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Abstract 

Treating contaminated hot streams is essential to reduce water cooling/re-heating needs and 

greenhouse gas emission in water reclamation processes, such as the Canadian in-situ oil-sand 

extraction processes that produce contaminated water at 80-90 C. Membrane separation processes 

have become one of the fastest growing methods for the desalination and treatment of water 

because they cost less, are more compact, and produce higher quality water than conventional 

processes. At the heart of this processes is the membrane. Thin film composite (TFC) membranes 

are the most common choices due to their high water recovery and contaminant rejection rates. 

However, commercially available TFC membranes do not perform well above 45 C. The 

objective of this PhD thesis is to make new classes of TFC polymeric membranes with high 

permeability and separation performance at high water temperatures.  

First, a novel reverse osmosis (RO) TFC membrane with enhanced thermal stability was made 

to address the limitation of available commercial TFC membranes. The goal was to make a new 

polymer with a rigid network, and therefore higher temperature resistance, as the selective layer. 

To reach this goal, triaminopyrimidine (TAP, a multifunctional amine) was added to the usual 

combination of m-phenylenediamine (MPD) and trimesoyl chloride (TMC) to crosslink the 

polymeric structure. The TAP-modified membranes had higher permeabilities and consistent 

permeate fluxes for 9 hours at high temperatures.  

These polymers were used to develop novel highly permeable and robust forward osmosis 

(FO) membranes. TAP-modified FO TFC membranes mediated with polydopamine 

(PDA)/graphene oxide (GO) interlayers were synthesized. The presence of an interlayer and a low 

reactive monomer (TAP) slowed down the interfacial polymerization, leading to forming a 

permeable, selective, and thermally stable polyamide layer.  

I also added nanodiamond (ND) particles with high thermal resistance into the polyamide 

layer. The surface of the ND particles was modified with MPD to covalently bond them in the 

polymer matrix. Thin film nanocomposite (TFN) membranes prepared with ND particles 



iii 
 

overcame the trade-off between water flux and NaCl rejection, and showed less flux decline at 

high temperature compared with a polyamide commercial membrane.  

In the next phase of this development, amine-modified ND particles were added to the 

polyamide layer to change its surface chemistry. The ND particles reduced fouling of the TFC 

membranes with sodium alginate (SA) and bovine serum albumin (BSA) foulants by decreasing 

the electrostatic and hydrophobic interactions between foulants and the membrane surface, and by 

reducing the membrane roughness.  

Finally, we provided guidelines to test TFC membrane at high temperatures. The performance 

of three commercial RO membranes were evaluated with a series of high-temperature filtrations 

including long-term operation, cyclic tests, controlled step-wise temperature increments, and 

permeability tests. 

Keywords: Membrane separation; Reverse osmosis; Forward osmosis; Thin film composite, Thin 

film nanocomposite; Interfacial polymerization; Triaminopyrimidine; Nanodiamond, Thermal 

stability; Antifouling  
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1.1 Water demand and membrane technology 

The rapid growth of the world’s population, industrial advancements, and global climate 

change have increased the demand for freshwater drastically [1,2]. According to the latest 

assessment of the World Economic Forum, the water crisis will be the foremost global risk to the 

environmental, cultural and economic development of several nations in the coming decade [3]. 

To relieve the pressure of imminent international water scarcity, global efforts have been 

accelerated to improve current water treatment processes and to develop novel energy- and cost-

efficient technologies to sustainably produce clean water by wastewater reclamation and seawater 

desalination [4].  

Technologies for wastewater treatment are classified into three main categories: (i) physical 

methods, such as adsorption, membrane filtration, media filtration (sand, gravel, walnut shell), 

evaporation, distillation, and air floatation, (ii) chemical methods, such as chemical oxidation (by 

ozone, chlorine, iodine, hydrogen peroxide, and permanganate) and electrochemical processes, 

and (iii) biological methods, such as anaerobic reactors, activated sludge, aerated lagoons, and 

wetlands  [5–7]. Among these methods, adsorption (by activated carbon, zeolites, clays, resins, 

and synthetic polymers) [8–11], chemical oxidation [12–15], biological treatment [16–19], and 

membrane processes [20,21] are most broadly employed for the treatment of industrial and 

residential wastewater. Adsorption is used for the removal of a broad range of pollutants in 

wastewater, mainly organic matter, oil, and grease [22]. The low adsorption capacity of most 

available adsorbents and the environmental concerns and costs associated with the disposal and 

regeneration of used adsorbents are the main shortcomings of adsorption processes [6,22]. 

Pollutants in chemical oxidation process are decomposed through a series of radical reactions. 

Highly reactive radicals are produced by using chemicals like ozone, hydrogen peroxide (Fenton), 

chlorine, iodine, and permanganate. The production rate of radicals can be increased by UV light 

(photocatalytic oxidation) or ultrasound (sonochemical oxidation). The drawbacks of chemical 

oxidation processes are reduction of radical formation and the rate of oxidation reaction due to the 

high concentration of salt and radical scavengers, such as chloride and bicarbonate in some 

wastewaters. Moreover, oxidation processes are energy-intensive and the complete removal of 

pollutants may not be achieved, particularly for low concentration of contaminants, e.g., the 

removal of emerging pollutants such as pharmaceutical compounds and micro-plastics [6]. 
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Biological methods are mostly effective for municipal wastewater treatment but their application 

for purifying more complex industrial effluents is somewhat restricted as microorganisms may not 

survive in the harsh conditions of such effluents [22]. 

Membrane separation processes have become one of the fastest emerging technologies for 

removing pollutants of different sizes from contaminated water due to their distinct advantages 

over traditional processes, primarily higher separation efficiency, stable product quality, lower 

operating expenses and smaller carbon footprint. [23]. Furthermore, compared to thermal water 

treatment methods such as evaporation and distillation, membrane technology offers lower energy 

consumption over long term separation process [24]. Nowadays, conventional water treatment 

methods are integrated with membrane filtration to achieve the synergistic advantages of both 

techniques [25–27]. 

A membrane is a thin layer of semi-permeable material that allows the passage of water 

molecules but excludes the transport of solutes when a driving force (such as pressure, 

concentration, temperature, and electric potential gradient) is applied across the membrane (Figure 

1-1). The most commonly used membrane processes for wastewater treatment and desalination are 

pressure-driven microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. Figure 1-1 

shows how these membranes can be used to filter solutes of different sizes. Microfiltration is used 

to remove solutes larger than 100 nm diameter, such as oil, grease and some bacteria. Ultrafiltration 

membranes reject solutes within 10-100 nm diameter range, such as some viruses and humic 

organic matter. Nanofiltration separates solutes in the range of 1 nm to 10 nm and is mainly used 

to remove divalent ions from water (water softening). RO membranes are considered dense 

(nonporous) membranes and can separate even very small monovalent ions. 

Membrane materials are broadly classified as organic (mainly polymeric) and inorganic 

(mainly ceramic) materials. Currently, polymeric membranes dominate the water treatment and 

desalination industry, primarily due to their easy and low-cost processing, as well as their high 

flexibility for surface chemistry customization to tune separation and antifouling properties. 

Historically, however, the main disadvantage of polymeric membranes has been their inability to 

resist high temperatures. At high temperatures, the chain network of a polymeric membrane 

plasticizes and results in loss of flux. Further degradation allows undesirable contaminants to 

permeate through the membrane or leads to loss of rejection. Thermally tolerant polymeric 
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membranes can potentially improve heat integration in a plant that produces high-temperature 

wastewater, thereby reducing reheating requirements and greenhouse gas (GHG) emission. 

 

Figure 1-1: Various types of membrane separation processes for water treatment categorized based on driving force 

and schematic representation of the most widely used pressure-driven membranes including microfiltration, 

ultrafiltration, nanofiltration and reverse osmosis (RO), in which membrane pore size reduces from microfiltration to 

RO and the size of rejecting contaminants decrease proportionally. 

Thin film composite (TFC) membranes currently represent the best platform for reverse 

osmosis (RO), nanofiltration (NF), and Forward osmosis (FO) water treatment processes owing to 

their outstanding separation performance [28].  
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1.2 Synthesis of polymeric membranes 

Several methods are used to fabricate polymeric membranes. Membrane structure and polymer 

type are the main considerations when selecting a preparation technique. Phase inversion, 

interfacial polymerization, track-etching, electro-spinning, and stretching are the most common 

methods for the manufacture of polymeric membranes. The present study will focus on fabricating 

RO and forward osmosis TFC membranes by interfacial polymerization. 

The emergence of TFC membranes was a significant development in the field of synthetic 

polymeric membranes [29,30]. The widespread success and uptake of TFC for RO and forward 

osmosis membranes for wastewater treatment and desalination is due to their unique multilayer 

structure. Figure 1-2a shows that a TFC membrane consists of a thin selective layer (100 nm to 

200 nm) placed over an ultrafiltration or microfiltration substrate (50 µm to 100 µm). The support 

layer can also be reinforced with a non-woven polyester fabric [31,32]. The selective layer is often 

made of polyamide (PA) by interfacial polymerization of amine- and acyl-chloride monomers. 

Figure 1-2b illustrates the formation process of polyamide selective layer by interfacial 

polymerization.  First, the diamine and acid chloride monomers are dissolved separately in two 

immiscible solvents, such as water and an organic solvent such as hexane [33]. The two monomer 

solutions are then brought into contact at the surface of the substrate where a polymerization 

reaction takes place at the interface between the water and organic solvent, and produces a thin 

polyamide film. The top surface and cross-section morphologies of a polyamide layer are shown 

in Figure 1-2. The AFM (Figure 1-2c) and FESEM images (Figure 1-2d and 1-2e) show a ridge-

and-valley structure on the top surface of the polyamide layer, which is a feature of the morphology 

of polyamide TFC membranes. This structure is formed by rapid diffusion of amine monomer into 

the organic solution during the interfacial polymerization. The TEM cross-section image (Figure 

1-2f) depicts the typical internal structure of a polyamide selective layer of TFC membranes. The 

support layer of the TFC membranes is conventionally made from polyethersulfone (PES), 

polysulfone (PSf), and polyacrylonitrile (PAN), using phase inversion techniques. Non-solvent 

induced phase separation (NIPS) or immersion precipitation is the most versatile technique to 

make porous support layers. Briefly, this method includes dissolving the polymer into an 

appropriate solvent such as N-methyl-2-pyrrolidone (NMP) or dimethylacetamide (DMA), then 

casting the polymer solution on a non-woven fabric sheet, followed by immersion into a 
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coagulation water bath where the solvent and non-solvent (mainly water) exchange occurs, leaving 

a porous polymer film [34,35]. During the filtration process, the polyamide active layer plays the 

primary role in the separation of contaminants while the substrate provides mechanical support to 

the whole structure to withstand the high pressures of reverse osmosis and nanofiltration operations 

[36]. Because both the material selection and the preparation protocol for the active and support 

layers of the TFC membranes are flexible, these membranes are the most promising candidates for 

advanced water separation technologies [37].  

