to TFC3 which had the contact angle of 81.2° the other membranes
had a substantially lower contact angle, suggesting that the variation of
temperature of the organic solution (either decrease or increase from the 25 °C)
resulted in a TFC membrane with higher wettability. The average roughness (R.)
and the root mean square (R,) roughness data in Table 4.4 show that the TFCI,
TFC2 and TFC3 membranes had comparable surface roughness. However, the
roughness of TFC4 membrane (prepared at 50 °C) was notably higher (almost
three times) than the other membranes, implying that synthesis of TFC membrane
at higher temperature of organic solution will increase the surface roughness of the

resulting PA film.

Table 4.4: Contact angle and surface roughness of synthesized TFC membranes.

Surface Roughness (nm)

Sample Contact Angle (°)
R;\ Rq
TFC1 53.3 +1.2 49.5 £2.1 65.1 +2.2
TFC2 56.9 +1.1 54.2 +2.3 71.0 £3.8
TFC3 81.2 +1.6 53.0 +1.6 66.3 +2.4
TFC4 66.2 +1.0 130.7 +15.2 168.8 +12.1
TFC-HTI 46.3£1.8 56.7£2.3 24.0£1.3

4.3.4 RO permeation performance of the membranes

Figure 4.6 presents the RO performance of TFC membranes prepared at
different temperatures of TMC-heptane solution. The TFC3 membrane, prepared
at 25 °C, had the lowest water flux among the other TFC membranes with 10.7
LMH and 98.8% salt rejection. When a TMC-heptane solution at -20 °C used, the
water permeation of the resulting TFC membrane improved significantly to 92.1
LMH with just 4 % sacrifice in rejection percentage. Moderate enhancement in
water flux and salt rejection up to 27.9 LMH and 99.1%, respectively, was also

observed by increasing the organic solvent temperature from 25 °C to 50 °C.
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Figure 4.6: Water flux and salt rejection of the TFC membranes prepared at different
temperature in 0.2 wt.% TMC-heptane solution. The surface and cross-sectional images of the
membranes synthesized at -20 °C and 50 °C are presented to justify the permeation properties.
Test conditions: feed solutions: pure water and 2000 ppm NaCl solution, pressure: 1.52 MPa (220
psi), temperature: 25 °C, pH: 6.5-7.

The water flux and salt rejection of the TFC membranes prepared with
hexane and cyclohexane solution were shown in Figure 4.7. As can be observed, the
TFC membranes prepared at different temperatures of hexane and cyclohexane
solution, presented a similar trend of variation of water flux and salt rejection to
the membranes prepared in heptane. This observation implies the significant
influence of the temperature of organic solution on the transport properties of the

resulting TFC membranes.
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Figure 4.7: Water flux and salt rejection of the TFC membranes prepared at different
temperature in hexane and cyclohexane solutions. Test conditions: feed solutions: pure water and

2000 ppm NaCl solution, pressure: 1.52 MPa (220 psi), temperature: 25 °C, pH: 6.5-7.

95



Table 4.5 compares the permeation properties of the two most permeable TFC
membranes, prepared at -10 °C and -20 °C in heptane, with three commercially
available RO membranes namely Filmtec BW30, TriSep RO, and Hydranautics
ESPA membranes. The experimental results show that the lab-made TFC
membranes prepared at sub-zero temperatures provided higher water flux than

commercial RO membranes with comparable salt rejection percentage.

Table 4.5: Permeation properties of the commercial RO membranes compared with the lab-made
TFC membranes. Test conditions: feed solutions: pure water and 2000 ppm NaCl solution,

pressure: 1.52 MPa (220 psi), temperature: 25 °C.

Water flux Salt rejection Ap B
Membrane
(LMH) (%) (LMH/bar) (LMH)

Filmtec BW30 69.7 94.3 4.26 3.54
Hydranautics ESPA 59 95.1 3.7 2.4
TriSep RO 41.1 93.2 2.4 2.1
Lab-made TFC prepared at -10 °C 7 95.7 4.8 2.8
Lab-made TFC prepared at -20 °C 92 94.3 5.78 4.96

The significant change in the surface characteristics of the TFC membranes
due to the variation of organic solution temperature can be attributed to the
changes in the solubility and diffusivity of the MPD molecules into the reaction
zone. At higher temperatures of the TMC-organic solution, the surface tension and
the viscosity of the organic solvent decrease which allows the MPD molecules to
have more solubility and diffusivity into the organic phase. Additionally, more
swelling of the initially formed PA layer at high temperature will facilitate
migration of the MPD molecules from the aqueous solution to organic phase. The
more available MPD molecules in the reaction zone increases the amine to acyl
chloride molar ratio (NH,/COCI) and thus speed up the rate of polymerization and
produce thicker PA film at the surface. Furthermore, higher thermal energy,
imparted by surrounding organic solvent to MPD molecules, increases their local
movement to reach TMC-rich spots in the reaction zone which results in formation
of larger ridges and valleys and thus rougher PA film as it is observable in the case
of TFC 4 which was prepared at 50 °C. However, the miscibility of water and
organic solvent increases with increase in temperature [96,187-189]. Since the TMC
molecules can be readily hydrolyzed by water, the diffusion of water molecules into
the reaction zone is considered as an important competitive reaction which alters

the cross-linking density of polyamide film by reducing the number of reacting
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carboxyl groups of TMC [124]. Therefore, the resulting PA layer has less extent of
cross-linking as confirmed for TFC4 by C=0/C-N and O/N ratio in Table 4.3. In
contrast, at very low temperatures of organic solution, the MPD solubility and
diffusivity into the reaction zone decreases due to the higher surface tension and
viscosity of the solvent. Furthermore, the low temperature of organic solution
quenches the incipient PA layer and hinders further diffusion of MPD molecules
from aqueous solution to organic phase. Therefore, the transport rate of MPD
molecules to the organic side of the interface and thus the ratio of available
amine/acyl chloride in the reaction zone decreases. As a result, a thinner PA skin
layer with smaller ridges and valleys, more cross-linking density and higher water
permeation forms over the PES surface. It is worth noting that the changes in
amine/acyl chloride ratio in the reaction zone due to different organic solution
temperature is very similar to the changes imparted by the different initial
monomer concentration in water and organic solutions, reported earlier by the
authors [39]. Figures 4.8a and 4.8b illustrate the surface morphology of the TFCI
and TFCII membranes which were prepared in hexane at room temperature (25
°C) but with different MPD and TMC concentrations (thus different amine/acyl
chloride ratio). For comparison, the surface images of the TFC3 and TFC1
membranes which were prepared at different organic solution temperature but with
identical monomer concentration are presented in Figures 4.8c and 4.8d. Based on
Figure 4.8a, at higher amine/acyl chloride ratio (TFC I, NH,/COCl=21.1), the PA
surface has the wrinkled ridges and valleys, similar to the surface structure of
TFC3 (Figure 8d, membrane prepared at 25 °C with NH,/COCl=15.8). However,
when the amine/acyl chloride ratio decreased in TFCII (Figure 4.8b, membrane
prepared at 25 °C with NHy/COCI1=9.0), the structure noticeably changed to a fine
morphology with small micro-protuberances which is quite similar to the surface
morphology of TFC1 synthesized at -20 °C (Figure 4.8d, NH,/COCl=15.8).
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Figure 4.8: FESEM images of (a) TFC I membrane prepared with 2 wt. % MPD and 0.15 wt. %
TMC, NH>/COCI=21.1, in hexane at 25 °C; (b) TFC II membrane prepared with 2 wt. % MPD
and 0.35 wt. % TMC, NHa/COCI1=9.0, in hexane at 25 °C; (¢) TFC 3 membrane prepared with 2
wt. % MPD and 0.2 wt. % TMC, NHy/COCl=15.8, in heptane at 25 °C; and (d) TFC 1
membrane prepared with 2 wt. % MPD and 0.2 wt. % TMC, NH2/COCI=15.8, in heptane at -20
°C.

