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Abstract

Thin film Nanocomposite (TFN) membranes are a relatively new class of high-performance
semipermeable membranes for Reverse Osmosis (RO) applications. Large scale applications of
TFN membranes have not been achieved yet due to the high production cost of the nanoparticles,
agglomeration of the nanoparticles in the thin polyamide matrix of the membrane, and leaching
out of typically toxic inorganic nanoparticles into the downstream.

In this work, these challenges are addressed by incorporation of two different nanofillers:
Cellulose NanoCrystals (CNC), and surface functionalized Halloysite NanoTubes (HNT). Amine
groups, carboxylic acid groups, and the first generation of poly(amidoamine) (PAMAM)
dendrimers were used for functionalization of the HNT. CNC and HNT are environmentally
friendly, low/non-toxic, abundant, and inexpensive nanoparticles with a unique size, and
chemical properties. TFN membranes were synthesized via in situ interfacial polymerization of
m-phenylenediamine (MPD) with trimesoyl chloride (TMC) and the nanoparticles. The control
Thin Film Composite (TFC) membranes, and CNC and HNT based TFN membranes were
characterized by Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-
Ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Fourier Transform Infrared
spectroscopy (FTIR) and contact angle measurements. The antifouling capacity of CNC based
membranes was investigated with a solution of Bovine Serum Albumin (BSA) as the fouling
agent. Also, the leachability of the HNT from the membranes was examined by shaking the
membranes in a batch incubator for 48 h, and then tracing the leached out HNT using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS).

Separation characteristics of the membranes were studied by desalination of synthetic brackish
water with a cross flow RO filtration system. It was revealed that incorporation of functionalized
HNT enhanced the permeate flux without sacrificing the salt rejection (99.1 % + 0.1 %). Also,
incorporation of 0.1% (w/v) CNC doubled the permeate flux (from 30 to 63 L/m®h at 20 bar)
without compromising the salt rejection (97.8%). At the same time, leaching out of HNT from
the TFN membranes was decreased as a result of the HNT functionalization and formation of
covalent bonds with the TMC. Also, antifouling properties of the CNC-TFN membranes were

11% improved in comparison with control TFC membrane.



Résumé

Les membranes nanocomposites d’osmose inverse (OI) a couche mince (TFN) constituent une
nouvelle catégorie de membranes semi-perméables performantes dans les systémes d’osmose
inverse. Le traitement & grande échelle par osmose inverse a partir de cette catégorie de
membranes est encore a 1’état de recherche et de développement étant donné le cott élevé de
production des nanoparticules, 1’agglomération des nanoparticules contenues dans la matrice en
polyamide de la membrane, et la séparation en aval des nanoparticules aux propriétés le plus

souvent toxiques et inorganiques.

Mes travaux ont mobilisé deux types de nanocharges, chacun introduit dans la couche de
polyamide positionnée sur le dessus de la membrane : les nanocrystaux de cellulose (CNC) ; les
nanotubes d’halloysite (NHT) a surface fonctionnalisées. Les groupes amines, d’acide
carboxylique et premiere génération de dendriméres poly(amioamine) (PAMAM) sont utilisées
pour la fonctionnalisation de NHT. Les CNC et NHT sont des nanoparticules de couleur verte,
faiblement ou non-toxiques, abondantes, et accessibles en termes de colts. Elles présentent en

outre une taille unique et des propriétés chimiques qui leur sont propres.

La synthése des membranes de type TFN est obtenue par polymérisation interfaciale in situ de
la m-phénylénediamine (MPD) avec du 1,3,5-Benzenetricarboxylic chlorure d'acide (TMC) et
les nanocharges. Les membranes composites a couche mince de contrble, et les nanocharges
CNC et HNT ont été caractérisées par microscopie électronique a balayage (MEB-SEM),
microscopie a force atomique (AFM), diffraction aux rayons X (DRX), spectroscopie
électronique par rayons X (XPS), infrarouge a transformée de fourier (IRTF), et mesures
d’angles de contact. Les propriétés antisalissure des nanocrystaux de cellulose (CNC) ont été
vérifiées par le recours a de I’albumine de sérum bovin (ASB) qui joue le role d’agent salissant
dans la solution d’alimentation. Aussi, les interactions/adhésions entre les HNT fonctionnels et
la matrice en polyamide ont été étudiés par lixiviation au moyen d’agitation apres 48 h et ils ont