 

Figure 1-2: (a) Schematic structure of thin film composite (TFC) membrane having two at least compositional layers: 

a selective thin layer over a porous support layer. Reprinted from [36]; (b) chemical structure of the reacting monomers 

and the polyamide film. Reproduced with permission of The American Association for the Advancement of Science 

[38]; (c) AFM surface topography. Reproduced with permission of Elsevier [39], (d) FESEM surface morphology 

Reproduced with permission of Elsevier [40], (e) FESEM cross-section structure Reproduced with permission of 

Elsevier [41]; and (f) TEM cross-section image Reproduced with permission of Elsevier [42] of a typical polyamide 

TFC membrane. 

1.3 Critical need for thermally stable membranes for hot water treatment 

In multiple industries, the contaminated process water must be treated at high temperatures for 

sustainable and energy-efficient water recycling. In food industries, as an example, process water 

needs to be treated at a temperature above 80 °C to mitigate the growth of microorganisms [43]. 

In the pulp and paper industry, a large-volume stream of recycled water at temperatures above 70 

°C is generated from the integrated mill process [44,45]. Similarly, different operations in the 

textile industry, such as dying, consume a huge amount of water and produce high-temperature 

wastewater (90-95 °C) [46]. Hot condensates, that are needed to be treated and recycled, are 
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abundant in many industries including refinery operations, alcohol production, and production of 

rubber automotive tires. In heat-exchanger manufacturing, one of the cleaning methods is to use 

hot water to remove impurities such as grease and oil from heat-exchanger plates. To minimize 

the consumption of fresh water in the rinsing tanks, the recovery of hot contaminated water (at 

about 65 °C) is essential [47]. In steam assisted gravity drainage (SAGD) process, which is a 

thermally enhanced oil recovery method, high-pressure and high-temperature steam is injected 

underground to facilitate the extraction of the oil sands by lowering its viscosityThe de-oiled 

process water, which is typically at 80 °C to 90 °C, is treated and reused as the boiler feed water 

[48,49]. Different industrial and municipal high-temperature wastewaters along with the sketch of 

SAGD process are demonstrated in Figure 1-3. 

 

Figure 1-3: a) Industrial and municipal high-temperature wastewaters and b) schematic illustration of SAGD process 

which produces wastewater at 80-90 °C. Reproduced with permission of SpringerNature [50]. 

Separation processes based on polymeric based membrane have become common practice in 

many industrial sectors. However, the majority of these processes operate at temperatures below 

45 °C and require cooling of the wastewater [51,52]. As a matter of fact, the process streams must 

be cooled solely to accommodate a membrane separation process, after which the processed fluid 

is heated back. This cooling followed by re-heating causes the waste of a considerable amount of 

energy. Given the growing concerns about water and energy consumption, thermally tolerant 

membranes can improve heat integration in many industrial applications, thereby reducing heating 

requirements and greenhouse gas production. Applying innovative membranes for the treatment 

of high temperature and chemically harsh wastewater opens up new paradigms for delivering high-

quality water with low energy consumption [53]. 
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1.4 Overview of thermal properties of polymers 

1.4.1 Impact of temperature on polymer structure 

Polymers undergo different phase transitions when they are heated or cooled, such as glass 

transition, melting, crystallization, and decomposition. Polymers can be divided into 

thermoplastics and thermosets based on their behavior when exposed to heat [54]. Thermoplastic 

polymers have high processability and are readily recycled through melting, shaping and cooling. 

Thermoplastics operate in a wide range of temperatures [55]. Thermoplastics are made mainly of 

linear polymer chains that interact with each other via non-covalent forces such as van der Waals 

interactions and hydrogen bonds. Such weak interactions allow the chains high mobility, the ability 

to undergo phase transitions, and be dissolved in solvents. In contrast, thermosets are materials in 

which the polymer chains are connected via covalent bonds (crosslinks). When heated, thermosets 

remain in the solid state until their polymer chains eventually decompose. The cross-linked 

network of thermosets hinders chain motion, leading only to decomposition at high temperatures.  

The stages of a polymer’s thermal transitions can be explained by considering the 

physicochemical changes in the polymer structure across temperature variations. The glass 

transition temperature (Tg) is the point at which the polymer changes from a glass-like state into a 

rubbery form. Below this temperature, there is no significant dimensional variation in the polymer 

network. The melting point (Tm) is the temperature at which the polymer crystallites melt, and the 

polymer becomes an isotropic liquid. While Tg is attributed to amorphous polymers or the 

amorphous phase of semi-crystalline polymers, Tm is mainly associated with the crystalline phase 

of polymers [56]. The glass transition temperature is always lower than melting temperature and 

has a direct relationship with the degree of crystallinity of polymer [56,57].  

Polymers can also undergo chemical changes and decompose at high temperatures. The 

mechanisms of thermal degradation of polymers can be classified as random scission, 

depolymerization, and elimination of side groups [58]. Thermal decomposition of polymers occurs 

in different stages due to the different thermal resistance of their chemical groups. For the majority 

of polymers, the thermal stability of polymers is quantified by their first and second decomposition 

temperatures, as well as their decomposition temperature range. It is worth noting that thermal 

decomposition and thermal degradation of polymers do not stand for the same phenomenon. 

Thermal decomposition is an extensive change in the chemical structure of the polymer under 
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heating, while thermal degradation is attributed to the loss of the polymer’s properties, such as 

physical or mechanical properties [59].  

1.4.2 Influential factors on thermal properties of polymer 

The phase transition stages of polymers depend on the polymer’s intrinsic properties, including 

crystallinity, chain rigidity, backbone structure, crosslinking, steric hindrance effects and inter- 

and intra-chain interactions. Figure 1-4 schematically illustrates the factors that influence the 

thermal behavior of polymeric films. Based on degree of crystallization, polymers can be classified 

as amorphous or semi-crystalline polymers [24,60].  

 

Figure 1-4: Influential factors on thermal behavior of polymers. 

Amorphous polymer chains form disordered conformations, while semi-crystalline polymers 

consist of both ordered (crystalline lamella) and amorphous structures. The tendency of the 

polymers to form crystalline or amorphous phases is influenced by the regularity of the polymer 

chains and the strength of their intermolecular interactions [56,61]. In general, semi-crystalline 
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polymers have phase transition at higher temperatures than amorphous polymers. The glass 

transition temperature (Tg) can be considered as a property of the amorphous phase, while the 

melting temperature (Tm) is associated with the crystalline structure. In the glassy state, where the 

temperature is below Tg, atomic motion in the amorphous phase are limited, but they are even 

more restricted in the crystalline phase, where atoms can only vibrate around their equilibrium 

average positions. Above Tg, however, the higher thermal energy induces segmental motions of 

atoms in the amorphous phase, while atoms in the crystalline phase still retain their ordered 

structure (Beck et al., 1984; Kumar and Gupta, 2018; Walczak, 2012). Therefore, higher thermal 

energy is required for inducing segmental motion and phase transition (to rubbery state) in semi-

crystalline polymers compared to amorphous polymers. [62–64].   

The thermal phase transitions also vary with the rigidity of the polymer network. Chain rigidity 

or stiffness is caused by the restriction of segmental motion and rotation of polymer chains in the 

presence of stiffening groups. Primarily, the chemical bond energies of the polymer chains govern 

the thermal resistance of the polymers [65]. For instance, polytetrafluoroethylene (-CF2-CF2-)n is 

more thermally-stable than polyethylene (-CH2-CH2-)n due to the stronger C-F bonds compared to 

C-H bonds (C-F and C-H are 487 and 418 kJ mol−1, respectively) [59,66]. Several linkages with 

high bond cleavage (scission) such as amides, sulfones, and ketones improve the rigidity of the 

polymer network. The presence of aromatic compounds, such as phenyl groups, also hinders 

polymer chain motion via resonance stabilization or electron delocalization effects, leading to an 

increase in the glass transition and melting temperatures [38,58,65]. Conversely, the presence of 

flexible groups like alkyls, ethers, and C-C or C-O bonds, lowers the temperature of phase 

transition [67,68]. For instance, due to the presence of abundant C-H groups in their structures, 

fully aliphatic polymers exhibit lower glass transition temperatures compared to aromatic 

polymers [65,69]. As another example, the thermal phase transition temperature of PEEK (Tg = 

151 °C and Tm = 338 °C) can be enhanced by eliminating one ether group to form polyether ketone 

(PEK) (Tg = 160 °C and Tm = 372 °C) [70–72]. The mobility of a polymer chain is not only restricted 

by its single chain structure; rather, in a polymeric system, it is also influenced by adjacent chains 

[73,74].  

One of the most common interactions that affect the thermal behavior of the polymers is the 

tendency to form hydrogen bonds. The density of the hydrogen bonds can result in a variation of 
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the glass transition temperatures of the linear polymer chains. As an example, the difference 

between the glass transition temperature of polyethylene and polyamide is mainly attributed to the 

high tendency for hydrogen bond formation in the latter [75,76]. The well-known heat resistant 

polyamide fiber, Kevlar, has high crystallinity due to the presence of polar amide groups in an 

aromatic backbone structure, leading to the formation of an ordered hydrogen-bonded network 

[77]. The conjunction of space-filling groups, especially as side groups in the polymer backbone, 

may induce steric hindrance and thus lower the segmental motion in the polymer network. 

Halogen-containing polymers demonstrate a higher glass transition temperature, owing to the size 

of the halogen atoms [78]. Similarly, phenyl side groups in polystyrene (PS) hinder the flexibility 

of the chains, which partly explains its higher glass transition temperature (~100 °C), as compared 

to low-density polyethylene (LDPE) (-75 °C) with the similar backbone structure [56,79].   

1.5 Thermal characterization of polymers  

The thermal properties of the polymers can be evaluated using multiple characterization 

techniques such as differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 

dynamic mechanical analysis (DMA), and dynamic mechanical thermal analysis (DMTA). These 

techniques are commonly performed to evaluate the chemical structure, thermal transitions, 

viscoelastic behavior, thermal decomposition, and thermal conductivity of polymers.  

Figure 1-5 shows the schematic of a DSC cell and characteristic phase transition curves, 

including glass transition, crystallization, melting, and decomposition. DSC analyzes the heat flow 

of a sample during heating, cooling, or at constant temperature, compared to a reference sample. 