The above described changes in physico-chemical properties of PA active layer
manifest their effects through altering the permeation performance of the
synthesized TFC membranes. In general, water permeability of a TFC membrane
is strongly related to both structural (thickness, density, pore size) and surface
physico-chemical (roughness, hydrophilicity /hydrophobicity) properties of the
membrane [12]. As the water flux results of the synthesized TFC membranes at
different temperatures followed a curve with a minimum at room temperature, it
can be concluded that there exist competing factors suggesting that the final water
permeation of the membrane needs be rationalized by considering the important
influential parameters. Regarding the TFC membranes prepared at sub-zero
temperatures of organic solutions, the significant enhancement in water flux can be
attributed to the marked decreases in the thickness of PA active layer, although
these membranes showed higher degree of cross-linking. The consistent decrease in
water flux with increases in organic solution temperature up to 25 °C, due to
formation of thicker PA layer is an evidence for dominant impact of the PA

thickness on water flux. The moderate increase in water flux for the TFC
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membranes prepared above room temperatures, may be ascribed to the presence of
larger ridges and valley at the surface which may contribute to the enhancement of
water permeation by providing more effective contact area between water
molecules and membrane surface [90]. These observations clearly demonstrate the
significant effect of the organic solution temperature on the physico-chemical
characteristics of the synthesized TFC membranes. The results can be easily
employed (i) to fabricate cost-efficient TFC membrane by eliminating the
requirement for high concentration of monomers, (ii) to facilitate robust fabrication
of high-flux membranes by replacing two influential factors (concentrations of both
monomers) with one factor (temperature of organic solution) in the membrane
synthesis process. The latter reduces the uncertainties associated with fabrication
of the TFC membranes and consequently increases the repeatability (which

commercially equates to quality) of membrane properties.

4.3.5 FO separation performance

The FO performance of the lab-made TFC membranes was evaluated by FO
filtration setup over a range of osmotic pressure difference and the results are
presented in Figure 4.9. For comparison, a commercially available TFC-FO
membrane (called TFC-HTI here) was also test under the same operating

condition.
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Figure 4.9: FO performance of lab-made and commercial TFC membranes at different osmotic
pressure difference between draw and feed solutions. Test conditions: draw solution: 0.25, 0.5, 1,

1.5, 2, 3 M NaCl solutions; Feed: DI water; velocity: 0.22 m/s for feed and draw solutions [44].
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The osmotic pressure was calculated by the following polynomial equation as a

function of NaCl concentration (mol Lit ) [190]:

= 6.2971 C2 +40.714 C (4.1)

The calculated osmotic pressure by this equation increases non-linearly with
increase in NaCl concentration, especially at higher concentrations. Based on the
results in Figure 4.9, the water permeability of all TFC membranes increased with
increases in the osmotic pressure difference between the draw and the feed
solutions. However, the rate of flux enhancement was initially high at lower values
of osmotic driving forces and then declined at higher osmotic pressure difference,
mainly due to the more significant dilutive ICP phenomenon within the porous
support layer. Comparing the performance of the membranes reveals that all the
lab-made membranes showed higher water permeation than the commercial
membrane. The TFC1 membrane which was prepared at the lowest organic
solution temperature (-20 °C), outperformed the other membranes with a high
permeation rate of 38.5 LMH at osmotic pressure of 179 bar. The TFC2 (prepared
at +1 °C) and TFC3 (prepared at +25 °C) showed water permeation of 17.6 LMH
and 24.1 LMH, respectively, implying that the water permeability of the membrane
significantly improved by decreasing the temperature of the organic solution during
the interfacial polymerization reaction. The high permeation rate of the TFC1
membrane is primarily attributed to the formation of a thinner PA selective layer
at the surface of the PES support, as illustrated in FESEM and TEM images,
which provided lower mass transfer resistance toward water passage through the
membrane.

The reverse solute flux and the specific salt flux through the lab-made and
commercial TFC membranes are shown in Figure 4.10. The reverse solute flux
takes place due to the imperfection of the active layer of the TFC membrane. An
ideal selective membrane would allow no draw solute to pass through and reach
the feed side. The specific solute flux is a caliber indicating how much salt passes
through the membrane per unit volume of permeated water. In general, a lower
value of both reverse salt flux and specific solute flux is desirable for development
of high performance membranes [191]. With respect to Figure 4.10, the reverse salt
flux of the synthesized membranes decreased from TFC1 to TFC3. This can be
attributed to the formation of a thinner active layer with lower selectivity by using
organic solution at lower temperatures. Comparing with TFC-HTI membrane, the
TFC2 membrane showed superior performance with two times higher water

permeation and 50% less reverse salt flux.
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Figure 4.10: Reverse solute flux and specific solute flux of lab-made and commercial TFC

membranes. Test conditions: Draw solution: 1 M NaCl solutions; Feed solution: DI water;

velocity: 0.22 m/s for feed and draw solutions.

Although TFC1 had slightly higher reverse salt flux, its specific salt flux was
significantly lower than the TFC-HTI membranes. The specific solute flux of the
other two lab-made membranes was also remarkably lower than TFC-HTI. The
specific solute flux results clearly indicate that all lab-synthesized membranes
perform more efficiently than the commercial membrane in a FO process.

Tables 4.6 provides a comparison between the intrinsic permeation properties
of lab-made TFC membranes and the literature PA TFC flat sheet membranes
under both RO and FO conditions. According to this table, the TFC3 membrane
exhibited the highest pure water permeability coefficient (A) among all the other
membranes. The water permeability of this membrane is two folds higher than that
of the commercial TFC-HTI (5.78 LMH/bar compared to 2.48 LMH/bar) with
comparable salt rejection percentage (93.4% for TFC1 and 95% for TFC-HTI).
This result again confirms the significant effect of organic solution temperature for
controlling the thickness of the PA active layer and thereby enhancing the water
permeability. Although TFC1 and TFC2 membranes showed lower water
permeability coefficient than the TFC-HTI membrane under RO test conditions,
they provided more water flux in FO experiment (Figure 4.9) which can be
presumably attributed to their significantly lower structural parameter than the
TFC-HTI membrane (451£13 pm for lab-made TFC membranes compared to 1770
for TEFC-HTI membrane).
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Table 4.6: Permeation performance of TFC PA flat-sheet membranes in AL-FS orientation.

FO Performance

RO Performance

Membrane,  Modified Water
. Feed Draw A B R S(pm) Reference
Material Layer Flux ,
Solution  Solution (LMH/bar)  (LMH) (%)
(LMH)
TFC1, DI 1M 0.35 Present
Active 11.0 0.66 97.8 460
PA/PES Water NaCl Work
TFC2, DI 1M Present
Active 17.0 1.80 1.00 97.5 458
PA/PES Water NaCl Work
TFC3, DI 1M Present
Active 26.5 5.78 4.96 93.4 436
PA/PES Water NaCl Work
TFC-HTI, DI 1M Present
- 7.5 2.48 0.82 95.0 1770
PA/PSt Water NaCl Work
DI 1M
PA/PSt Support 15.8 1.16 0.47 97.4 492 [142]
Water NaCl
DI 1M
PA/PSt Support 25.0 1.90 0.33 98.6 312 [149]
Water NaCl
PA/PES- DI 1M
Support 20.0 0.73 0.25 91.0 324 [150]
co-sPPSU Water NaCl
DI 1M
PA/PES Support 47.0 1.70 NA 97.0 80 [163]
Water NaCl
PA/PES- DI 1M
Support 32.0 0.77 0.11 93.5 238 [137]
SPSF Water NaCl
DI 1M
PA/CAP Support 10.0 1.82 0.19 89.2 789 [157]
Water NaCl
PA/PSt- DI 1M
Support 23.0 0.75 0.07 89.5 107 [159]
SPEK Water NaCl
DI 1M
PA/PVDF  Support 28.0 3.15 2.33 84.4 325 [166]
Water NaCl
DI 1M
PA/PK Support 27.0 2.50 0.18 NA 280 [158]
Water NaCl
Zeolite
DI 1M
NaY- Active 11.0 2.57 1.57 77.6 782 [168]
Water NaCl
PA/PSt
DI 1M
PA/PVDF  Support 22 1.28 028 NA 193 [192]
Water NaCl
PA/PSt- DI 1M
Support 18.1 0.61 0.27 NA 148 [162]
LDHs Water NaCl
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From the FESEM images of the TFC-HTI membrane (Figure 4.11), it is
noticed that a polyester woven fabric is used to provide extra mechanical support
to the membrane. The use of this woven fabric might be the main reason for the
high structural parameter of the TFC-HTI membrane by adding extra resistance
against solute transport inside the porous support. Furthermore, the asymmetric
structure of the PSf support with a dense skin layer in the TFC-HTI membrane
could enhance the ICP phenomenon and thus decrease the flux. In general, an ideal
support layer for FO separation process needs to be very thin and hydrophilic, with
high porosity and low tortuosity in order to facilitate draw solution passage toward
the membrane active layer [142]. A lower value of the structural parameter is
highly desirable for a membrane to counter the negative impact of ICP during the

FO process.