été analysés a I’aide de la technique de plasma par (ICP-MS)

La séparation caractéristique des membranes ont été étudiés par dessalement de 1’eau saumatre
synthétique en tests de filtration a courants croisés ont permis de mettre en évidence que
I’incorporation de NHT fonctionnels, avec un nombre optimal de groupes amine, améliore de
facon significative le flux d’eau, sans réduire le taux de réjection des sels (99.1 % + 0.1 %). Par
ailleurs, I’ajout de 0,1 % (poids/ volume) de CNC a fait doubler le flux d’eau (de 30 a 63 L/m2h
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pour une pression de 20 bars) sans abaisser le taux de réjection des sels (97,8 %). En outre, la
lixiviation des nanoparticules NHT modifiées des membranes TFN a diminué en raison de leur
fonctionnalisation. Enfin, les propriétés antisalissure des membranes CNC-TFN ont été

améliorées de 11% en comparaison avec les membranes composites a couche mince de contrdle.
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Chapter 1

Introduction



Chapter 1-Introduction

1.1. Motivation

Water shortages and stress are among of the most severe challenges of our time. According to
world’s health organization (WHO), more than one-third of the world’s population does not have
enough access to reliable fresh water supplies. Due to the climate change, industrialization,
population growth, and contamination, the burden on the shrinking resources of fresh water is
increasing [1,2]. These issues have sparked many investigations for finding unlimited water
resources beyond the current hydrological cycle. Production of potable water by desalination of
sea and brackish water is a measure to augment the water supplies [3]. In Canada, even though the
water scarcity is not a significant current issue, water reclamation, and process water treatment has
become a critical concern for the oil sands industry. Oil sand mines consume large amounts of
fresh water with an approximation of 3 barrels of fresh water for each barrel of produced oil. As a
consequence large amount of waste and process water which is brackish, alkaline and toxic to the
environment is produced. Efficient treatment and desalination of process water are vital for

sustainable growth and continuation of Canadian bitumen industry [4,5].

Desalination methods can be categorized into two groups: 1- desalination by phase change
(thermal processes), such as multi-effect distillation, multistage flash and vapor compression, and
2- single phase methods (membrane processes) such as reverse osmosis and forward osmosis [6].
Reverse osmosis (RO) is the most widely used desalination method in the world [6,7]. In this
process using an external hydrostatic pressure, water is passed through a semi-permeable
membrane while salt is rejected by the membrane. The RO membrane is the most integral part of
this process which greatly controls the rate of water production and efficiency of the process.
Currently, thin film composite (TFC) membranes are the dominant type of membranes in RO
industry [8]. TFC membranes are typically composed of three layers. The top layer is a thin film of
polyamide (PA), made by interfacial polymerization technique, and is responsible for the rejection
of salts. The PA layer is formed onto a porous ultrafiltration membrane which is deposited on a
non-woven support fabric [9]. Although TFC membranes have gone through several improvements
in the past few decades, there are still challenges for further development of the TFC membranes,

thus desalination plants. Trade-off relationship between membrane permeability and selectivity,



membrane fouling and scaling as well as membrane degradation due to chlorination are the current

major constraints of TFC membranes [7,10].