By gently heating the sample, it undergoes first and second order transitions. First-order 

transitions, such as melting and crystallization, involve changes in both heat capacity and enthalpy 

(latent heat). Second order transitions such as glass transition, on the other hand, involve changes 

in heat capacity but not in latent heat. At the glass transition temperature, the DSC thermogram 

baseline shifts before and after the transition, revealing the difference between the heat capacity 

of the glassy and rubbery regions. Furthermore, the melting point is determined by an endothermic 

peak in a heating thermogram of DSC, showing the required latent heat for the polymers 

crystallites to melt [80].  

DMA or DMTA is a technique for investigating the viscoelastic behavior and phase transition 

temperature of polymers. These techniques measure the glass transition temperature using the 
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differences in the rheological characteristics and the heat capacity over a range of temperatures. 

The storage modulus (𝐸′) and the loss modulus (𝐸") are measured, and tan 𝛿 is calculated as 

tan 𝛿=𝐸"/𝐸′. The glass transition temperature is defined as the maximum value of the tan 𝛿 curve, 

indicating a sharp decrease of 𝐸′ as the polymer transitions from a glassy to a rubbery state [81,82].  

Figure 1-5b illustrates a TGA cell which is commonly used to measure the thermal 

decomposition temperatures of polymers. Using this technique, the weight loss of the sample is 

measured continuously as a function of temperature. A typical TGA curve illustrates distinct 

weight loss regions at different temperatures, which can be attributed to adsorbed moisture (below 

100 °C), residual substances such as solvents, chain scission, and cleavage of polymer covalent 

bonds [83,84].  

Phase transition temperatures of polymers can also be evaluated using nanoscale thermal 

characterization techniques [78,79]. Nano-TA, presented schematically in Figure 1-5c, is an 

atomic force microscopy (AFM)-based thermal analysis, developed by Anasys Instruments 

Corporation to measure the melting and glass transition temperatures of single or multilayer 

polymeric samples. [80,81]. This technique utilizes a modified AFM cantilever with a heater-

equipped tip. Over a fixed point on the samples, the deflection of the AFM probe is continuously 

monitored while the tip temperature elevates steadily with time. The softening temperatures (Tg 

for amorphous polymers or Tm for semicrystalline polymers) are recorded when a significant 

variation in tip bending is captured due to penetration of the tip into the sample [85,86].  

In the case of polymeric membranes, it is very informative to evaluate the thermal stability of 

the membrane using direct performance tests (water flux and salt rejection measurements) at 

varying temperatures. When the solution temperature rises, the water viscosity decreases and thus 

the membrane water flux increases, which is quite favorable. However, polymeric membrane 

materials plasticize at high temperatures which, significantly reduces their performance regarding 

the rejection of contaminants [51]. Consequently, for high solution temperature applications, it is 

essential to maintain salt separation performance and the chemical and mechanical structure of the 

polymeric membrane at reasonable levels. As a matter of fact, the best method to evaluate the 

thermal stability of the polymeric membranes is monitoring the permeation, solute rejection, and 

mechanical robustness of the membrane at various operating conditions, such as cyclic heating 

and cooling and long-term exposure to the high-temperature solution [51,87]. 
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Figure 1-5: (a) Schematic view of DSC along with different thermal transition phases such as glass transition, 

crystallization, melting temperatures. Reproduced with permission of Wiley and Sons [83]; (b) Schematic illustration 

of TGA along with a sample curve of PES and PES/ITO nanocomposite membranes. Reproduced with permission of 

Elsevier [88]; (c) Schematic view of  Nano-TA along with sample curves. Reproduced with permission of Elsevier 

[85,89] 

1.6 Progress of development of thermally stable TFC membranes 

1.6.1 Novel thermally stable membranes in commercial scale 

The majority of commercially available RO and nanofiltration TFC membranes are 

recommended to be used at feed temperatures below 45 °C. In recent years, a few thermally stable 

membrane modules have emerged in the market to address the need for hot water purification. The 

main developments have focused on the design of spiral elements, rather than on the polymeric 

membrane material itself. For instance, XUS120308 and XUS120304 are thermally robust RO 

elements that are specifically designed by DuPont™ to operate at feed temperatures up to 80 °C. 

These elements also feature a machined polypropylene rigid outer shell (called DOW 

HYPERSHELL™ technology) which is necessary for sanitary food application and use DOW 

FILMTEC™ SW30 polyamide TFC membranes to provide high salt rejection performance when 

operated at higher temperatures. DurathermTM HWS series is another line of commercially 

available, high-temperature elements developed by SUEZ Water Technologies & Solutions 

(previously known as GE Osmonics and Desal or DSI) which contain RO, NF and UF flat sheet 

membranes.  These elements can be hot water sanitized up to 90°C and operated continuously up 

to 50 °C. For applications between 50 and 70 °C, the manufacturer’s data sheet provides helpful 

guidance on performance impacts such as salt (NaCl) rejection loss of about 3% for filtration at 70 

°C. Similarly, the Hydranautics Nitto group fabricates the HYDRApro® 500 series membranes 
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for higher temperature industrial process applications and also includes a curve that lowers the 

maximum operating pressure as the feed water temperature increases. Table 1-1 lists some of the 

thermally stable polymeric membranes made with new elements or designed to operate at high 

water temperatures.  

Table 1-1: Some of the commercially available spiral wound polymeric membrane elements for higher temperature 

water treatment. 

           Brand     Model      Type 
Max. operating 

pressure (psi) 

Max. operating 

temperature (°C) 

Microdyn Nadir 

(TRISEP®) 

TurboClean High-

Temperature RO 

8040 

ACM Fully 

aromatic PA 

advanced composite 

membrane 

300 70 

DuPont Water 

Solutions 

(FILMTECTM) 

XUS120308 and 

XUS120304 RO 

PA TFC based 

RO sheets with 

machined 

polypropylene shell 

435 80 

Nitto Group 

Company 

(Hydranautics) 

HYDRApro® 500 

Series 
PA composite 300 90 

SUEZ Water 

Technologies & 

Solutions 

(Osmonics, Desal) 

Duratherm™ HWS 

Series 

Durasan™ cage 

outer wrap, 

polysulfone ATD, 

and central tube 

200 70 

Microdyn Nadir/Trisep TurboClean High Temp RO 8040 advanced composite membranes 

(ACM) consists of a fully aromatic polyamide top layer that provides 99% salt rejection at 

temperatures as high as 70 °C. The XUS120308 and XUS120304 RO modules of DuPont Water 

Solutions is equipped with FILMTEC™ SW30 polyamide membranes. The special element and 

membrane design are claimed to provide continuous operating up to 80 °C with 99.4% salt 

rejection. However, the maximum operating temperature of FILMTEC™ SW30 is 45 °C. 

HYDRApro® 500 is a low-fouling spiral wound module made by Nitto Group 

Company/Hydranautics, which houses polyamide composite membranes. These membranes are 

specially designed to treat a variety of challenging industrial water streams, including high fouling, 

high temperature (up to 70 °C), or chemically aggressive wastewaters with the average salt 

rejection of 99.5%. The Duratherm™ HWS series of SUEZ Water Technologies & Solutions 

(Osmonics, Desal) includes ultrafiltration, nanofiltration and reverse osmosis membrane elements 

specifically designed to sanitize hot water at feed stream temperatures up to 70 °C. Duratherm™ 

HWS RO thin film membranes provide salt rejections higher than 99%. 
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1.6.2 Novel thermally stable membranes in lab-scale 

The recent efforts to improve the thermal stability of TFC membranes have focused on limiting 

the segmental motions of both the top active layer and the bottom support layer. At elevated 

solution temperatures, the polymer chain network becomes more flexible, which results in a 

significant loss of separation performance. The proposed methodologies to restrict membrane pore 

expansion can be categorized as (i) modification of the chemical structure of the active layer, (ii) 

tuning of the chemical structure of the porous sublayer, or (iii) incorporation of nanofillers into 

both active and support layers. 

(i) Modification of the active layer 

Table 1-2 contrasts the performance of thermal resistant TFC membranes with modified active 

and support layers. Many studies listed in this table investigated the effect of membrane synthesis 

parameters, such as type and concentration of monomers, reaction time, and curing 

time/temperature needed to make thin films with denser, more rigid, and more cross-linked 

structures. Dodda and Kullova [90] investigated the effect of reaction conditions including 

monomer type and concentration, reaction time, curing time and temperature on the permeability 

and physicochemical properties of TFC membranes. Different amine monomers 

diethylenetriamine, 1,3-cyclohexanebis(methylamine) (CBMA), 2,3-diaminopyridine (DAP), m-

phenylenediamine (MPD), piperazine (PIP) or a mixture of MPD and PIP/DAP – were reacted 

with trimesoyl chloride (TMC) over a reinforced PES microporous support to form polyamide 

films with different chemical structures. The permeation properties and the phase transition 

temperatures of the prepared polyamide films varied significantly with the chemical composition 

and concentration of the reacting monomers. Increasing TMC concentration from 0.01 wt.% to 0.2 

wt.% in organic solution caused the Tg of the resulting poly(CBMA-TMC) membranes to rise from 

198 °C to 212 °C. A similar increase in Tg was reported for polyamide films made using higher 

concentrations of amine monomers at a fixed TMC concentration. The higher Tg was attributed to 

the higher molecular weight of the polyamide films made at higher monomer concentrations.  

Dodda et al. [91] investigated the effect of the monomer structural chemistry on the permeation 

and thermal stability of polyamide TFC membranes. The membranes were prepared by interfacial 

polymerization between amic acid diamines (AADs) and trimesoyl chloride (TMC). The AADs 

were synthesized by reacting trimellitic anhydride chloride (TMAc) with five different diamines, 
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including 1,3-cyclohexanebis(methylamine) (CDA), 4,4´-diaminophenylmethane (MDA), 4,4´-

oxydianiline (ODA), 3-aminophenyl sulfone (3APS), and m-phenylenediamine (MPD). Since the 

synthesized amine monomers had different chemical and structural compositions, they formed 

nanofiltration and reverse osmosis membranes with a range of permeation performance. The glass 

transition temperature of the prepared membranes was found to strongly depend on the 

concentration and chemical structure of the reactants. Moreover, the polyamide films that had 

contained aromatic groups exhibited higher Tg due to their stiffer chain networks compared to 

polyamide membranes with aliphatic groups. The highest Tg was reported as 240 °C for 

poly(TMAc–MPD–TMC) TFC membranes.  