d TFC-HTI

Figure 4.11: FESEM top surface images of (a) active-side; (b) cross-sectional image; (c) support-

side of the TFC-HTI; (d) high magnification image of the woven fabric inside the support layer.
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As previously discussed, the flux through a TFC membrane in a pressure-
driven process is mainly governed by a compromise between the hydrophilicity and
the thickness of the PA skin layer, whereas in FO process, another influential
factor, i.e. the structural parameter, is also brought to action. With a low
structural parameter along with an ultra-thin selective layer, the TFC3 membrane
provided the highest water permeability, whereas the water flux through TFC1
and TFC2 was compromised by the increased thickness of the active layer. It must
be noted that the reduction of the active layer thickness in the TFC3 is
accompanied by a slight reduction in the rejection percentage of the membrane
(93.4% for TFC3 compared to 97.5% in TFC2). Furthermore, the larger B value of
the TFC3 compared to the other lab-made membranes can be presumably
attributed to the formation of ultra-thin PA layer. In spite of the fact that,
employing support layer with large pores can be beneficial to yield a lower
structural parameter, it can make the top layer more prone to fail when working
under high applied pressure of RO process due to the lack of sufficient supporting
area [165]. It has been reported that the pore size distribution of the support layer
has a significant influence on the physicochemical properties (e.g. degree of cross-
linking, surface morphology, mechanical stability and permselectivity) of the PA
active layer [193-195]. Considering a series of hydrophilic microporous supports
with average pore sizes of 0.025, 0.1, 0.2 and 0.45 pm, Huang and McCutcheon
found that water permeability increases gradually with increase in the support pore
size up to 0.2 pm while the salt rejection slightly decreases following the
permselectivity trade-off relationship [193]. Regarding that, at higher pore sizes
(>100 nm), proper adjustment of the synthesis parameters in interfacial
polymerization reaction, particularly the monomers concentration ratio and drying
process, becomes important for making a defect-free PA selective layer [73].
However, unlike the RO operation, the FO process does not require a large
hydraulic pressure that allows more flexibility in the synthesis and modification of

both active and support layers in terms of mechanical stability.

4.3.6 FO separation performance with BFW

The performance of the lab-made and commercial TFC membranes is also
evaluated for filtration of a real wastewater (SAGD BFW) and the reduction of
water flux and the draw solution concentration is plotted over time, as shown in
Figure 4.12. Similar to the trend observed in Figure 4.9, the lab-made TFC

membranes displayed higher water flux than the commercial membrane under
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identical test conditions. The initial flux for TFC1 (18.1 LMH) and TFC2 (12.6
LMH) was about three and two times higher than the TFC-HTI (6.4 LMH)
membrane, respectively. The water permeation of the TFC1 membrane declined
rapidly from 18.1 LMH to 12.8 LMH after 6 hours operation. There are two likely
causes for such a sharp water flux decline: First, fouling of membrane by deposition
of the BFW contaminants, such as organic matters, dissolved and suspended solids
on the surface induces extra resistance against water transport through the
membranes. Second, the high permeation rate of TFC1 membrane quickly dilutes
the draw solution and at the same time concentrates the feed solution which
results in a significant reduction in osmotic pressure difference. Based on Figure
4.12, the draw solution concertation of TFC1 membrane decreased about 30% and
diluted from 0.46 M to 0.3M during the test. In contrast, for TFC3 and TFC-HTI
membranes, where the permeate flux was comparatively low, there was not a
significant change in the osmotic driving force (around 14% reduction in draw
solution concentration), leading to a relatively slow decline in the water flux with
time. The separation performance of the TFC membranes was evaluated by
establishing a mass balance between the concentration of TOC, silica and divalent
ions (calcium and magnesium) in the final and initial feed solutions. All the TFC
membranes showed very good rejection percentages (~99%) toward the removal of

organic matter, silica and divalent ions.
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Figure 4.12: Water permeation of lab-made and commercial TFC membranes. Test conditions:

Feed solution: conventionally-treated SAGD BFW; Draw solution: 0.5 M NaCl solution; Cross-

flow velocity: 0.22 m/s.
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4.4 Conclusion

In the present work, high throughput TFC PA membranes were fabricated for
the FO operation by controlling the thickness of PA selective layer via temperature
adjustment of organic solution during the IP reaction. It was found that by
reducing the temperature of the organic solution down to -20 °C, an ultra-thin
layer of PA film was formed at the support surface. The synthesized TFC
membranes, prepared via thermally-tuned IP reaction, demonstrated higher
permeation performance compared to the unmodified as well as commercial TFC
membranes. The results obtained in this study demonstrate the significant role of
the active layer properties (thickness and morphology) on performance of a FO
membrane. The microporous support used in this work had a thickness of about
140 wm with a structural parameter of 451+13 um. For further improvement, the
support layer can be modified either in terms of structure or material to provide a
lower structural parameter and minimize the negative impact of the ICP, thus
maximizing the permeation flux. FO trials using conventionally-treated SAGD
boiler feed water indicate that high performance TFC membranes show promise for
the production of desalinated boiler feed water from SAGD produced water.
Furthermore, the method proposed in this report to control the thickness of the
PA active layer can be effectively applied for energy- and cost-efficient
development of high performance nanofiltration, reverse osmosis and forward

osmosis membranes.
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Chapter 53

Fabrication of thermally stable and

antifouling nanocomposite membranes

¥ This chapter is organized based on reference [43] and a submitted manuscript entitled “A novel
approach for the fabrication of thin film polyamide-TiO2 nanocomposite membranes with
enhanced thermal stability and anti-biofouling propensity” to the journal of Scientific Reports.
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5.1 Background

Fouling is the major challenge of almost all membrane-based filtration systems
which results in lower throughput, shorter membrane lifecycle, and higher cleaning
cost and energy demand [196,197]. In practical water treatment applications,
synergistic fouling by multiple entities, involving mechanisms such as scaling,
colloid deposition (cake formation), adsorption and pore-blocking are the norm
[198-200]. Practically, the key recourse of fouling mitigation is recurrent cleaning
through several mechanisms such as back washing [201], air scouring [202],
chemically enhanced cleaning [203], and clean in place [204]. Ceramic and metallic
membranes are robust materials as they can be cleaned efficiently using
combinations of high temperature and strong cleaning agents [205,206]. However,
polymeric membranesare not resistant to high temperatures or harsh cleaning
agents which often limits their application for treatment of fouling prone waters
[207,208]. The synthesis of mixed matrix membranes (MMM)s via embedding
inorganic NPs into the polymer matrix, is one of the most promising techniques to
overcome the above mentioned limitations [36,209-213]. This new generation of
polymeric membranes, also referred to as nanocomposite membranes as well as
hybrid organic/inorganic membranes, combine the superior advantages of high
mechanical and thermal stability of inorganic nanomaterials with the low cost and
easy processability of commodity polymers [171,214-216]. Multiple studies
investigated the effect of a variety of nanofillers including porous nanofillers (e.g.
carbon nanotubes, graphene oxide, zeolites and mesoporous silica) and nonporous
particles (e.g. metal/metal oxide like Ag, TiOs, MgO, ZnO, AlOs, ZrO,, Fe;Os,
and Si0s) on the structural morphology, surface characteristics and transport
properties of the resulting nanocomposite membranes [33-35,217-223]. In general,
the rationale behind the incorporation of nanofillers within the polymer matrix is
to introduce different functionalities into to the membrane material in order to
develop (smart and) stimuli-responsive membranes with enhanced permselectivity,
stability and anti-fouling-properties characteristics [224-229]. For example,
developing a high temperature tolerant MMMs renders polymeric membranes more
versatile, cost and energy-efficient and makes them competitive with inorganic
membranes in several industrial applications where separation and cleaning are
required to be done at high temperature. Furthermore, the surface charge and
electrical conductivity of the MMMs can also be efficiently tuned for electro-
filtration process [230,231]. In the following sections, the results of adding ITO NPs
to the PES support and TiO2 NPs to the top PA layer are presented.
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5.2 Thermally resistant and electrically conductive

PES/ITO nanocomposite membrane

5.2.1 Introduction

Polyethersulfone is one of the most common polymeric materials for the
synthesis of symmetric/asymmetric single/composite membranes [12,21]. The
chemical and mechanical stability of PES makes it a good choice for MF and UF
membranes for treatment of contaminated water [232,233]. However, the inability
of the PES-based membranes to maintain the separation efficiency at high
temperatures and their susceptibility to fouling due to their hydrophobic nature,
limit the applications of these membranes in water purification processes [197,234).