Researchers have proposed several approaches to overcome the challenges associated with the
TFC membranes. Incorporation of nanoparticles (NP) into the matrix of the PA layer is a relatively
new method which was first introduced by Hoek and coworkers at the University of California at
Los Angeles in 2005 [7,11]. This new class of membranes is called “Thin Film Nanocomposites”
(TFN) membranes. In recent years, fabrication of TFN membranes with various NP and
techniques, and studying the membrane separation performance have been the focus of many
investigations. So far, several types of zeolites, metal and metal oxide nanoparticles, carbon
nanotubes, graphene oxides, etc. with various functionalities and properties have been employed in
TFN membranes. It is reported that embedding NP provides TFN membranes with enhanced
properties and separation characteristics, such as higher hydrophilicity and water permeability
without sacrificing the salt selectivity, increased resistance to fouling, scaling and in some cases
chlorination [11,12]. Currently, the application of TFN membranes in large scale is quite limited
despite their advantages. One of the most important issues with TFN membranes is leaching out of
the typically toxic inorganic NP from the membrane into the downstream. Another challenge for
fabrication of TFN membranes is the agglomeration of the NP in the PA layer. These problems
result in rising water safety and environmental concerns, membrane degradation and loss of
properties over time, and the formation of defects in the structure of the membrane [12]. These
problems have motivated many researchers to investigate for new methodologies to address these
challenges, which is also the general objective of this thesis.

1.2. Objectives and structure of the thesis

This thesis is focused on fabrication of novel TFN membranes with enhanced properties and
separation performance for brackish water desalination via RO process. Therefore, cellulose
nanocrystals (CNC) and halloysite nanotubes (HNT) were chosen as the candidate nano-scale
additive material in the TFN membrane. These NP are naturally occurring, green, abundant, low-
cost, and considered as no/low toxicity [13,14]. In order to address the problem of NP leaching,
surface modification and functionalization of HNT with amine groups, carboxylic acid groups, and

poly(amidoamine) (PAMAM) dendritic structures are also selected to be studied.



Therefore, the objectives of this work are:

e Fabrication and characterization of RO TFN membranes with improved water flux without
sacrificing the salt rejection.

e Incorporation of CNC into the TFN membranes, and finding the optimum range of CNC
loading in the TFN membrane for desalination; there are no previous reports of using CNC
in RO TFN membranes.

e Embedding HNT into RO TFN membranes, and investigating the effects of surface
modification of HNT on the separation characteristics of the TFN membranes. Also,
studying the interactions between the nanoparticles and the membrane using different
functional groups and PAMAM dendrimer technology.

This thesis is divided into five chapters. The first chapter (current) is a review of the motivation
and objectives of this thesis. Chapter 2 provides background information and literature review on
RO membrane technology, challenges, and current trends for overcoming them. The 3 and 4"
chapters are written in article format. Chapter 3 focuses on the fabrication, characterization, and
optimization of CNC based TFN membranes for RO application. Chapter 4 is focused on the
synthesis and characterization of TFN membranes with embedded functionalized HNT. The final
chapter provides general conclusions of this research and highlights some recommendations for

future studies.
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Chapter 2- Background and literature review

2.1. Overview of membrane separation processes

Membrane separation processes can be used in a wide range of industries such as chemical,
mineral, petrochemical, pharmaceutical, electronics, biotechnology, food, textile, paper and water
purification and treatment [1]. A membrane is often referred to a permeable or semi-permeable
thin barrier which allows the transport of certain molecules/particles while restricting the others.
Depending on the type of membranes and the applied driving force for transport and separation of
selected species, membrane processes are classified in various groups. Figure 2.1 illustrates the
classification of membrane separation processes. Particularly for water purification the common
pressure-driven membrane processes are categorized as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) [2]. The focus of this report is on the RO process
and development of novel and environmentally friendly thin film nanocomposite membranes

(TFC), with enhanced properties and performance for brackish water desalination.
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Figure 2.1 Relative size of material and their filtration process; adapted from [2,3].




2.2. Reverse 0Smosis

2.2.1. Principles and applications of reverse osmosis

If two solutions with different solute concentrations are divided by a semipermeable membrane,
which restricts permeation of solute, molecules of the solvent tend to move from the less
concentrated side into the region with higher solute concentration. The transfer of solvent
molecules continues until reaching the chemical potential equilibrium, which here is the osmotic
pressure. In the RO process, the direction of the solvent transport is reversed by applying an
external hydrostatic pressure (AP) to exceed osmotic pressure difference (Ax) [1,2]. Directions of

the transport in osmosis and reverse osmosis are illustrated in Figure 2.2.

a) At >Ap b) An < Ap

pure water pure water

membrane membrane

Figure 2.2 Direction of water permeation in: a) osmosis, and b) reverse osmosis [2].