Aromatic and semi-aromatic polyamides have more thermal resilience than those with aliphatic 

structures, owing to their aromatic rings such as phenyls, benzenes, and furans [92,93]. Han [94] 

reacted amine and acyl chloride monomers with aromatic and triazine rings to improve the thermal 

resistance of polyamide TFC membranes. The polyamide films were prepared by the interfacial 

polymerization of 2,4,6-triamino-1,3,5-triazine (known as melamine) and TMC over 

polyetherimide (PEI) ultrafiltration substrates. The poly(melamine-TMC) membranes had higher 

thermal and chlorine resistance than poly(PIP-TMC) membranes. When the operational feed 

temperature increased from 18 °C to 95 °C, the water flux of the poly(melamine-TMC) TFC 

membranes increased from 32 LMH (Liters per square Meter per Hour) to 138 LMH, without a 

significant variation in solute rejection (78% for Na2SO4).  

Wei et al. [87] studied the impact of the chemical structure of amine reactants on the thermal 

stability of polyamide TFC membranes. Diamines inducing m-phenylenediamine (MPD), 

piperazine (PIP), and 1,2-dimethylenediamine (DMDA) were reacted with trimesoyl chloride 

(TMC) over a poly(phthalazinone ether sulfone ketone) (PPESK) substrate to study the effect of 

the MPD aromatic rings, PIP alicyclic rings, and DMDA aliphatic linear structure on the thermal 

stability of the synthesized membranes. The salt rejection rates showed that the fabricated 

polyamide films with fully aromatic (poly(MPD-TMC)) structures exhibited the best thermal 

resistance and the least sensitivity to solution temperature, followed by alicyclic aromatic 

(poly(PIP-TMC), and finally aliphatic aromatic (poly(DMDA-TMC)) membranes. Such a high 

thermal tolerance was attributed to the higher rigidity of the aromatic diamine constituents. 
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Table 1-2: Summary of the studies reported on development of thermally stable TFC membranes by tuning the 

chemistry of the selective polyamide layer.  

Constituent 

Monomers 

Substrate 

Material 

Operating 

Pressure 

(MPa) 

Operating 

Temperature 

(°C) 

Flux 

Enhancement 

(LMH) 

Solute Rejection 

(%) 
Solute Ref. 

PIP-TMC PPEA 1  25-80  87 to 264 
12.2-6.9 NaCl 

[95] 
99.3-99.7 ACBK 

PIP-TMC PPBES 1  18-85  61 to 290  92-88.5 Na2SO4 [96] 

PIP-TMC PPENK 1  20-80  50 to 197  95.1-95.1 Na2SO4 [97] 

PIP-TMC 

(reinforced 

by GO) 

PES 0.6  30-80  20 to 35  97-97 Na2SO4 [98] 

Melamine-

TMC 
PEI 1  18-95  32 to 138 78-78 Na2SO4 [94] 

MPD-TMC 

PPESK 1.2  20-90  

10 to 30  97.6-97.3 Na2SO4 

[87] 
DMDA-

TMC 
8 to 24  88.4-76 Na2SO4 

PIP-TMC 24 to 58  96.8-93.2 Na2SO4 

MDP-TMC PI 2.76 20-95  31 to 165  98-98 NaCl [43] 

PIP-TMC 

PSf 

0.8  30-80  

55 to 105  96.5-91 Na2SO4 

[99] PES 55 to 84  91-93 Na2SO4 

PEI 70 to 120  94.5-98 Na2SO4 

 

Several studies have reported the promising thermal resistance of sulfonated polymer films as 

an active layer for TFC membranes. Guan et al. [100] developed new composite nanofiltration 

membranes by coating a sulfonated copoly (phthalazinone biphenyl ether sulfone) (SPPBES) as a 

selective layer on PPESK ultrafiltration substrate. The permeation performance of the SPPBES 

films was optimized by evaluating the impact of SPPBES concentration, the degree of sulfonation, 

the concentration of the crosslinking agent, and the temperature and duration of thermal post-

treatment. The results revealed that the SPPBES-PPESK nanofiltration membrane provided three 

times higher permeation flux (32 to 95 LMH) with 2% loss in Na2SO4 rejection (~ 90%) when the 

feed temperature was elevated from 20 °C to 90 °C. The low salt rejection sensitivity of the 

prepared TFC membranes to feed temperature was attributed to the high rigidity of the cross-linked 

SPPBES active layer, which is composed of fully aromatic structure. 

Han et al. [101] developed thermally resistant hollow fiber nanofiltration TFC membranes by 

coating sulfonated poly(phthalazinone ether sulfone) (SPPES) as the selective layer over a 
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poly(phthalazinone ether sulfone) (PPES) substrate. PPES was selected as a thermally stable 

substrate due to its high glass transition temperature of 305 °C. Several synthesis conditions were 

investigated to optimize the performance of the SPPES films. Enhancement of water flux from 8.7 

LMH to 58 LMH, with a slight decline in Na2SO4 rejection (from 93.6% to 92.5%), was reported 

when the feed temperature raised from 20 °C to 90 °C. In most cases, Na2SO4 was selected as the 

solute to investigate the membrane performance at higher temperatures, but the fabrication of RO 

membranes with a reasonable NaCl rejection at high temperature remains a challenging issue. 

(ii) Modification of the support layer 

The support layer of the TFC membrane significantly affects the thermal stability of the TFC 

membrane. Since the active layer and the substrate are firmly attached, any stress on the substrate 

would be reflected in the active layer. Hence, the expansion of the support layer pores at high 

temperatures can severely stretch the active layer and create pathways (defects) for the penetration 

of solutes.  

Wei et al. [87] studied the impact of the support layer on the thermal stability of polyamide 

TFC membranes. Novel poly(phthalazinone ether sulfone ketone) (PPESK) porous membranes 

were compared with polysulfone (PSf) as a substrate for TFC membranes made by interfacial 

polymerization between m-phenylenediamine (MPD) and trimesoyl chloride (TMC). The 

polyamide/PPESK TFC membranes were more thermal resistant, with stable salt rejection, than 

polyamide/PSf TFC membranes. The observed performance was attributed to the superior physical 

properties and higher Tg (284°C) of PPESK as compared to the PSf substrate. Wu et al. [95] 

investigated the effect of synthesis parameters and operational conditions on the permeation 

performance of the nanofiltration polyamide TFC membranes prepared using piperazine (PIP) and 

TMC over a thermally-stable poly(phthalazinone ether amide) (PPEA) ultrafiltration substrate. 

The concentration of reacting monomers, as well as the immersion time in aqueous and organic 

solutions, were studied. The flux of the optimized poly(PIP-TMC)-PPEA nanofiltration 

membranes increased steadily from 87 LMH to 265 LMH when the operation temperature 

increased from 25 °C to 80 °C. When tested with a dye-salt mixed solution, the prepared polyamide 

membranes provided a similar rejection rate (above 99%) for acid chrome blue K (ACBK) dyes at 

low and high temperatures. However, a decline of about 5% (from 12.2% to 6.9%) was observed 

for NaCl rejection. Bo and Economy [43] developed thermally-stable TFC RO membranes by 
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synthesizing novel asymmetric poly(pyromellitic dianhydride-co-4,4 -oxydianiline) polyimide 

(PMDA/ODA polyimide) substrate. The polyamide active layer was prepared by interfacial 

polymerization using MPD and TMC. Imide bonds are stable groups at high temperatures. The 

PMDA/ODA polyimide has a glass transition temperature of approximately 400 °C. The 

permeation flux of NaCl solution increased from 31 LMH to about 164 LMH with a steady salt 

rejection (98%) rate when the feed temperature was elevated from 25 °C to 95 °C. The consistent 

separation performance of the TFC membranes was attributed to the high mechanical stability of 

the polyimide support layer that prevented pore expansion in the active layer. Han et al. [96] 

developed copoly (phthalazinone ether sulfone) (PPBES) as a substrate for poly(PIP-TMC) 

nanofiltration composite membranes. Due to the presence of heterocyclic groups in the backbone 

of PPBES, this polymer has a high glass transition temperature of about 289 ℃. Increasing the 

feed water temperatures from 18 °C to 85 °C enhanced the permeate flux from 61 to 290 LMH 

with a slight decline in Na2SO4 rejection from 92.0 to 88.5%. Furthermore, over a 72-hour 

permeation test, the PPBES-based composite membrane exhibited a robust performance while the 

PSf-based membranes could not survive the high-temperature operation. Hu et al. [97] fabricated 

novel thermally resistant nanofiltration poly(PIP-TMC) TFC membranes using poly(phthalazione 

ether nitrile ketone) (PPENK) as a substrate. The PPENK ultrafiltration substrate was selected 

because of its high glass transition (277 °C) owing to its aromatic, heterocyclic, and twisted non-

coplanar structure. The effect of interfacial polymerization parameters, such as the concentration 

of PIP and TMC monomers concentration, reaction time, and the type of organic solvents, were 

also investigated. The synthesized polyamide-PPENK membranes exhibited about four times 

higher water flux with almost stable salt rejection (about 95% for Na2SO4) at 80 °C compared to 

20 °C. The invariant separation performance of the prepared membranes was attributed to the high 

hydrophilicity of PPENK support due to the presence of polar cyano (nitrile) groups, as well as 

the improved binding between the polyamide active layer and the PPENK substrates. Misdan et 

al. [99] investigated the effect of the substrate structure on the performance of the composite 

nanofiltration membranes at different operating temperatures. Polysulfone (PSf), polyethersulfone 

(PES) and Polyetherimde (PEI) were used as microporous supports for the poly(PIP-amide) active 

layer.  
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Table 1-3: Chemical structure of the polymers commonly used for improving the thermal stability of the TFC 

membranes 

Name Structure 

Polysulfone 

(PSf) 

 

Polyethersulfone 

(PES) 

 

Polyetherimide 

(PEI) 

 

Poly(Phthalazinone 

Ether Amide) 

(PPEA) 

 

Poly(Phthalazinone 

Ether Sulfone 

Ketone) 

(PPESK) 

  

Copoly 

(Phthalazinone 

Biphenyl Ether 

Sulfone) 

(PPBES) 
 

 

The thermal resistance of the TFC membranes was found to be influenced by the 

physicochemical properties of both support and the polyamide active layer. X-ray photoelectron 

spectroscopy (XPS) results revealed that the polyamide-PSf membranes had a higher degree of 

cross-linking than PEI- and PES-based polyamide TFC membranes with more linear structures. 

The PEI-based TFC membranes provided superior water flux at elevated temperatures compared 

to PES- and PSf-based TFC membranes due to having fewer cross-linked polyamide in the active 
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layer. Contrary to polyamide/PES and polyamide/PSf membranes, which showed lower salt 

(Na2SO4) rejection, the salt removal efficiency of the polyamide/PEI membranes improved as the 

feed solution increased to 80 °C. The low thermal resistance of the polyamide/PSf membranes was 

attributed to the lower Tg of the PSf substrate, which enlarged the void size of the polyamide active 

layer. Table 1-3 presents the chemical structure of the support layers used for fabrication of 

thermally stable TFC membranes. 