Previous reports have shown that application of electric field across the
membrane surface can reduce the accumulation of charged foulant at the surface of
membrane by electrostatic repulsion [235-238]. However, the major drawback of
the electro-filtration processes is their low efficiency due to the presence of
electrically-insulated membrane between the two electrodes which dramatically
reduces the electric filed intensity and increases the energy demand and power
consumption of the process [239,240]. This limitation can be effectively mitigated
by improving the electrical conductivity of the membrane via embedding metal and
metal oxide NPs within the polymer network. The use of conductive MMMSs in
electro-filtration processes can effectively reduce the membrane interference with
electric filed propagation in the system which results in lower power consumption
and higher filtration efficiency.

Here, the effect of incorporation of ITO NPs on physicochemical
characteristics and permeation properties of PES membranes was studied. ITO or
tin-doped indium oxide is a solid ceramic oxide (typically 90 wt.% In,Os, 10 wt.%
SnO,, melting point 1526-1926 °C, density 7120-7160 kg/m?) which is widely used
for fabrication of conducting films in electronic devices [241,242]. The ITO-coated
plates are usually made by vapor deposition techniques, magnetron sputtering or
plasma ion-assisted evaporation which is expensive processes and cannot be applied
for particle coating on large surface areas. Recently, the in-situ synthesis of
nanocomposite ITO films has received considerable attention which makes it
possible to assemble different nanocomposite materials including films and
membranes [243-246]. The present work explores the feasibility of the utilization of

ITO NPs for the synthesis of multifunctional composite membrane [43].
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5.2.2 Synthesis of PES-ITO

The detailed description of the synthesis of PES-ITO membrane is provided in
chapter 2. Briefly, the PES-ITO membrane was prepared by phase inversion
method using NMP and water as solvent and nonsolvent, respectively. First, ITO
NPs were dispersed in NMP using BYK106 dispersing agent. Then, PES polymer
was added to the suspension. Afterwards, the prepared homogeneous PES/ITO
suspension was cast on a glass plate. The water permeation of PES/ITO membrane
was also compared with four other nanocomposite membranes prepared with
titanium oxide (TiOs), aluminum oxide (AlyOs), silicon oxide (SiO:) NPs in PES
substrates. Finally, the fouling propensity of the nanocomposite membranes was
evaluated using warm lime softener (WLS) inlet water of steam assisted gravity

drainage (SAGD) process.

5.2.3 Results and discussion

5.2.3.1 Size of solid ITO NPs

Figure 5.1 illustrates the FESEM image of the synthesized ITO NPs. Based on
size distribution histogram obtained by XRD peaks and image processing; it was

found that the average diameter of ITO NPs was about ~19 nm.
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Figure 5.1: FESEM images of ITO NPs along with the diameter of the NPs which was obtained
using image processing (19.0 + 1.9 nm) and XRD peak fit (18.9 &+ 0.11 nm).
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5.2.3.2 Surface and internal structure of PES/ITO

membrane

Figure 5.2 illustrates the internal and surface morphology of the
nanocomposite PES/ITO membrane. Based on the cross-sectional FESEM images
(Figures 5.2a and 5.2b), the PES membrane has a thin skin layer with a porous
finger-like architecture which is typical for the membranes made by non-solvent
induced phase separation (NIPS) method. More importantly, it can be seen that
the ITO NPs were homogenously distributed over the internal structure of the PES
layer which is highly desirable for tuning the bulk properties of the PES
membrane. The successful incorporation of ITO NPs at the surface was also
evidenced by EDX spectra which are presented in Figures 5.2c and 5.2d for the
PES/ITO surface and ITO nanocluster, respectively. Furthermore, the surface
image of the nanocomposite membranes (Figure 5.2¢) also exhibits the uniform

dispersion of nanoclusters of the ITO particles at the surface.

100 NM m—

Figure 5.2: FESEM cross-sectional (a & b) and surface (¢ & d) SEM images of PES/ITO
nanocomposite membrane. EDX spectra of PES/ITO membrane and ITO nanoclusters are added

to panel (c¢) and (d), respectively.
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5.2.3.3 Leaching of ITO NPs from PES substrate

It is important to examine that the embedded ITO NPs remain associated
with the PES membrane matrix during water treatment applications. Figure 5.3
presents the results of leaching of ITO NPs from the PES substrate into acidic,
neutral, and alkaline water solution. The results revealed that the leaching ITO
NPs is more prominent under acidic condition (pH=2), resulting in the increase of
the concentration I'TO NPs in the leachate to 90 ppm after about 14 days. The
extent of leaching is much lower for alkaline and neutral pH. This indicates that
the present methodology of phase inversion produces nanocomposite membranes
which will retain the embedded NPs more effectively in the polymer matrix under
alkaline and neutral conditions. The poor leaching characteristics under acidic
conditions are not a severe concern with the nanocomposite PES-ITO membranes,
as the majority of PES membranes for water treatment are often used in neutral or

slightly alkaline pH conditions rather than highly acidic waters.
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Figure 5.3: Leaching of ITO NPs in water solutions at pH=2, 7 and 12.
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5.2.3.4 Thermal stability of PES/ITO membranes

Figure 5.4 illustrates the results of TGA analysis of the nanocomposite
PES/ITO membrane and the bare PES film. It can be observed that the weight-
loss curves of the two membranes show different characteristics as temperature is
raised. The initial weight loss of the PES/ITO membrane is conservatively
observed at temperatures around 100 °C above the corresponding temperature for
the pristine PES membrane (decomposition temperature of 500 °C for PES/ITO
nanocomposite membrane compared to 400 °C virgin PES film). Moreover, the
overall weight loss is more modest for PES/ITO membrane in comparison with
bare PES film which implies that the incorporation of the ITO NPs within the
matrix of PES polymer makes it thermally more stable than the original PES film.
This observation can be attributed to the fact that the presence of the inorganic
NPs within the polymer matrix decreases the chain mobility of host polymer and

thus enhances its resistance against thermal decomposition [247-249].
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Figure 5.4: TGA analysis of the PES/ITO and base PES membrane. The plot shows the weight

loss of membrane as a function of temperature.

Figure 5.5 compares the TGA results of bare PES film with four
nanocomposite membranes which are made with ITO, TiO,, SiO2, and Al;O; NPs.
According to this figure, the overall weight loss of all nanocomposite membranes is
higher than the bare PES film. Among the nanocomposite membranes, the
PES/ITO membrane has the highest decomposition temperature. A slightly higher
thermal stability of PES/ITO nanocomposite membranes than other

113



nanocomposite membranes can be attributed to the induced IR reflectance and
thermal conductive properties by ITO NPs. The PES/ITO membrane is believed
to have very high reflectance compared to the native PES membrane and other
nanocomposite membranes in a broad range of near IR (NIR) and IR wavelengths.
Furthermore, presence of ITO NPs imparts higher thermal conductivity to the
PES/ITO membrane compared to other nanocomposite membranes. This attests to
the original hypothesis that use of ITO NPs can deflect heat from the core of the
membrane, effectively keeping the interior of the polymer membrane relatively
shielded from external heat. This can increase the longevity of a polymeric

membrane under high temperature conditions.
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Figure 5.5: Weight loss of different nanocomposite membranes as well as bare PES membrane as

a function of temperature measured by TGA.
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5.2.3.5 Electrical conductivity of PES/ITO membrane

The I-V characteristics of the PES/ITO nanocomposite membrane and the
base PES membrane are demonstrated in Figure 5.6. The linear response of the
PES/ITO membrane to the applied electric potential implies that the inclusion of
ITO NPs into the PES matrix has significantly enhanced the electrical

conductivity of the resulting nanocomposite membrane.
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Figure 5.6: I-V characteristics of PES/ITO nanocomposite membrane and bare PES membrane.

5.2.3.6 Separation performance and fouling characteristics

Figure 5.7 depicts pure water permeability of the PES/ITO nanocomposite
membrane and the bare PES film as a function of transmembrane hydraulic
pressure. According to this figure, the water permeation of the two membranes was
comparable at low values of applied pressure (100-200 kPa). However, their water
flux deviated at higher pressure where the PES/ITO nanocomposite membrane
showed 500 LMH higher water flux at 700 kPa (100 Psi).
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Figure 5.7: Pure water flux through synthesized PES/ITO nanocomposite and bare PES
membranes as a function of transmembrane pressure. Each membrane was initially tested at 700

kPa for 1 h; the permeation flux at lower operating pressures was obtained after 15 minutes.