Equation 2.1, which is referred to as Van’t Hoff equation for the estimation of the osmotic
pressure, can be thermodynamically derived for an ideal, incompressible solution [2,4]:

_—RT

= Inx, (2.1)

b

Where 7 [bar] is the osmotic pressure, V, [L/mol] molar volume of pure water (solvent), xy [-] is
the mole fraction of water in the solution, T [K] is the absolute temperature, and R, which is equal
to 0.083145 [L.bar/(mol.K)], is the universal gas constant. For dilute solutions, x,, =~ 1, equation 2.1
can be approximated as equation 2.2. To account for compressibility of the liquid at high
pressures, and non-ideality of the solution, the osmotic coefficient is added to the equation,

equation 2.2.



7 =igCRT (2.2)

where i is the dissociation factor of solutes in the solution, C [mol/L] is the total molar

concentration of all solutes in the solution, and ¢ [-] is the osmotic coefficient, which for seawater

ranges from 0.93 to 1.03 [4]. The selective layer of RO membranes is typically a dense polymer
film, which is considered nonporous. The transport in this nonporous selective layer w of the
membrane is commonly described a solution-diffusion model. According to this model, solvent
and solutes first dissolve in the membrane at the feed side, then diffuse through the membrane, and
finally liquefy again at the permeate side [1,2]. Separation of the water and solutes occurs when
their respective permeance coefficients in the membrane are different. Other models such as pore
flow and preferential sorption-capillary flow or combination of them with the solution-diffusion
model are also used for transport of molecules through the RO membranes [1,2]. The water and
solute fluxes can be described as the product of the respective permeance coefficients and the

driving forces. For water we have:
3, =P,(Ap—A7) (2.3)

where J,, [L/m?.h] is volumetric water flux, P,, [L/(m®h.bar)] is water permeance, Ap [bar] is
transmembrane hydrostatic pressure difference, and Az [bar] is transmembrane osmotic pressure

difference. For the solute flux, the equation 2.4 is used.
J, =R, (AC) (2.4)

where J; [g/(m?.h)] is the flux of the solute, Ps [L/(m?.h)] is solute permeance, and AC [g/L] is the
concentration difference across the membrane [1,2] .

Reverse osmosis is a promising process for separation of monovalent, bivalent salts and natural
organic material (NOM) from water. In fact, the most common application of RO membranes is
for desalination of ground and brackish water, with 2,000 to 10,000 mg/L of Total Dissolved
Solids (TDS), and sea water, with 34,000 to 38,000 mg/L of TDS. It should be noted that
according to the World Health Organization (WHO), the maximum concentration of TDS in
potable water is 500 mg/L. It is estimated that almost 65% of the world’s desalination plants are
based on the RO process. Depending on the concentration of the salts in the feed, the water
applications of RO can be categorized in three groups: brackish water desalination, seawater

desalination, and ultrapure water production and waste water treatment. This thesis is concerned
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with desalination of brackish water. Due to a relatively low TDS in brackish water, 90% salt
rejection is enough for the production of potable water. Also, the brackish water reverse osmosis
(BWRO) is sometimes referred to as a low-pressure RO since the processing pressure is in the

range of 10 to 30 bars compared to 50 — 60 bars for seawater desalination [2,4,5].