(iii) Incorporation of nanofillers into TFC structure 

Incorporating multifunctional inorganic nanofillers into the structure of the TFC membranes 

to synthesize thin-film nanocomposite (TFN) membranes have shown promising potential to 

improve the thermal and mechanical characteristics. Table 1-4 summarizes the recent 

developments of TFN membranes which achieve higher thermal resistance by adding nanofillers 

to either the selective layer or the substrate. To ensure the nanoparticle are well dispersed in, and 

compatible with, the host polymer, different surface modifications technique are employed to tune 

the surface chemistry of nanoparticles. Since amines and acyl chlorides are the  two most common 

monomers used in interfacial polymerization, surface modification strategies such as acid 

functionalization (Rakhshan and Pakizeh, 2015), amination [102,104], and chlorination [98] have 

been used. 

Rajaaeian et al. [102] developed TFN nanofiltration membranes by incorporating 

aminosilanized TiO2 nanoparticles (NPs) into polyamide active layer. Based on thermogravimetric 

analysis (TGA) data, lower weight loss was recorded compared with base TFC membrane and the 

synthesized TFN by unmodified TiO2 nanoparticles, showing the strong interactions between 

modified TiO2 nanoparticles and polyamide chains. Fathizadeh et al. [105] reported that the 

addition of NaX nano-zeolites into the polyamide layer improved the glass transition temperature 

of the resulting TFN membranes by about 17% compared to unmodified polyamide TFC 

membranes. No permeation performance at elevated temperatures was reported. 

The major challenge in fabricating a defect-free nanocomposite membrane has been preventing 

the aggregation of the dispersed nanomaterials during the interfacial polymerization. Therefore, 

the preparation of well-dispersed nanofillers suspension in either aqueous or organic monomer 

solution is of high importance for the development of a robust TFN membrane. This is 

accomplished primarily by using surface modifying agents, e.g., surfactants, and attaching proper 
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functional groups to the nanomaterials, which can contribute to the interfacial polymerization, e.g., 

COCl. Rakhshan and Pakizeh [103] prepared nanocomposite polyamide membranes using oleic 

acid-modified silica nanoparticles. The TFN polyamide membranes were fabricated by dispersing 

surface modified silica nanoparticles in TMC-organic solution prior to the interfacial 

polymerization. It was reported that the functionalization of silica nanoparticles with oleic acid 

shifted the initial decomposition temperature of the polyamide layer from 452 °C for neat 

polyamide to 490 °C for SiO2/polyamide. The intensified interactions between the polyamide 

network and silica nanoparticles improved the thermal properties of the prepared TFN membranes. 

Khorshidi et al. [106] developed thermally-stable RO membranes by incorporating TiO2 

nanoparticles into the polyamide active layer. In order to lower the aggregation of the 

nanoparticles, the TiO2 nanoparticles were synthesized and surface modified by oleic acid using 

biphasic solvothermal reaction.  

Figure 1-6 demonstrates the synthesis of the surface functionalized TiO2 as well as the 

sequential steps of TFN fabrication through interfacial polymerization. The real-time interfacial 

polymerization and entrapment of monodispersed nano-sized TiO2 nanoparticles (10 nm) within 

the polyamide matrix improved the onset of intense thermal degradation about 20 °C compared to 

the pristine TFC membrane. Furthermore, the TFN membrane with an optimum concentration of 

the TiO2 nanoparticles (0.0124 wt.% in heptane) exhibited higher water flux and more stable 

performance compared to unmodified TFC polyamide membrane over a 6 h filtration test at 65 

°C.  

By grafting magnesium silicate (MgSiO3) nanoparticles on polyamide surface using 2-

acylamido 2-methyl propane sulfonic acid (AMPS) monomers, Kotp et al. [107] also improved 

the thermal properties of TFC membranes. Due to the stronger chemical bonds of polyamide 

network with the modified nanoparticles and the sulfonic group, the incorporation of MgSiO3 

nanoparticles shifted the initial thermal decomposition temperatures about 50 °C [107].  

Wen et al. [98] developed TFN nanofiltration membranes by incorporating acyl chloride 

graphene oxide (GO) nanofillers into the polyamide layer. The TFN polyamide/GO-COCl 

membranes provided superior water flux and salt rejection compared to the TFC polyamide 

membranes. In addition, increasing the feed temperature from 30 °C to 80 °C, improved the water 
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flux of the TFN polyamide/GO-COCl membranes about 75% with no sacrifice in salt rejection 

percentage.  

Li et al. [108] demonstrated that the incorporation of carboxylated graphene oxide (cGO) 

nanoparticles into the structure of poly(PIP-amide) nanofiltration membranes enhanced the 

permeation flux at high temperature without a notable loss of salt rejection. Wu et al. [109] showed 

that with the incorporation of the multi-walled nanotube (MWNT) into the polyamide active layer, 

the temperature associated with the highest decomposition rate increased from 197 °C to 209 °C.  

Ormanci-Akar et al. (Ormanci-Acar et al., 2018) made TFN membranes by incorporating 

halloysite nanotubes (HNTs) into the polyamide layer and tested all the samples at three different 

temperatures (15 °C, 25 °C, and 40 °C). The TFN sample made by adding 0.04 w/v% of HNT into 

the organic solution led to higher fluxes and almost the same rejection of setazol reactive dye 

solution compared with the pristine membrane at different operating temperatures, indicating the 

thermal stability of new membranes. 

 

Figure 1-6: (a) Schematic synthesis route of TiO2 NPs via biphasic solvothermal reaction and (b) fabrication of TFN membranes 

via adding TiO2 NPs during interfacial polymerization. Reprinted from [106]. 
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Table 1-4: Effect of incorporating nanoparticles into TFN membranes on their thermal properties. 
 

Selective 

layer / 

Substrate 

layer 

Incorporated 

layer 

Type of 

nanoparticl

e 

Nanoparticle 

concentratio

n* 

Nanoparticle 

functionalization 

Improvement of 

thermal properties 
Ref. 

PA/PES Selective TiO2 

0.005 wt% (in 

aqueous 

solution) 

Aminosilanization 

Lower weight loss 

compared with neat TFC 

and TFC with pure 

nanoparticles after TGA 

[102] 

PA/PES Selective TiO2 

0.0245 wt% 

(in organic 

solution) 

Acid 

functionalization 

(biphasic 

solvothermal 

method) 

Improvement of onset of 

intense degradation 

temperature (20 ℃) 

(based on TGA) 

[106] 

PA/PSf Selective SiO2 

3.3 wt/v% (in 

organic 

solution) 

Acid 

functionalization 

(1) Improvement of initial 

decomposition 

temperature (8 %) 

(2) higher residual mass 

compared with neat TFC 

(5.7%) after TGA 

[103] 

PA/PEI Substrate SiO2 

5 wt% (in 

substrate 

layer) 

Aminosilanization 

(1) Improvement of first 

(12.19 ℃) and second 

(18.95 ℃) decomposition 

temperatures of substarte 

layer, (2) higher residual 

mass compared with neat 

TFC (15.6%) after TGA 

[104] 

PA/PSf Selective MgSiO3 

0.1% of 

monomer 

concentration 

- 

Improvement of the 

initial decomposition 

temperature (~80 ℃) 

compared to base TFC 

membrane (based on 

TGA) 

[107] 

PA/PES Selective GO 

0.002 wt/v% 

(in organic 

solution) 

Acyl chlorination 

Water flux increased by 

~0.76 with consistent 

rejection in the 

temperature range of 30-

80 ℃ 

[98] 

PEST/PSf Selective MWNT 

0.05 wt/v% 

(in aqueous 

solution) 

Carboxylation 

Improvement of 

temperature at highest 

decomposition rate (12 

℃) compared with base 

TFC membrane (based on 

TGA) 

[109] 

PA/PES Selective 
NaX nano-

zeolite 

0.2 wt/v% (in 

organic 

solution) 

- 

(1) Improvement of Tg 

(36 ℃), and (2) wider 

initial decomposition 

temperature range as 

compared with base TFC 

[105] 

PA/PSf Selective HNT 

0.04 wt/v% 

(in organic 

solution) 

- 

Water flux increased 

without considerable loss 

on rejection for the 

temperature range of 15-

40 ℃ 

[110] 

 

* Highest thermal properties were achieved at this concentration 
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1.7 Research objectives 

The objective of this thesis was to develop a strategy, based on systematic design and 

materials selection, to make and characterize highly permeable and thermally resistant thin film 

composite (TFC) membranes. This goal was met through several steps: tuning the chemistry of 

the polyamide layer using novel multifunctional monomers, incorporating functionalized 

nanoparticles with high thermal resistance in the polyamide layer, and modifying the current 

fabrication method of TFCs using additives and a new substrate. These steps were needed to 

overcome the existing limitations in the synthesis of high-performance selective layers.  

To achieve this goal, the research adopted the following approach: 

1. Fabrication of robust and permeable membranes by tuning the chemistry of the selective 

layer using a new multifunctional monomer: The first phase of this research used new 

amine and acid chloride monomers to make new polyamide selective layers in TFC 

membranes. Monomer reactivities, chemical structure stability, and membrane structure 

requirements were the factors that were considered. A major advantage of interfacial 

polymerization is the flexibility for material selection and fabrication parameters, but the 

synthesis of a uniform and integrally-skinned film is a serious challenge. This becomes 

even more challenging when we realize that, for the last two decades, no other polymer 

selective layer for reverse osmosis (RO) membranes has been developed with better 

properties than those of polyamides. The introduction of a new monomer, 

triaminopyrimidine (TAP), into the traditional polyamide structure was considered to 

synthesize copolymers that allowed for synergistic interactions among the different 

monomers. Changing monomer concentrations and introducing additives were of prime 

importance to attain much higher separation performances in terms of flux and rejection as 

well as thermal stability, compared with available commercial membranes. 

2. Exploiting hydrophilic and high thermal properties of nanofillers to modify bulk and 

surface properties of the selective layer of polyamide membranes: Introducing surface-

functionalized nanomaterials in the host polyamide membrane matrix to modify its thermal 

stability and surface properties is a well-known and promising approach. One of the critical 

challenges is to finely disperse and avoid self-agglomeration of the nanoparticles due to 

van der Waals interactions. Indeed, the nanoparticles concentration should be optimized to 
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make defect-free membranes and with high flux. While nanoparticles have been 

incorporated into polymer membranes to make them thermal-stable, they also restrict 

polymer segmental motions and decrease the structural free volume of the membrane, 

which lowers their permeability. Therefore, we needed to find ways to make novel 

polymeric membranes that had high perm-selectivity as well as high resistivity at high 

temperatures.    