The fouling characteristics of the PES/ITO nanocomposite membrane during
the filtration of the WLS inlet water is presented in Figure 5.8 where the rate of
the water flux decline over time indicates the fouling tendency of the membrane
[250]. Tt is worth mentioning here that the fouling characteristics of a membrane
can be influenced by several parameters including (i) hydrodynamic conditions
(feed flow rate, feed channel dimensions, and permeation drag, which is related to
permeation flux), (ii) feed water chemistry (concentration of salt and organic
matter, and pH), and (iii) the membrane material properties (hydrophilicity, zeta
potential, and surface roughness) [251,252]. In order to solely explore the effect of
the modification in the membrane material by addition of ITO NPs, the first two
parameters were kept constant during the fouling test [253]. Regarding that, the
feed temperature and flow rate, and the initial flux of permeate were maintained at
25 °C, 1 LPM and 120 LMH, respectively. The initial permeate flux of 120 LMH
was obtained by adjusting the transmembrane pressure to 275 and 345 kPa for the
PES/ITO nanocomposite and base PES membranes, respectively.
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Figure 5.8: Fouling characteristics of PES/ITO membrane and pristine PES membrane. Flux

decline represents fouling of membranes during filtration of WLS inlet water.

Based on Figure 5.8, the flux decline of the PES/ITO nanocomposite
membrane was 10% less than the bare PES membrane which indicates that at
identical conditions, the inclusion of ITO in the PES matrix significantly improved
the anti-fouling properties of the PES membrane. Moreover, the lower flux decline
of PES/ITO membrane suggests that the PES polymer impregnated with ITO NPs
was mechanically more stable and had experienced less compaction than the bare
PES membrane. The water flux decline and the recovery ratio of the PES/ITO and
base PES membranes during filtration of WLS inlet water are illustrated in Figure
5.9. As can be seen, both membranes showed a drastic DR; (90.0% and 88% for
pristine PES and PES/ITO membranes, respectively) upon filtration of WLS inlet
water which was expected due to high concentration of organic matters, dissolved
and suspended solid materials in the feed solution. However, the irreversible flux
decline due to severe adsorption of fouling materials on the surface and inside the
pores of membrane was lower for PES/ITO membrane (29%) than the pristine
PES (44%). Additionally, the PES/ITO membrane showed 15% more flux recovery
ratio than the base PES membrane (71% for PES/ITO compared to 56% for PES
membrane), which implies an improvement in antifouling properties of the base

membrane by incorporation of ITO NPs.
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Figure 5.9: Fouling characteristics of PES/ITO membrane and pristine PES membrane. DRy is
total flux decline ratio, DR: is reversible flux decline ratio, DRy is irreversible flux decline ratio,

and FRR is flux recovery ratio. Fouling evaluation test: 180 min, washing duration: 30 min, all
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Performance of the PES/ITO nanocomposite membrane was also compared

with the other nanocomposite membranes impregnated with TiO,, SiOs, and AlOs

in Figure 5.10.
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Figure 5.10: Flux decline after fouling of nanocomposite membranes by WLS water.
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As can be observed, the rate of flux decline and the final permeation flux at
the steady stage (after the 180 min) were higher for PES/ITO nanocomposite
membranes compared to other membranes. These results can be rationalized by
comparing the surface (zeta) potential and hydrophilicity of membranes which are
presented in Table 5.1.

It is a widely held view that the membranes with a higher negative surface
charge and greater hydrophilicity are less prone to fouling due to fewer interactions
between the chemical groups in the organic solute and the polar groups on the
membrane surface [200,254]. In general, the more negatively charged membranes,
particularly with acidic functional groups, exhibit lower fouling propensity to
dispersed foulants, which are typically negatively charged colloids and/or organic
molecules. However, it must be taken into account that the fouling tendency of the
membranes is also strongly affected by the surface hydrophilicity. The membranes
with more hydrophilic surface are less prone to fouling, especially by organic
matters, due to the lower hydrophobic interaction between the foulants and the
membrane surface [255-257]. Therefore, the overall antifouling property is governed
by the complex interaction of surface charge and hydrophilicity. Based on the data
presented in Table 5.1, the surface potential of nanocomposite membranes was
lower than the pristine PES membranes. The reason behind this observation can be
attributed to the presence of the inorganic dispersing agent within the polymer
matrix. Although the solid NPs may contain higher (negative) surface potential
compared to the polymer substrate, their encapsulation in the dispersing agent
presumably moderates their surface properties and thus results in a nanocomposite
membrane with lower surface potential compared to the unmodified membrane.
However, the PES/ITO membrane had the highest surface (negative) potential
compared to other nanocomposite membranes. Furthermore, the contact angle
values of all nanocomposite membranes were lower than the bare PES membranes,
implying that the incorporation of the metal oxide NPs within the polymer matrix
can bring more hydrophilicity to the PES membrane. However, in the special case
of PES/ITO membrane, the surface contact angles were significantly decreased to
46.2° which was about half of the bare PES membrane (85.9°). The combination of
the very high surface potential and hydrophilic properties of the PES/ITO
nanocomposite membrane makes it favorable for water treatment application and

less prone to fouling by organic compounds.
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Table 5.1: Surface potential and contact angle of nanocomposite and pristine PES membranes.

Membrane Zeta potential (mV) Contact angle ( 6°)
Pure PES -40.442.2 85.9+3.5
PES/ITO -30.9£1.8 46.2+3.1
PES/SiO2 -28.6+1.4 61.5+1.5
PES/TiO: -30.1+1.4 66.3+2.1
PES/ALO3 -25.3+2.6 70.9+1.8

Figure 5.11 depicts the rejection of dissolved organic matter (DOM) by the
PES and PES/ITO membranes over a three hours filtration of WLS inlet water.
Low rejection values (start from 31% and 33% for pristine PES and PES/ITO
nanocomposite membranes, respectively) suggest presence of low molecular weight
organic matter in the WLS inlet feed. According to our prior studies on the
characterization of the DOM in the boiler water, the majority of the molecules
constituting the DOM are <1000 Da [8,258]. Based on the MWCO of the
synthesized membranes it can be concluded that almost 30% of organic matter
have molecular weight higher than 25004250 Da. This result matches well with our
earlier study where 75% of organic matter passed through a membrane with
MWCO of 3 kDa [8]. As it is shown in Figure 5.11, the DOM rejection of both
membranes increased with time, a behavior that is typically representative of
formation of a fouling layer on the membrane surface, which hinders the
permeation of DOM through the membrane. However, the rejection percentage of
the PES/ITO membrane was always higher than the bare PES membrane during
the filtration process which implies that the selectivity of the nanocomposite

membrane is improved upon the addition of the ITO NPs.
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Figure 5.11: Organic matter rejection by PES/ITO and pristine PES membranes during filtration
of WLS inlet water.
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5.3 Fabrication of TFN PA-TiO, with enhanced
thermal stability and anti-biofouling propensity

5.3.1 Introduction

Recently, considerable effort has been devoted to the integration of the
advances in nanotechnology with the classical synthesis procedure of the polymeric
membranes with the aim of fabricating multifunctional nanocomposite membranes
[259,260]. The first instance of such work was reported for gas separation by
adding zeolite nanofillers into silicone rubber in 1973 [261]. Later, in 2005, the
application was extended to water filtration with the incorporation of zeolite-A
NPs into a thin-film nanocomposite (TFN) PA membrane [262]. Since then, a
variety of nanoparticles (NPs), including organic (carbon-based nanomaterials such
as carbon nanotube, graphene, and graphene oxide) and inorganic (zeolite, silica,
metal and metal oxide) nanofillers, have been utilized to fabricate TFN membranes
for diverse applications of gas separation, pervaporation, and water purification
processes [34,35,43,171,263,264].

Titanium dioxide (TiO2) which is a natural oxide of titanium has attracted
considerable attention for improving the permselectivity and antifouling properties
of the TFN PA membranes owing to its low synthesis cost, high chemical and
thermal stability and, most importantly, its photocatalytic (PCT) activity upon
UV irradiation [265-267]. There are two main approaches that have been widely
utilized to incorporate TiO; NPs in TFN PA membranes: (i) attachment via self-
assembly to the PA surface [268-270] and (ii) in-situ integration into PA matrix
during the IP reaction [271-273]. The former involves dip coating of a prepared
TFC membrane into a TiOs NP suspension. In the second method the TiO, NPs
are directly dispersed in one of the reacting monomer (either MPD-aqueous or
TMC-organic) solutions prior to polymerization reaction [274]. The self-assembly is
highly efficient in modifying the surface properties of the membrane with easy
implementation since the NPs are directly deposited on the membrane surface
[275]. However, the weak attachment between the TiO, NPs and the host PA
membrane surface causes the leaching of the NPs during the filtration process and
thus limits its application for a long-term operation [276].