2.2.2. Conventional RO polymeric membrane materials

The membrane is the most important part of the RO process, and the gain in efficiency is greatly
associated with improvements of the membrane material [6]. Over the past few decades RO
membranes have gone through significant improvements in their performance (i.e. water flux) and
selectivity, i.e. salt and boron rejection, as well as physical, chemical and biological durability [7].
In general, commercial RO membranes are classified in two groups: anisotropic (asymmetric)
cellulosic membranes and thin film composite (TFC) polyamide (PA) membranes [2]. The
commercial use of RO membranes for saline water desalination initially started with the
development of anisotropic cellulose acetate (CA) membranes by Loeb and Sourirajan in the 1960s
[8,9]. Loeb-Sourirajanian membranes are made of a single material with the phase inversion
technique. In this method, a controlled interaction between solvent and non-solvent solutions
induces a phase separation in which polymer dispersion is transformed into a solid polymer-rich
phase (membrane), and a liquid polymer-lean phase which shapes the pores [1,4]. To synthesize
CA RO membranes by Loeb-Sourirajan technique, a polymer solution comprising 20 to 25% CA
and a water miscible solvent is cast on a glass or a nonwoven support fabric. Then, the cast is
immersed in a non-solvent bath (typically water) where the absorption of water and loss of solvent
cause the film to rapidly precipitate from the top surface down [1]. Although CA membranes are
still commercially available, due to higher water flux and salt rejection, TFC membranes are
dominantly used in the RO industry.

The idea of fabricating composite membranes via interfacial polycondensation on top of a sub
layer was first proposed by Morgan [10]. However, high-performance TFC membranes were
introduced by Cadotte and his coworkers in 1970s [6,11]. For RO applications, TFC membranes
are generally comprised of three layers: a selective aromatic PA layer, a porous phase inverted
polysulfone (PS) or polyethersulfone (PES) ultrafiltration (UF) membrane, and a polyester (PET)
nonwoven fabric to provide mechanical strength (Figure 2.3). TFC membranes have a higher

physical and chemical stability in a wider range of temperatures than CA membranes, and are
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stable in the pH range of 4 to 6. However, TFC PA membranes do not tolerate free chlorine or any
other oxidizer, i.e. chlorine tolerance < 0.02 ppm. TFC PA membranes are less hydrophilic than
CA membranes, and have a rough surface morphology which makes them more prone to fouling
[1,2,4]. Because of higher permeance, salt rejection, and dominance of TFC membranes in the RO
industry, this thesis is focused on TFC membranes. The next few sections are allocated to the
structure, chemistry, and strategies for enhancing the properties and performance of TFC PA

membranes.

PAlayer ~500nm

PS/PES layer ~0.lmm

Non-woven support fabric

Figure 2.3 Schematic structure of a PA TFC membrane [2,12].

2.2.3. Fabrication, chemistry and structure of the polyamide layer in TFC membranes

Polyamide TFC membranes are fabricated by in-situ interfacial polymerization (IP). In this
process, first the UF substrate is immersed in an aqueous amine rich solution, so the pores of the
membrane are filled with the first monomer. Then, the amine loaded membrane is contacted with a
water-immiscible solution, which consists of the second monomer. Therefore, at the interface of
the two phases, a polycondensation reaction takes place, which forms a thin and cross-linked
polyamide film [1,11,13]. Today, most of commercially available RO TFC membranes have a
fully aromatic chemical structure, which is formed by the reaction of m-phenylenediamine (MPD)
with trimesoyl chloride (TMC); this combination of monomers was proposed by Cadotte and
FilmTec (Dow chemical) [11,14]. Morgan and Kowlek in their pioneering work suggested the
mechanism of IP of polyamide [10]. According to them, when organic solution meets the aqueous
solution, due to the very low aqueous solubility of the acid chlorides, IP occurs at the organic side

of the interface. The imbalance in the solubility of the monomers forces diamines to diffuse to the
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organic solution in order to form the polyamide layer [10]. This means that the polymer thin film
grows perpendicular to the interface, and has an asymmetric morphology. Also, since the IP is
controlled by the diffusion of diamine groups, the polymerization reaction continues until the
formed thin film becomes a barrier for the diamine to diffuse. This morphology, a smooth layer at
the interface and a rough and nodular with “ridges and valleys” top surface, is confirmed by SEM

and TEM images of the dense layer in the MPD-TMC polyamide membranes.