3. Providing guidelines for filtration methodologies in high-temperature RO processes: 

Developing high temperature RO membranes is a new field of study. There are no 

standards for testing the membranes at high temperatures, unlike antifouling experiments, 

chlorine resistance filtrations, and antibacterial evaluation. It is very important to introduce 

guidelines for high temperature testing because they will motivate more contributions in 

this field and establish standard experimental methods. 

1.8 Thesis structure 

The current thesis is prepared in a paper-based format. Chapters 2, 3, 4, and 5 were based 

on the published or submitted papers.  

Chapter 2 describes materials and characterization techniques used in Chapter 3, 4, and 5, 

particularly the fabrication of polyamide TFC membranes, which is as the heart of all experimental 

methodologies for making membranes in this thesis. Further experimental method details for each 

project are presented in later chapters.  

Chapter 3 explains the use of a new triamine monomer, TAP, to control the cross-linking 

degree of the polyamide structure of TFC membranes. Two types of TAP-modified membranes, 

one for RO and one for forward osmosis (FO) process, with different fabrication routes are 

described in this chapter. The effect of TAP on the thermal stability, water permeability is also 

explained.  

Chapter 4 reports the results of bulk and surface modification of the polyamide layer of 

thin film nanocomposite (TFN) and TFC membranes with amine-functionalized nanodiamond 

(ND) particles. The effect of diamond nanoparticles on the performance of polyamide membranes 

at elevated temperatures was investigated. In the second part of this chapter, the ability of ND 

particles to to make an antifouling layer on the polyamide surface was explored. Our results 

highlight the importance of controlling the structure of polyamide films on the separation 
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performance of TFC membranes. The first part of this chapter focused on RO filtration since the 

performance of the membrane at high temperature/pressure was the main interest of study. In the 

second part, the surface properties of the membranes was modified. Therefore, the antifouling 

properties of the membranes were explored using forward osmosis filtrations (no applied pressure).   

Chapter 5 introduced high temperature filtration methodologies for three commercial 

membranes. The effect of temperature on the morphological and chemical structure of TFC 

membranes was also investigated.  

Finally, Chapter 6 summarizes the main outcomes of the research presented in this 

dissertation. We also gave a perspective for future research directions of in the field of high-

performance thermally stable TFC membranes.  
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Chapter 2                                                           - 

Materials and Methods* 

  

                                                           
* This chapter is organized based on reference [150,153,166]. 
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2.1 Materials 

Commercial flat sheet polyethersulfone (PES) membranes with the average pore size of 30 nm 

and 200 nm were purchased from Sterlitech Co. (WA, USA), and used as the substrates for the 

synthesis of TFC membranes. SUEZ AG, SUEZ AK, and SUEZ AD as flat-sheet commercial 

polyamide TFC membranes were supplied by SUEZ Water Technologies & Solutions (MN, USA).  

MPD (≥ 99%), TMC (98%), and TAP (97%) were received from Sigma-Aldrich, and used as 

reacting monomers for the synthesis of polyamide TFC membranes. n-Heptane (≥99%) was 

purchased from Fisher Scientific. Sodium dodecyl sulfate (SDS) and triethylamine (TEA) were 

purchased from Fisher Scientific, and used as additives in aqueous-amine solution. Ethyl acetate 

as the co-solvent in the organic TMC solution was received from Fisher Scientific. 

Detonation nanodiamond (ND) was purchased from US Research Nanomaterials Inc. 

(Houston, TX, USA) with an average particle size of 3-10 nm, specific surface area of 272.6289 

m2/g, purity of >98.3%, and density of 3.05-3.30 g/cm3. ND particles were used for fabrication of 

TFN membranes as well as surface modification of TFC membranes. Ethylenediamine (EDA), 

Thionyl chloride (≥ 99%), anhydrous tetrahydrofuran (≥ 99.9%), and dimethylformamide were all 

obtained from Sigma-Aldrich, and used for the surface functionalization of ND particles. All 

chemicals were used as received, without further purification.  

For the fouling experiments, sodium alginate (SA, 12-80 kDa, St. Louis, MO) and bovine 

serum albumin (BSA) were obtained from Sigma-Aldrich and ChemCruz, respectively, and used 

as the organic foulants. Calcium chloride (CaCl2) was obtained from Fisher Scientific to be added 

to the foulant solution as a chain cross-linker.  

2.2 Preparation of the TFC polyamide membranes 

The polyamide TFC membranes were prepared by interfacial polymerization of the selective 

layer on top of a microporous PES support. As shown in Figure 2-1, the polymerization took place 

at the interface of two immiscible aqueous and organic solvents containing amine monomer(s) and 

acid chloride monomer. In the first step, the PES support was impregnated with aqueous solutions 

containing amine monomer(s), sodium dodecyl sulfate (SDS) and triethylamine (TEA) for 9 min. 

TEA acts as the catalyst and shifts the polymerization equilibrium reaction towards the synthesis 

of polyamide by consuming the by-product, HCl.  
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SDS surfactant was used to improve the affinity between the two solutions at the interface and 

to accelerate the reaction in the organic phase. After removing the excess amines by rolling the 

support, the TMC solution was poured onto the impregnated support for the synthesis of polyamide 

layer. The produced membranes were dried in air followed by curing at 60 ℃ for 4 min. All the 

specimens were then rinsed with deionized water to eliminate any remaining monomer solution, 

and stored in a deionized water bath before characterization.  

 

Figure 2-1:  Schematic of interfacial polymerization on PES support. 

2.3 Characterization of fabricated membranes and nanoparticles 

2.3.1 Chemical characterizations 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and X-ray photoelectron 

spectroscopy (XPS) were used to determine the chemical composition of the polyamide layer. The 

FTIR adsorption spectra were recorded using an Agilent Technologies, Cary 600 series FTIR 

spectrometer operated at room temperature over the range of 400-4000 cm-1, at 4 cm-1 resolution 

and 30 scans. Chemical bonds and elemental composition (O, C, and N) of the polyamide layer 

were also analyzed with Kratos AXIS ULTRA XPS equipped with a monochromatic Al Kα X-ray 

source. The information was collected from 1-10 nm thickness of the surface layer in the range of 

0-1100 eV with high-resolution scans of 0.1 eV.  



39 

 

Thermogravimetric analysis (TGA) and ATR-FTIR were conducted to determine the surface 

characteristics of as-received and functionalized ND particles. The thermal stability of ND 

particles was evaluated using TGA-Q500 (TA instrument, USA). TG curves were recorded over 

the temperature range of 25-800 ℃ with a heating rate of 10 ℃/min under a nitrogen atmosphere. 

To study the crystallinity of ND particles and the membranes, the X-ray diffraction (XRD) spectra 

were recorded by a Rigaku XRD Ultima IV machine with the rate of 2 degrees/min.  

2.3.2 Morphological analysis 

The surface image of the PES support, TFC, and TFN membranes were observed with field-

emission scanning electron microscopy (FESEM, Zeiss Sigma 300 VP) and transmission electron 

microscopy (TEM, Philips/FEI Morgagni 268, The Netherlands). The surface topography of the 

membranes was evaluated using atomic force microscopy (AFM, Bruker Dimension Icon, USA) 

in tapping mode in air. The roughness data including average roughness (Ra) and root-mean-

square roughness (Rq) were also estimated using Nanoscope software. 

2.3.3 Evaluation of the membrane surface wettability   

Contact angle measurement using Krüss DSA 100 instrument (Krüss GmbH, Germany) was 

performed to study the surface hydrophilicity of the membranes. The static contact angle was 

reported at the first moment of placing a sessil droplet of water on the membrane surface 

2.3.4 Evaluation of transport properties and salt rejection in RO filtration 

The separation performance of the membranes was evaluated using a cross-flow filtration setup 

(Sterlitech Corp., USA). Figure 2-2 illustrates a schematic of a laboratory RO cross-flow filtration 

setup. The transmembrane pressure (TMP) and feed flow rate were set based on each experiment. 

The feed temperature was controlled using a circulating water bath (Isotemp3013, Fisher 

Scientific). All components of the filtration setup, including the feed tank, connecting tubes, and 

fittings, were insulated to minimize the heat loss during the filtration at high temperatures. To 

evaluate the NaCl rejection, the conductivities of the feed and permeate solution were measured 

using a conductivity meter (Accumet AR50, Fisher Scientific). Then, the conductivity data was 
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converted to NaCl concentration using a calibration curve. The permeate flux (𝐽𝑊) and NaCl 

rejection (R) were calculated as follows: 

𝐽𝑊 =
∆𝑚

𝜌.𝐴.∆𝑡
            (2-1) 

𝑅 (%) = (
𝐶𝐹−𝐶𝑃

𝐶𝐹
) × 100         (2-2) 

where ∆𝑚 is the mass difference of the collected permeate, 𝜌 is the permeate density, A is the 

effective surface area of membrane (20.6×10−4 m2), ∆𝑡 is the time interval, and 𝐶𝐹 and 𝐶𝑝 are the 

salt concentration in feed and permeate solution, respectively, which were measured using a 

conductivity meter (Accumet AR50, Fisher Scientific).  

 

Figure 2-2: RO cross-flow filtration setup. The feed tank and all the pipes were insulated to minimize the heat loss 

during the high-temperature filtrations. 

2.3.5 Evaluation of separation performance at high-temperature in RO filtration  

High-temperature cross-flow filtration tests were conducted at different modes in order to 

study the behavior of commercial RO membranes when they are exposed to high temperatures: (i) 
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long-term high-temperature filtrations, (ii) cyclic tests, (iii) stepwise temperature increment by 

adjusting pressure, and (iv) permeability measurement at different operating temperatures. 

(i) Long-term high-temperature filtrations 

High-temperature long-term operations were conducted with two different methodology. 

1. The filtration started with pure water at room temperature for 30 minutes. Then, a 2000 ppm 

NaCl solution was added to the feed tank. The feed temperature was steadily increased to 75 ℃. 

The filtration at 75 ℃ continued for 9-15 hours to evaluate the stability of the membranes. The 

water level in the feed tank and water circulator was constantly monitored to eliminate possible 

high-temperature evaporation. The transmembrane pressure and concentrate flow rate were set to 

90/220 psi and 3 L/min, respectively, during the filtration.  

2. The filtration started at 25 °C for 30 minutes and then the feed temperature ramped with 10 

°C intervals to 75 °C. The transmembrane pressure was set to 220 psi for the reference sample 

(low permeable membrane). However, the transmembrane pressures for the other membranes were 

adjusted at each temperature to deliver the same initial permeate flux measure for the reference 

membrane. At each temperature increment, the flux and the salt rejection were recorded. 