The significant advantage of the in-situ integration method is to resolve this
problem by the entrapment of the TiO, NPs within the PA matrix during the IP
reaction [217]. However, the critical challenge with this method is that the

synthesis of a defect-free PA film requires first, synthesis of nanosized TiO, NPs
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and second, preparation of a stable dispersion of the TiO; NPs in the reacting
monomers (MPD or TMC) solutions [53]. When the concentration of TiO; NPs in
the monomer solutions increases, they become more prone to aggregation and thus
form large clusters, especially during IP reaction when there is a minimal agitation
in the solution [277]. The presence of these NPs clusters within the resulting PA
film causes an unfavorable decrease in the separation efficiency of the membrane
by creating large empty [278].

In recent years, researchers have investigated a variety of approaches to
effectively incorporate NPs in the thin PA layer via the in-situ polymerization
[279,280]. Due to the strong interaction of most nanomaterials with polar solvents,
much of these research has been restricted to the dispersion of NPs in MPD-
aqueous solution [281]. A serious weakness of this approach, however, is that NPs
cannot be integrated into the topmost PA layer and, as a result, their properties
are not present in the membrane/water interface [282]. Given that, it is preferable
to have NPs dispersed in TMC-organic solvent (e.g. heptane). In such cases,
however, the aggregation of TiO, NPs becomes more challenging as the
thermodynamics of the resulting multiphase system are inherently unstable. Hence,
it is essential to modify the surface properties of the NPs using dispersing agents,
which are typically surfactant with polar and non-polar end functional groups
[283]. Surface modification of the NPs lowers the free energy of the NPs-solvent
system and results in stable suspension of NPs in organic solvents [54,284].

In the present work, we report a highly robust and efficient method for the
dispersion of TiO; NPs in an organic solvent (heptane) and their incorporation into

the PA matrix.

5.3.2 Synthesis of TFN PA-TiO, memrbanes

The synthesis and surface modification of the NPs were carried out
simultaneously using oleic acid (OA) in heptane via a biphasic solvothermal (BST)
reaction. The complete details of synthesis conditions of TiO, NPs as well as the
TFC membrane were provided in chapter 2. After making the TiO2 suspension in
heptane, certain amount of it was added to TMC-heptane solution prior to IP
reaction. Afterwards, the resulting suspension was brought into contact with MPD
solution at the surface of PES support to fabricate TFN Pa-TiO; membranes.
Table 5.2 presents the synthesis conditions for fabrication of TFC and TFN

membranes.
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Table 5.2: Concertation of MPD, TMC and TiO2 NPs for the fabrication of TFC and TFN
membranes. The invariant synthesis conditions were: 0.2 wt.% SDS, 1 wt.% CSA, 1 wt.% TEA

in MPD-water solution, 30 sec IP reaction, 4 minutes heat curing at 60 °C.

MPD conc. in TMC conc. in Volume of TiO2 NP Estimated conc. of TiO;
Membrane DI water heptane suspension added to TMC- NPs in TMC-heptane
(wt.%) (wt.%) heptane solution (pl) solution (wt.%)

TFC 2 0.2 0 0

TFN1 2 0.2 125 0.006
TFN2 2 0.2 250 0.0124
TFN3 2 0.2 375 0.0185
TFN4 2 0.2 500 0.0245

5.3.3 Results and discussion

5.3.3.1 Characterization of TiO, NPs

Figure 5.12 illustrates the TEM, XRD and DLS analysis of the TiO, NPs.
Based on panels (a) and (b), it can be observed that the TiO; NPs have a nano
size core in the range of 5 to 10 nm. Regarding crystalline shape, TiO, NPs are
generally available in three structures, namely anatase, rutile, and brookite. The
prepared TiO, NPs mainly have the anatase structure as evidenced by the
characteristic peaks at 26 degree of 25.3°, 37.8°, and 48.1° in the XRD spectra
(panel ¢). These peaks correspond to the (101), (004) and (200) planes, respectively
[265]. The anatase structure is known to provide higher PCT activities, as will be
discussed in section 3.2.4. The size distribution and aggregation rate of dispersed
TiO; NPs in heptane were evaluated by DLS technique. The size measurement was
conducted three times over a period of 30 minutes. Panel (d) in Figure 5.12
demonstrates that the TiOs NPs were highly stable in heptane with the average
size of less than 10 nm, starting from 7.1 nm (after 1 minute) and reaching to 8.5
nm after 30 minutes. The high stability of the TiO2 NPs in heptane is essential for
the synthesis of defect-free PA films.
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Figure 5.12: (a) and (b): TEM images of the synthesized TiO2 NPs presenting the size of dried
nanoparticles, (¢) XRD spectrum of TiO2 NPs showing their anatase crystalline structure, (d)
DLS measurement of TiO2 NPs capped with OA presenting their stability and size distribution

in heptane.

5.3.3.2 Characterization of PA-TiO, TFN membrnaes

Figure 5.13 illustrates the surface and cross-sectional images of the base TFC
and TFN4 membranes. The FESEM and TEM images in panels (a), (b), and (c)
demonstrate that the PA layer of the base TFC membrane possesses a ridge-and-
valleys morphology with multiple internal nano- and microvoids [95,105]. These
complex multiscale voids are the typical characteristic of the PA-based membranes;
however, their formation process and the mechanism by which they contribute to
the improvement of the PA permeation properties are not well-established yet and
have been the focus of several studies in the recent years [99,100,109,110]. In
contrast to the homogeneous surface feature of the base TFC membrane, the
FESEM images of TFN4 membrane in panels (d), (e), and (f) reveal the formation

of multiple islands at the membrane surface. The images obtained using back-
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scattered electron detector (BSE) in panel (g) and (h) showed that these islands
were blends of PA with a high concentration of TiOs NPs. The elemental color
map in panel (i), which was obtained by energy-dispersive X-ray spectroscopy
(EDX), also confirmed a good distribution of TiO, NPs within the observed
clusters. The TEM cross-sectional images of the TFN4 membrane (panel j, k, and
1) show that the TiO, NPs were mainly integrated into the topmost layer of the
PA film. It is highly desirable to have the NPs at the topmost interface of the
membrane as it enables tuning of the surface and bulk properties of the

nanocomposite membranes.
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Figure 5.13: (a) and (b): FESEM images of the base TFC membrane; (c): TEM images of the
TFC membrane; (d), (e) and (f): FESEM images of TFN4 membrane; (g) and (h): FESEM
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images with BSE detector of the TFN4 membrane showing the TiO»-rich spots brighter than the
other regions ; (i): EDX color map of Ti element at the surface of TFN4 membrane; (j), (k) and
(I): TEM images of the TFN4 membrane.

The chemical properties of the synthesized membranes were evaluated using
ATR-FTIR spectroscopy and EDX technique. Figure 5.14 presented the ATR-
FTIR spectra of the TFC and TFN membranes. These spectra demonstrate the
chemical functional groups present in both top PA skin layer and the bottom PES
substrate due to the high penetration depth of the IR beam, particularly in the
range of 600 cm?-2000 cm™. However, there are three peaks at between 1500 cm!
and 1700 cm™ which are merely related to the PA layer. These PA characteristic
peaks were highlighted in a separate window in panel (b). The peak at 1667 cm™ is
attributed to C=0 stretching vibration (amide I bands), the peak at 1611 cm
belongs to aromatic amide ring breathing, and the peak at 1541 cm™ is associated
(mainly) with N-H bending as well as the C-N stretching vibration (amide II
bands) of the -CO-NH-group [84]. The broad peak at 3300 cm™ is due to stretching
vibration of the N-H groups in the PA layer [56,83].
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Figure 5.14: (a) The ATR-FTIR spectroscopy of the synthesized TFC and TFN membranes; (b)
PA characteristic peaks emerge at 1541 cm, 1611 cm?, and 1667 cm™ attributing to N-H
bending and C-N stretching vibration of amide IT (-CONH-) group, aromatic ring breathing and
C=O0 stretching vibration of amide I bands, respectively; (¢) The broad peak at 3300 cm is
formed to stretching vibration of the N-H groups in the PA layer.
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EDX spectroscopy was utilized to analyze the chemical composition of the

TFN membranes, and the results are presented in Figure 5.15 for TFN2 and TFN4

membranes. In addition, the elemental composition was evaluated at two different
spots: TiOs rich (point A, white region in the FESEM image with BSC detector);
and lean (Point B, dark region in the FESEM image with BSC detector) spots at
the surface of TFN2 and TFN4 membranes. The EDX spectra illustrate a distinct

peak for titanium at the membrane surface, particularly at point A where the

blend of PA and TiO, NPs formed large clusters at the surface. A comparison

between the composition results of the TFN2 and TFN4 membranes shows that

the weight percentage of the TiOy NPs at the PA surface increased with rise in the
concentration of the TiO, NPs in the TMC solution. This result implies the

effective integration of the TiOy; NPs during the IP reaction.
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Figure 5.15: (a) and (b) FESEM image with BSE detector of TFN2 and TFN4 membranes,
respectively; (c¢) and (d) EDX spectra at TiO: rich (point A) and lean (point B) spots at the

surface of TFN2 and TFN4 membranes, respectively.
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5.3.3.3 Water flux and salt rejection of TFN memrbanes

The permeation performance of a TFC membrane highly depends on its
physicochemical and structural characteristics such as the thickness and
crosslinking density of the PA layer, the complex interior free volumes, the surface
charge, and hydrophilicity of the membrane [41,42,88,108]. In the case of TFN
membranes, the surface and bulk properties of the incorporated nanomaterials as
well as their interaction with the host polymer matrix have also a significant
influence on the final transport properties of the TFN membranes.