1-PS/PES subatest 3-TMC 4-polyamide thin film
0O, ¢l
H..N—©7NH, Y&F
cl 5
| !
_ _ © ci
H H 0 ol |H H o H
k) | P | P
o} 0]
N—H _ L OH
- I m -n
N—+

Figure 2.4 Schematic of formation of PA TFC membrane. 1- PSF or PES porous substrate 2-
immersing substrate with aqueous amine rich solution (MPD) 3- contacting substrate with organic
acid solution (TMC) in this step interfacial polymerization occurs i.e. molecules of MPD diffuse in
to the organic phase and react with it 4-formation of dense polyamide matrix, m and n represent
crosslinked and linear sections respectively; addapted from [13].

As it is illustrated in Figure 2.5, the top selective polyamide layer has a nodular and rough

structure. It was commonly accepted that this layer is dense without any pores [4,15]. However,
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recently using the modern imaging technologies, some reports have suggested that the globular and
protuberance structures are in fact water filled nanopores. Pacheco et al. studied the polyamide RO
membrane by TEM tomography and created a 3D visualization of any section of the thin film
volume [16]. Based on the images they confirmed existence of the 20-60 nm voids, and suggested
that some the voids are fully encapsulated by the polyamide while others are open to the lower
surface of the thin film. They also suggested that density of the voids is greater in the lower parts
of the polyamide layer. In another study, Lin et al. reported that the voids comprise between 15 to
32% of the polyamide layer, but they do not provide continuous passages across the polyamide
[12].

polyamide base Polyamide

back surface P :

200 nm

Figure 2.5 SEM image of the top surface (a and b), and TEM image of cross section (c and d) of
fully aromatic TFC membrane ESPA3 (Hydranautics, Oceanside, CA, USA) and AK (GE
Minnetonka, MN, USA) brackish water RO. Black dots in (c) are 30 nm gold NP [16].

2.2.4. Major drawbacks of PA-TFC-RO membranes

Despite the improvements in the performance and physiochemical properties of the RO
membranes, there are still major challenges related to their performance and efficiency, which
have limited further development of RO technology, and desalination industry in general. The
primary drawbacks of these membranes are the trade-off relation between permeance and salt

rejection, membrane fouling and practically no resistance to chlorination [17,18].
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It is commonly known that increase in the water flux causes a decrease in the selectivity of the PA-
TFC membranes. Overcoming this “trade-off” relation, by having both higher water flux and salt
rejection is a desirable improvement in the performance of these membranes. Membrane fouling
and scaling occurs due to the precipitation and accumulation of the foulants on the top surface of
the membrane, which causes permeate flux decline. Deposition of organic and biological material,
colloidal and particulate matter, insoluble inorganic salts or metal oxides are some of the main
fouling sources. Membrane surface hydrophilicity, charge and roughness are some of the variables
that affect membrane fouling and scaling [19-21]. Chlorination of feed water is a common way for
controlling the biofouling; however, as it was mentioned before, PA is very susceptible to chlorine
and undergoes degradation. Many studies have been conducted to explain the mechanism of the
PA chlorination [22,23]. Xu et al. categorized the routes in which active chlorine species attack
the structure of PA: 1- formation of N-chloroamide by substitution of hydrogen of the amide group
with chlorine atom, 2- direct chlorination of aromatic rings of MPD 3- rapid N-chlorination
followed by mitigation of chlorine to the aromatic ring through the intramolecular rearrangements,
known as Orton rearrangements and 4- facilitated hydrolysis of PA layer by chlorine (Figure 2.6)
[17] . The exact mechanisms of chlorine — PA matrix interactions are not yet fully understood.
However, in general, chlorine attacks the amide nitrogen and aromatic ring in the PA layer, which
results in deformation in the polymer chain or chain cleavage at the amide linkages [22].
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Figure 2.6 Chlorination of PA structure via four routs. a) PA structure, b and d) chain deformation
by N-chlorination, and c) chain cleavage [17].
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2.2.5. Strategies to enhance the performance of the PA-TFC RO membranes

Parameters in governing surface properties of the PA layer in TFC membranes include suitable
support layers, monomers, additives, nanofillers, and reaction conditions [6]. Many approaches
have been proposed to surpass the explained limitations of the PA-TFC RO membranes. One of
the advantages of the TFC membranes is the ability to tune the properties of the TFC membrane by
tailoring the porous substrate and the PA layer separately [6]. Here, some of the approaches to
modify the PA layer are briefly mentioned.