(ii) Cyclic tests 

We conducted cyclic experiments to simulate the real industrial high-temperature applications 

that involve on/off operations. The filtration started with pure water at 25 °C and a 2000 ppm NaCl 

solution was added after 30 minutes. The operation temperature was increased continuously from 

25 to 75 °C and kept constant for 4 hours. Then, the operating temperature was decreased to 25 

°C. The next day, the feed solution was heated again to 75 °C, and the filtration continued for 4 

hours at elevated temperatures. The same cycle was repeated for the third day. The trans-membrane 

pressure was set to 90 psi in all cycles.  

(iii) Stepwise temperature increment by adjusting the pressure 

To exclusively study the effect of the temperature on the performance of the membranes, we 

employed this technique to minimize the impact of operating pressure on the membrane 

performance at elevated temperatures. The transmembrane pressure was adjusted at each level of 

temperature to deliver the same water flux. Filtration started with pure water at 25 ℃ for 30 
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minutes. Then, a 2000 ppm NaCl solution was added to the feed tank. The feed temperature was 

ramped up with 10 °C intervals to 75 °C. At each temperature level, the pressure was adjusted 

(decreased) to have the same permeate flux.  

(iv) Permeability measurement at different operating temperature 

The pure water filtration was conducted at different temperatures (25, 35, 45, 55, 65, and 75 

°C), and the permeability of the membranes was calculated. The permeate flux at four operating 

pressures was measured at each temperature level. The slope of water flux vs. operating pressure 

gives the permeability of the membranes. For each temperature, a new membrane coupon was 

used. 

2.3.6 Evaluation of transport properties of membranes in FO filtration 

The transport performance of the membranes were measured by a cross-flow forward osmosis 

filtration setup (effective membrane area 20.6 cm2). The flow rate of the solutions on the two sides 

of the membrane was 0.5 L/min. Deionized water was used as the feed solution. Different 

concentrations of NaCl solution (0.5, 1, 1.5, and 2 M) were used as the draw solution. The 

membranes were tested in two different configurations: active layer facing feed solution (AL-FS) 

and active layer facing draw solution (AL-DS). All the experimental parameters are the same for 

both AL-FS and AL-DS configurations. The permeate water flux, Jw, was calculated with the 

equation below [111] 

𝐽𝑤 = −
∆𝑚

𝐴𝑚 𝜌∆𝑡
 (2-3) 

where ∆m is the mass variation (loss) of the feed solution, Am is the effective membrane surface 

area, 𝜌  is the water density, and ∆t is the time interval.  

Using the equation below, the reverse salt flux, Js, was calculated [112] 

𝐽𝑠 =
∆(𝐶𝑡𝑉𝑡). 𝑀𝑤

𝐴𝑚. ∆𝑡
 (2-4) 

where Ct is the salt concentration at time t, Vt is the feed solution volume at time t, and Mw is 

the molar mass of water. Finally, Ct was calculated using a concentration/conductivity calibration 

curve.  
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Figure 2-3: Schematic representation of FO cross-flow filtration setup in AL-DS and AL-FS configuration modes. 

The transport parameters of the membranes: pure water permeability (A), solute permeability 

(B), and structural parameter (S), were determined with a methodology proposed by Tiraferri et al. 

[113]. This method is a single forward osmosis experiment with four steps. In each step, the water 

flux and reverse salt passage were measured at a certain NaCl draw solution concentration. The 

following equations provide the water flux, Jw, and reverse salt flux, Js, based on membrane 

properties and hydrodynamic conditions of the filtration system: 

𝐽𝑤 = 𝐴 {
𝜋𝐷 exp (−

𝐽𝑤𝑆
𝐷

) − 𝜋𝐹 exp (
𝐽𝑤

𝑘
)

1 +
𝐵
𝐽𝑤

[exp (
𝐽𝑤

𝑘
) − 𝑒𝑥𝑝 (−

𝐽𝑤𝑆
𝐷 )]

} (2-5) 

𝐽𝑠 = 𝐵 {
𝑐𝐷 exp (−

𝐽𝑤𝑆
𝐷 ) − 𝑐𝐹 exp (

𝐽𝑤

𝑘
)

1 +
𝐵
𝐽𝑤

[exp (
𝐽𝑤

𝑘
) − 𝑒𝑥𝑝 (−

𝐽𝑤𝑆
𝐷 )]

} (2-6) 

where 𝜋 is the osmotic pressure, 𝑐 is the salt concentration, 𝐷 is the diffusion coefficient of 

salt in the bulk solution, 𝑘 is the mass transfer coefficient of salt, and the subscripts D and F denote 
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the draw and feed solutions, respectively. The adjustable parameters A, B, and S were estimated 

by nonlinear least squares regression using the measured water and reverse salt fluxes of each 

stage.  

2.3.7 Evaluation of the fouling propensity of membranes in FO filtration 

Sodium alginate (SA), a polysaccharide, and bovine serum albumin (BSA), a protein, were 

used as model organic foulants for the fouling experiments [6,7]. Foulant solutions contained 250 

mg/L of the foulants and 0.5 mM CaCl2 in DI water. Before adding the foulants, the initial 

permeate flux was set to 18 ± 1 LMH by adjusting the draw solution concentration. The fouling 

experiments were run for 180 minutes at room temperature while the water flux was monitored 

continuously. A baseline experiment was performed using the feed solution without foulant (DI 

water) to exclusively study the effect of foulants on the flux decline during filtration. 

2.3.8 Evaluation of antibacterial properties of the membranes in FO filtration 

Escherichia coli (E. coli) was used to study the antibacterial properties of the membranes. 

Colony plating, confocal microscopy, and inhibition zone tests were carried out. For all tests, the 

bacterial culture grew overnight in tryptic soy broth until reaching the stationary phase of the 

bacteria growth rate. This gave an approximate 109 colony forming unit (CFU)/ml bacteria 

solution. For colony counting and confocal microscopy tests, the bacteria cultures were diluted to 

achieve 108 CFU/ml concentration. Membrane samples were cut in 16 mm diameter discs and 

placed at the bottom of well plates with the active side at the top. A volume of 2 ml of bacteria 

culture was poured on the membrane discs and incubated for 3 hours at room temperature in the 

dark. After 3 hours, the suspension at the top of the membranes was pelletized, resuspended, and 

taken for colony plating and confocal microscopy tests. BBLTM MacConkey agar was used to 

prepare the agar solution for plating. All plates were incubated overnight at 37 oC. SYTO® 9 and 

propidium iodide (PI) were injected into the samples to stain the bacteria cells for confocal 

microscopy 15 minutes prior to imaging. The cell in images of the confocal microscopy test were 

quantified by ImageJ software’s analyze particle tool. 

Disc inhibition zone tests show the antibacterial mechanisms of the membranes. BBLTM 

MacConkey agar was also used to prepare the plates. The bacterial culture was diluted to 106 
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CFU/mL and spread with a cotton swab on the surface of the agar. 20 mm membrane discs placed 

upside down on the agar. All the plates were incubated at 37 oC for 12 hours to observe how the 

colonies grew around the membranes.  
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Chapter 3                                                             

Triaminopyrimidine (TAP)-modified thin 

film composite membranes with high 

permeability and thermal stability†                                                               

 

 

  

                                                           
† The first part of this chapter was prepared based on reference [166]. 
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3.1 Fabrication of highly permeable and thermally-stable RO TFC polyamide 

membranes 

3.1.1 Introduction 

Separation processes that rely on polymer-based membranes have become common practice 

in many industrial applications. The main drawback of the current polymer membranes, however, 

is their low tolerance to high temperatures, which restricts their application in high-temperature 

water treatment processes [44–48]. From the viewpoint of cost and energy savings, it is essential 

to operate membrane processes at the same (high) temperature of the process water. If the 

temperature of the process water needs to be lowered to adjust it to the performance requirements 

of a membrane that is not thermal stable, the costs associated with cooling the water stream to a 

lower temperature, subjecting it to the membrane separation process, and finaly heating it up back 

to its original temperature will increase not only the operation costs and energy consumption, but 

also contribute to the emission of greenhouse gases. In some applications, such as steam-assisted 

gravity drainage (SAGD) for oil recovery in Alberta, Canada, the hot process streams need to be 

cooled solely to accommodate the membrane separation process, after which the processed fluid 

must be heated back. This cooling followed by reheating wastes a considerable amount of energy 

[49,114]. Developing thermally-stable polymer membranes, therefore, is essential to open up new 

fields of applications for membrane technology. 

Thin film composite (TFC) membranes are the most widely used membranes for RO and 

nanofiltration in water treatment processes. TFC membranes are made of an ultrathin cross-linked 

polyamide layer made on top of a microporous support via interfacial polymerizationbetween two 

monomers, typically m-phenylenediamine (MPD) and trimesoyle chloride (TMC), which are 

polymerized at the interface of two immiscible solvents to form the selective polyamide layer 

[31,115]. Since the invention of TFC membranes, much research and development have been 

undertaken to improve the physicochemical properties of the polyamide layer. Although notable 

advances in the development of chlorine-resistant [116,117], hydrophilic [118,119][39], and 

fouling-resistant [120,121] TFC membranes have been made, less progress has been achieved in 

the fabrication of thermally-stable TFC membranes. Several parameters, including type and 

concentration of monomers, as well as fabrication methods were investigated to tweak the 

structural characteristics of the selective layer, such as aromaticity and cross-linking degree. Wu 
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et al. [87] showed that the thermal stability of TFC membranes with fully aromatic selective layers 

was substantially higher than that of the aliphatic-aromatic structures. The salt rejection of TFC 

membranes with fully aromatic selective layers was almost constant (0.5% reduction) in the range 

of 20-90 °C, while the rejection decreased about ~11% for TFC membranes with aromatic-aliphatic 

selective layers.  

The need for synthesizing highly cross-linked membranes has motivated some researchers to 

explore new monomers, such as 1,3,5-triazine-2,4,6-triamine (melamine), due to its multi-

functionality and the thermal resistance of triazine rings [94,122–124]. Han [94] used melamine 

for the first time to make poly(melamine-TMC) nanofiltration TFC membranes. By raising the 

operating temperature from 18 to 95 °C, a noticeable increase in Na2SO4 solution flux (almost 3 

times) was achieved with no reduction in salt rejection, indicating the thermal stability of 

poly(melamine-TMC) TFC membranes. However, the solute rejection of poly(melamine-TMC) 

TFC was still considerably lower (78%) than those for common types of nanofiltration membranes 

such as poly(piperazine-TMC) (97%) at room temperature. The low reactivity of melamine [94] 

and its low solubility in water (0.32 wt% at room temperature) [122,125] has hindered the use of 

melamine for the fabrication of thermally-stable TFC membranes with high solute rejection. Our 

search in the literature and experimental studies on a large library of monomers have indicated that 

using any amine and acid chloride monomer, other than MPD and TMC, has always created 

challenges regarding the production of an integrated thin polyamide selective layer for RO TFC 

membranes with reasonable separation performances.  