The water flux and salt rejection of the synthesized TFC and TFN
membranes are presented in Figure 5.16. To evaluate the thermal stability of the
membranes, ffiltration tests were initially conducted at room temperature (25 °C)
and then elevated to 65 °C. The comparison between the water permeation results
at room temperature revealed that the addition of TiO; NPs into the PA layer
initially improved the water flux of the resulting TFN membrane (22.7 LMH and
24.3 LMH for TEN1 and TEN2, respectively, compared to 21.5 LMH for base TFC
membrane). Further incorporation of TiO, NPs, however, resulted in TFN
membranes with lower water flux (10.7 LMH and 10.0 LMH for TFN3 and TFN4
membranes, respectively). The higher water flux of the TFN1 and TFN2
membranes than that of TFC membrane suggests the existence of an optimum
loading of the TiO, NPs for the fabrication of high throughput TFN membranes.
Regarding salt rejection, all the synthesized membranes provided greater selectivity
than 97% of NaCl in water. The salt rejection of the base TFC membrane and
TEFN1 and TFN2 membranes were almost similar; however, TFN3 and TFN4
membranes provided a higher salt rejection following the typical trade-off relation
between the water flux and salt rejection. The lower water flux and higher salt
rejection of TFN3 and TFN4 can be attributed to the reduced internal free
volumes within the PA matrix by the integration of well-dispersed nanosize TiO,
particles. The presence of these NPs may have restricted the pathways for the
transport of water and solute molecules through the TFN membranes.

By increasing the temperature of the feed solution (2000 ppm NaCl), all the
synthesized membranes provided more water flux with a maximum value at 65 °C.
The progressive increase in the permeation rate of the membranes with
temperature can be attributed to the swelling of the PA layer as well as the higher
diffusion coefficient of water molecules through the swelled membrane. When the

filtration test continued for a longer time at 65 °C, the base TFC membrane
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showed a stepwise flux decline from 43.5 LMH to 33 LMH over 6 hours of filtration
test. The observed flux decline became milder for the case of the TFN1 and TFN2
and was completely overcome in the case of TFN3 and TFN4 in which higher
concentration of TiO, NPs was integrated. A possible explanation for this stepwise
flux decline may be the compaction of the swelled PA film under high temperature
and pressure (65 °C and 220 psi, respectively). Hence, it can be concluded that the
addition of the TiO; NPs could effectively improve the thermomechanical stability
of the TFN membranes by limiting the chain mobility of the PA matrix at high
temperatures. Regarding the salt rejection, all the synthesized membranes showed
higher rejection percentage at 65 °C as compared to room temperature, particularly
for the case of TFN3 and TFN4 where the salt rejection was as high as 99.2% and
99.4%, respectively. The high salt rejection and stable water permeation of TFN3
and TFN4 are highly desirable for the applications that robust membrane
performance and high-quality water is required under high temperatures of feed
streams. Such an application can be found in SAGD process of oil recovery where
the temperature of the produced water is as high as ~150 °C. In order to reuse and
recycle the produced water, a significant amount of energy is wasted by cooling
down the produced water to ~60 °C in water treatment processes, follwed by re-
heating to ~200 °C in steam generators [44,250]. Thermally tolerant membranes
have the potential to integrate into water treatment facilities and reduce the boiler

heating requirements and greenhouse gas production in oil recovery plants.

70 100.0
TFC

TFN 1 BR8 1=22°C
60 |  T=65°C TFN 2 995 B2 1=65°C -
Transition — - TFN 3
= Temperature /" TFN 4 ~—~ 990} Tl
T rnmmmmm.
E %0 -T-25 % [ é
= = ) | k mmm# 8 98.5 -
X sl i g R — 2 o
T : " T 9 i Il
= : : b Q
L 30t —— i | X 975} E
ks A AT =
20 M » 970} I
o B
%.5) 7 | d
Lol ) H : 5 ) }J i ./ 7
1 A 1 1 1 1 1 1 L 960 > s/l il s
0 75 150 225 300 375 450 525 TFC TFN1 TFN2  TFN3  TFN4
Filtration Time (min) Membrane

Figure 5.16: Water permeation and salt rejection of the synthesized TFC and TFN membranes
at 25 °C and 65 °C showing the effect of TiO2 NPs on permselectivity and thermal stability of the
TFN membranes. Operating conditions: 220+5.0 psi of transmembrane pressure and 1.0+0.1
LPM of feed flow rate.
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5.3.3.4 Antibacterial activity of TFIN memrbanes

The PCT activity of TiO, has made it a potent material to be used in a wide
range of applications including food and medical industry, solar energy conversion
and water purification. Under the UV light, the TiO; NPs generates active radical
species (such as hydroxyl and superoxide radicals) which decompose organic matter
and inactivates living organism like bacteria in the water (Figure 5.17c) [285,286].
A moderate band gap (~3.2 eV) along with low toxicity has made TiO, NPs
promising nanofillers for water treatment applications, particularly for mitigating
the bio- and organic fouling [287-289]. The antibacterial activity of the synthesized
TEFN membranes in this study was evaluated by counting the number of bacteria
(E. coli) colonies formed over the UV-illuminated membranes [290,291]. Figure
5.17b illustrates the image of three plates of base TFC, TFN2 and TFN4
membranes after 30 minutes of UV irradiation. As can be observed, the exposure of
the UV light on TFN membranes effectively lowered the viability of the E. coli
bacteria. The number of bacteria colonies dramatically decreased from 12.2

log,, (cfu/ml) for the base TFC membrane to 10.7 log,,(cfu/ml) for the TFN2

membrane as presented in Figure 5.17d. Further increase in the concentration of
TiO; NPs in TFN4 membranes provided a slightly higher antibacterial efficiency
compared to TFN2 membrane. The distinct difference between the numbers of
bacteria colonies on the surface of the TFN membranes compared to the base TFC
membrane shows the high PCT activity and thus the antibacterial efficiency of the
integrated TiO, NPs within the PA network. This property is highly beneficial for
those membrane-based separation processes where mitigation of biofouling and

organic deposition at the membrane surface is essential.
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Figure 5.17: (a) Schematic view of the measurement of the antibacterial activity of TFN
membranes; (b) Images of the E. coli colonies formed in the plate of UV-treated (i) TFC, (ii)
TFN2 and (iii) TFN4 membranes; (¢) Mechanism for PCT activity of TiO2 NPs under UV
irradiation; (d) Number of E. coli colonies counted on the plate of TFC, TFN2 and TFN4

membranes after 30 minutes of UV irradiation.

131



5.4 Conclusion

In the present work, it we demonstrated that phase inversion casting of PES
membranes with ITO NPs resulted in a hybrid membrane with improved thermal,
electrical and antifouling properties with respect to unmodified PES membrane.
The PES/ITO membrane showed also superior characteristics in comparison to
PES/TiO,, PES/SiO,, and PES/Al;03 nanocomposite membranes. These attributes
of the novel PES/ITO nanocomposite membrane can render it more suitable for
high temperature filtration applications. Furthermore, the electrical properties of
the membranes make them suitable for a variety of membrane based applications
that involve beneficial use of electric fields for flux enhancement and fouling
mitigation. A robust method of fabrication of TFN membrane was also presented
by incorporation of the TiO, NPs into the PA layer. The fabrication process
includes synthesis of highly stable TiO2 NPs using BST reaction in heptane and
then employing the NPs suspension as an additive to TMC solution during the IP
reaction. The resulting TFN PA-TiO, membranes showed and enhanced thermal
stability and anti-biofouling properties compared to unmodified TFC PA
membranes. These features make the synthesized TFN membranes as potential
candidates for applications where the treatment of high-temperature streams

containing biomaterials is desirable.
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6.1 Conclusions

The development of nano-enabled composite materials has led to a paradigm
shift in the manufacture of high-performance nanocomposite membranes with
enhanced permeation, thermo-mechanical, and antibacterial properties. The major
challenges to the successful incorporation of NPs to the polymer films are (i) the
severe aggregation of the NPs in the monomer containing solutions and (ii) the
weak compatibility of NPs with the host polymer matrix. These two phenomena
lead to the formation of non-selective voids at the interface of the polymer and
NPs, which adversely affect the separation performance of the nanocomposite
polymer films. To overcome these challenges, systematic studies were conducted in
this research to fabricate robust TFC and TFN membranes with enhanced
permeation, thermomechanical, electrical and antifouling properties.