Monomers

The search for newly synthesized monomers to enhance the properties of PA thin films is still an
ongoing research area [6,13,24,25]. Table 2.1 provides a list of some of the proposed monomers.
For example, in order to increase the hydrophilicity of the top selective layer, Wang et al. used
triamine 3,5-diamino-N-(4-aminophenyl) benzamide (DABA) as an additional monomer to the
diamine phase, MPD, in fabrication of TFC RO membranes with TMC [26]. They reported an
increased permeance (37.5 to 55.4 L/m?h) with a slight decrease in the salt rejection (98.4 to
98.1%) with an increase in the concentration of DABA monomer in the amine phase from 0% to
0.25% (w/v). With regard to chlorine resistance, Konagaya and Watanabe investigated
isophthaloyl dichloride and aliphatic, cycloaliphatic and aromatic diamines for fabrication of the
PA RO membranes [27]. The chlorine resistance tests suggested that membranes fabricated using
aromatic diamine compounds with an ortho positioned mono CHj3 or Cl substituents, had improved
chlorine resistance. In another work, Yu et al. suggested m-phenylenediamine-4-methyl (MMPD)
and cyclohexane-1,3,5-tricarbonyl chloride (HTC) for a synthesis of aromatic-cycloaliphatic PA-
TFC RO membranes [28]. In their work, at the optimum performance, MMPD-HTC membrane
showed a significant increase in the chlorine tolerance, up to 3000 ppm-hour Cl. They attributed
the high chlorine resistance to the reduced probability of N-chlorination and Orton-rearrangement
by utilizing MMPD.
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Table 2.1 Some of the commonly used and recently reported monomers for synthesis of PA layer [6].

Amine monomer Chemical structure Molecular  Acyl chloride monomer Chemical structure Molecular
(abbreviation) weight (abbreviation) weight
Piperazine (PIP) /—\ 86.14 Trimesoy! chloride (TMC) cocCl 265.48
HN NH
Nt
cloc cocl
M-Phenylenediamine (MPD) HZNUNHZ 108.10 Isophthaloy! chloride (IPC) 0Cl 203.02
cocl
P-Phenylenediamine (PPD) NH, 108.10 5-isocyanato-isophthaloyl NCO 244.04
/©/ chloride (ICIC)
H,N
cioc coci
Sulfonated cardo poly(arylene Na0,S 0 77471 mm-Biphenyl tetraacyl cloc COCl  404.03
ether sulfone) (SPES-NH,) %0 OS% chloride (mm-BTEC) O
0 0.
G g
cloc cocCl
3,5-diamino-N-(4-aminophenyl) H,N 24227 om-Bipheny! tetraacyl chloride cocl 404.03
benzamide (DABA) (om-BTEC)
a¥a ®
H,N cocl
cloc ]
ocl
Triethanolamine (TEOA) HO OH 149.19 op-Bipheny! tetraacy! chloride cloc 404.03
NSNS (op-BTEC) O
coc1
cloc
. e
cocCl
Methyl-diethanolamine (MDEOA) HO H 119.16 Cyclohexane-1,3,5-tricarbonyl Cocl 271.53
N chloride (HTC)
|
cloc ocl
1,3-cyclohexanebis (methylamine) 14224 5-chloroformyloxy-isophthaloyl 0CoCl 281.48
(CHMA) HZN/\OANHZ chloride (CFIC)
cloc cocl
m-phenylenediamine-4-methy! NH, 12217
(MMPD)
NH,
H,
Hexafluoroalcohol-m-Phenylenediamine HO, CF, FiC OH 530.31
(HFA-MPD) CF.
F;C 3
H,
H,N NH,

17



Surfactants and additives/co-solvents

Addition of co-solvents and surfactants to the hydrocarbon solution is another commonly reported
approach for improving the properties of PA-TFC-RO membranes [6,17]. Surfactants and co-
solvents can modify the polymerization reaction. These materials can fill the miscibility gap
between the amine, i.e. MPD and organic ac