Initially, the synergistic effects of the monomers (MPD and TMC)
concertation, IP reaction time and curing temperature was studied using a robust
design of experiment method know as Taguchi. The main objectives in this part
were to (i) fundamentally understand the role of each synthesis parameters, (ii) to
identify the most influential parameters affecting the physicochemical
characteristics of the membranes, and (iii) to control and optimize the final
permeation performance of the resulting membranes. By varying the considered
control parameters simultaniusly using a Taguchi design, it was found that
monomer concentration and curing temperature significantly affect water
permeation by creating a substantial change in both internal and surface
morphology of the PA films. More importantly, a strong interaction between
monomer concentration was observed, which demonstrates the importance of smart
adjustment of these parameters in the preparation process. Based on analysis of
variance, the contribution of the synthesis parameters towards change in water
permeation was determined as: curing temperature > MPD concentration ~ TMC
concentration > reaction time (see chapter 3 for complete discussion). Similar
approch was taken to investigate the effect of different types of chemical addetives
to improve the permeation performance of the TFC PA memrbanes. Based on the
designed table of experimentations, certain concentration of SDS as a surfactant,
TEA as an acid scavenger, DMSO as a co-solvent, and CSA as a pH regulator were
added into the amine solution. The epxerimental results showed that increasing the
concentration of CSA, DMSO and TEA in the MPD solution enhanced the water
permeation of the membranes. In contrast, addition of higher concentrations of

SDS resulted in denser TFC membranes with lower water flux and higher salt
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rejection. Based on the analysis of variance, the contribution of the additives to the
variation of the water flux was in the order of SDS > DMSO > CSA > TEA (see
chapter 3 for more results). In addition to the above mentioned chemical additives,
the effect of adding monohydric and polyhydric alcohols into the MPD solution on
the surface morphology and permeation properties of the TFC PA membranes was
studied. The experimental results revealed that addition of alcohols with low molar
volumes such as ethanol and ethylene glycol significantly improved the water flux
of the modified TFC membranes. However, in the case of alcohols with large molar
volumes, such as polyhydric xylitol, the water flux enhanced by increasing the
alcohol concentration up to ~1.0 wt.%, and then decreased, suggesting the presence
of an optimum concentration of xylitol. This observation indicated the presence of
a complex interaction between the hydrophilic hydroxyl groups and hydrophobic
aliphatic carbon chain in the structure of large alcohol molecules. Most
importantly, all the modified membranes showed higher salt rejection percentage
than the original membrane which is highly desirable for fabrication of high-
performance TFC membranes (see chapter 3 for complete discussion). The findings
of this study provide useful guidelines for the development of high performance
TFC PA membranes by adjusting the synthesis conditions as well as the additives
concentration in the amine-aqueous solution.

In order to control and enhance the water permeability of TFC PA
membranes, an innovative thermal adjustment to IP reaction was proposed. It was
found that reducing the temperature of the TMC-organic solution down to -20 °C
prior to IP reaction effectively reduced the thickness of the PA selective layer and
thus significantly enhanced water permeability of the resulting TFC membranes.
The results confirmed that the TFC membranes, synthesized at sub-zero
temperatures of organic solution, had thinner and smoother PA layer with a
greater degree of cross-linking and wettability compared to the PA films prepared
at b0 °C. The most water permeable membrane was prepared at -20 °C and
exhibited nine times higher water flux compared to the membrane synthesized at
room temperature. The performance of lab-synthesized TFC membranes was also
evaluated for the treatment of boiler feed water of SAGD process using FO
filtration setup. The results showed superior permeation properties of lab-made
membranes to commercially available TFC-FO membranes. The greater
performance of the lab-made TFC membranes attributed to the thinner PA
selective layer and lower structural parameter (451+13) of the lab-made
membranes compared to the commercial membrane (1770 pm) which alleviated the

effect of internal concentration polarization (ICP) remarkably (see chapter 4 for
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complete discussion). The method proposed here can be effectively applied for
energy- and cost-efficient development of high throughput TFC FO membranes.

To develop nanocomposite memrbanes, the effect of incopration of metal oxide
NPs to the top PA layer as well as bottom PES sublayer was studied separately.
First, the effect of addition of conductive ITO NPs into PES casting solution to
form an ITO doped phase inversion PES membrane was studied. The experimental
results showed that the incorporation of ITO NPs into the PES matrix improved
thermal and electrical properties of the resulting nanocomposite membrane. Also,
the PES-ITO membrane demonstrated an enhanced antifouling propensity without
any loss in separation efficiency compared to unmodified PES membrane. The
combination of ITO NPs and the PES membranes provides a pathway to develop
antifouling microfiltration and ultrafiltration membranes with a higher thermal
tolerance and tunable electrical characteristics. Regarding the addition of NPs to
the top thin PA layer, an efficient method was proposed to mitigate the
aggregation of the NPs in the monomer solution. This approach relies on the
simultaneous synthesis and surface functionalization of TiO, NPs in an organic
solvent (heptane) via BST reaction. The resulting stable suspension of the TiO,
NPs in heptane was then utilized in the IP reaction where the NPs were entrapped
within the matrix of the host membrane. TiO, NPs of 10 nm were effectively
incorporated into the thin PA layer and improved the thermal stability and anti-
biofouling properties of the resulting TEFN membranes. These features have made
the synthesized TFN PA-TiO, membranes potent candidates for applications where

the treatment of high-temperature streams containing biomaterials is desirable.

6.2 Future work

The systematic studies in chapter 3 on the effect of synthesis conditions and
chemical additives can be extended to consider the properties of the PES sublayer.
In general, the hydrophilicity and surface porosity of the support layer as well as
its uniform and complete impregnation with amine solution has significant impact
on the permeation characteristics of the resulting PA film. Hence, it is worth
studding the synergistic effects of amine concentration, surfactant concertation and
the porosity of the support layer on the final physicochemical properties of the PA
film. Furthermore, the PA membranes in this research were fabricated using MPD
and TMC as reacting monomers. The investigation on the effect of co-presence of
two or more diamine and acyl chloride monomers in the aqueous and organic

solution, respectively, may reveal valuable information for tunable fabrication of
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the PA membranes. The number of reacting functional groups of the monomers,
their partitioning rates and affinity to dissolve into water and organic phases may
result in remarkably different structural and permeation characteristics compared
to PA membranes prepared from only MPD and TFC monomers.

Regarding the studies on thermal adjustment of IP reaction in chapter 4,
there is still room for further investigation of the effect of temperature on the
polymerization reaction. The experimental part can be extended to other organic
solvents with different physicochemical properties than heptane, hexane and
cyclohexane. Moreover, the temperature of the amine solution can be altered to
have more variation and flexibility for controlling the PA film formation. Also,
molecular dynamic simulation can be done to elucidate how wvariation in the
temperature of monomer solution can alter the monomers’ diffusion and
partitioning rate to the reaction reason during the IP reaction. The results of the
MD simulation can provide useful information to correlate the final characteristics
of the PA film to thermal variation during the polymerization reaction.

In chapter 5, the experimental results about imparting different functionalities
to the host membrane using metal oxide NPs were presented. As a continuation of
this  work, the application of conductive PES-ITO membranes in an
electrofiltration setup is worth being studied. The PES-ITO membranes can be
placed between two metal electrodes or it can even be used as positive- or
negative-polarity electrode to establish an electric field in the feed stream using
externally applied voltage. The fouling propensity of the modified PES-ITO
membranes can be compared with unmodified PES membrane during the
electrofiltration process. Regarding the synthesis of TFN PA-TiO; membranes,
further studies can be done to (i) optimize the synthesis of TiO, NPs using BST
reaction in order to minimize the loading of dispersing agent without deteriorating
the size distribution, stability and crystallinity of the resulting NPs in organic
solvent, (ii) applying the surface functionalization technique, presented in this
chapter, for the integration of the other nanofillers whenever the solvothermal
reaction is a possible synthesis route, (iii) evaluate the PCT activity of the PA-
TiO; membranes in purification of the feed streams which contain organic matter

and bio-foulants.
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