In this study, we developed a new generation of thermally stable TFC membranes with a novel 

combination of a tri-functional monomer, triaminopyrimidine (TAP), with the highly reactive 

MPD in aqueous solution. Our strategy was based on enhancing the cross-linking of the polyamide 

layer using TAP, while simultaneously improving the integrity of the polymer network with the 

conventional MPD-TMC reaction. To this end, different concentrations of TAP were added to a 

diluted aqueous amine solution containing MPD. Interfacial polymerization between both amine 

monomers and TMC was conducted to form a polyamide layer with novel chemistry on top of the 

porous substrate. The permeability and separation properties at high temperature (75 °C) and long-

term performance (9 hours at 75 °C) of the novel membranes demonstrated their thermal stability.  
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3.1.2 Experimental methods 

TFC membranes were made over the PES support through a step-growth interfacial 

polymerization between an aqueous solution containing TAP and MPD, and organic solution 

containing TAP. In the first step, the desired concentration of amine (MPD and TAP) and acid 

chloride (TMC) monomers were dissolved in water and n-heptane, respectively. Then, the PES 

support was impregnated with the amine solution containing sodium dodecyl sulfate (0.2 wt.%) 

and triethylamine (1 wt.%) for 9 minutes. After removing the excess amines by rolling the support, 

the TMC solution (0.2 wt.%) was poured over the impregnated support and allowed to react for 12 

minutes. The resulting membranes were dried in an oven at 60 °C for 4 minutes. All the membranes 

were then rinsed with deionized water to eliminate residual reactants and stored in a deionized 

water bath before characterization (Figure 3-1). 

 
Figure 3-1: (a) Permeate: Schematic illustration of interfacial polymerization on top of a PES support. The 

microporous support was first impregnated with an aqueous amine solution (TAP and MPD) and then contacted with 

an organic TMC solution. The formation of the incipient polyamide layer on the PES substrate is followed by diffusion 

of the amine monomers through the polymer film into the organic phase to continue the polymerization. The reaction 

is finished when the amine monomers can no longer diffuse through the polyamide membrane.  

Table 3-1 presents the list of produced TFC membranes with their corresponding reactant 

concentrations. The total concentration of amine monomers was set to 2 wt % for all samples. 

After a series of screening experiments, it is found that the TFC membranes with TAP 

concentration more than 1.8 wt % cannot be considered to work as RO membranes since they had 

less than 30% NaCl rejection. By lowering the concentration of TAP to 1.4 wt %, the perm-

selectivity of the membranes was similar to that of TAP-free membrane (M0), showing the 
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dominating effect of MPD. Therefore, four membranes with TAP concentration varying from 1.5 

to 1.8 wt % were synthesized. M0 was considered as a control membrane (TAP-free).  

Table 3-1: Different monomer concentrations used to make the polyamide thin membranes. The polymerization time 

was 12 min and the membranes were cured at 60 °C for 4 min. M0 is the reference membrane, made without TAP. 

Sample TAP (wt %) MPD (wt %) TMC (wt %) 

M0 0 2 0.2 

M1 1.5 0.5 0.2 

M2 1.6 0.4 0.2 

M3 1.7 0.3 0.2 

M4 1.8 0.2 0.2 

 

3.1.3 Results and discussion 

3.1.3.1 Permeation performance of TFC membranes 

Figure 3-2a shows the permeate flux of the prepared TFC membranes evaluated by filtration 

test method 1 (see section 2.3.5: Long-term high-temperature filtrations). At room temperature, 

the control TAP-free membrane (M0) provided the lowest permeate flux of 15.2 LMH. The 

permeate flux becomes higher as the concentration of TAP in the membrane increases. The 

permeate flux rate almost doubled for M4 (43 LMH) as compared to M1 (22 LMH). A similar 

trend in permeate flux was observed when the feed solution temperature ramped up to 75 °C. While 

the flux of M0 reached 50.0 LMH at 75 °C, water flux through M4 increased more than three times 

to 130 LMH. It is worth noting that the permeation fluxes of the prepared TFC membranes 

remained stable at 75 °C, proving that the polyamide selective layer and the PES sublayer did not 

degrade at high temperatures. For comparison, the permeation performances of three commercial 

RO membranes (BW30, SUEZ AG, X201) were evaluated by filtration test method 1 and 

presented in Figure 3-2b. A sharp decrease of permeate flux was observed for all three commercial 

membranes in 6 hours of filtration at 75 °C. The X201 membrane, however, reached a relatively 

constant flux after 6 hours. The permeate flux also varied less drastically for BW30 and SUEZ 

membranes in the last 3 hours of filtration. In contrast, the permeate fluxes through membranes 

M0 to M4 was practically constant up to 9 hours of operation. One may infer from this observation 

that their long-term operation would also continue to be stable, but additional longer experiments 

are required to confirm this supposition. 
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Figure 3-2: (a) Permeate flux of TFC membranes over extended filtration test. Operating conditions: transmembrane 

pressure of 220 psi, concentrate flow rate of 3 LPM, feed temperature of 25-75 °C. The filtration tests started with 

2000 ppm NaCl solution at room temperature (25 °C); after 30 min, the feed solution was increased to 75 °C and 

remained constant for 9 hours; (b) Permeate flux of commercial RO membranes over a long filtration test; (c) 

Permeability of TFC membranes at different temperatures, obtained by adjusting the transmembrane pressure with 

respect to the permeate flux of M0; (d) NaCl rejections of TFC membranes at different temperatures from 25 to 75 

°C. 

Figure 3-2c compares the permeability of the TFC membranes at different temperatures using 

filtration test method 2 (see section 2.3.5: Long-term high-temperature filtrations). In order to 

minimize the impact of the transmembrane pressure on salt rejection, the operating pressures of 

M1 to M4 membranes was adjusted at each temperature interval so that these membranes produced 

the same permeate flux as M0. The hydraulic permeability of the membranes was then calculated 

by normalizing the permeate flux by the transmembrane pressure. Figure 2-3c shows that the TAP-

containing membranes had higher permeability than the TAP-free membrane for all temperatures. 

For instance, at 25 °C the permeability of the TFC membranes increased about three times, from 
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0.77 LMH/bar to 2.41 LMH/bar for the M0 and M4 membranes, respectively. The permeability of 

the membranes grew even more at higher temperatures. For instance, a permeability difference of 

about 10 LMH/bar was recorded between M0 and M4 membranes at 75 °C. Figure 3-2d compares 

the salt rejections of the prepared TFC membranes at different temperatures. Among the 

membranes, M0 showed the highest salt rejection of 99.5%, while M4 could remove only 94.9% 

of the dissolved sodium chloride in the feed solution. Increasing the temperature up to 75 °C, the 

TAP-free M0, as well as M1 and M2 membranes provided steady salt rejections, but the 

performances of M3 and M4 deteriorated: the salt rejection of M3 was constant up to 55 °C 

(96.8%), then decreased slightly (about 0.8%) when the solution temperature reached 75 °C; a 

more noticeable variation was observed for M4, for which the salt rejection was constant up to 45 

°C and then dropped by 1.9% at 75 °C.  

3.1.3.2 Chemical composition of the polyamide selective layer 

Figure 3-3 illustrates the ATR-FTIR spectra of the PES support and the synthesized TFC 

polyamide membranes. The IR spectra capture the characteristic peaks of both polyamide and PES 

layers due to the low thickness of the selective layer and the high penetration depth of the IR beam. 

The three characteristic peaks at 1540 cm-1 (N-H in-plane bending of amide II and C-N stretching), 

1610 cm-1 (C=C aromatic ring stretching) and 1660 cm-1 (C=O stretching of amide Ι) indicate the 

successful formation of the polyamide selective layer [106,126,127]. The intense peaks at 1150 

cm-1 (symmetric SO2 stretching vibration), 1240 cm-1 (asymmetric stretching of C-O-C), 1410 cm-

1 (C=C aromatic ring stretching), and 1485 cm-1 and 1580 cm-1 (aromatic in-plane ring stretching 

vibration) correspond to the PES support [128]. The variation of the polyamide peak intensities 

allows for the qualitative comparison of the amount (per unit volume) of the amide linkage formed 

on the PES substrate. For all amide characteristic peaks at 1540, 1610, and 1660 cm-1, M4 and M0 

showed the highest and lowest intensities, respectively. This observation suggests that polyamide 

films with a higher concentration of amide linkage were formed in TAP-modified membranes as 

compared to TAP-free control membrane. Furthermore, the intensity of the characteristic peak at 

1150 cm-1 (-S=O stretching vibration) can be considered as a qualitative measure of the polyamide 

membrane thickness. Since this peak is only present in the PES substrate, the higher its intensity, 

the thinner the polyamide upper layer. As shown in Figure 3-3 (inset 1), the comparison of the 

intensity ratio (IPA/IPES) at 1150 cm-1 provides the lowest value for M4 membranes, suggesting 
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thinner PA films with more amide linkages for TAP-modified membranes than for TAP-free 

membranes.     

 

Figure 3-3: FTIR spectra of the PES support and of the M0-M4 TFC memrbanes. In the first inset, the intensity ratios 

of three polyamide peaks to PES reference peak (at 1150 cm-1) provided the quantitative analysis of amide linkages 

formation. 

Figure 3-4 displays the XPS survey and high-resolution carbon (C 1s) and nitrogen (N 1s) 

peaks for M0 (no TAP), M1 (lowest TAP fraction) and M4 (highest TAP fraction) membranes. 

Since the average XPS scanning depth is 5-10 nm [129], it only measures the elemental 

composition and chemical bonding of the polyamide top layer. The survey spectra detect the 

presence of carbon (285 eV), nitrogen (400.5 eV), and oxygen (532 eV). High-resolution C1s 

spectrum is deconvoluted to O-C=O at 288.5 eV (carbon attached to carboxyl group), N-C=O at 

288.4 eV (amide linkage), -CN- at 286.2 (carbon attached to amide linkage or unreacted amines 
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and carbon attached to aromatic nitrogen in TAP), C-COOH and C-CONH at 285.7 eV (carbon 

attached to carboxyl group and amine linkage, respectively), and C-H and C-C at 285 eV (carbon 

bonds in the aromatic rings) [130]. The high-resolution N1s spectrum is deconvoluted to -NH-CO- 

(amide linkage) at 400.5 eV and R-NH2 (unreacted amine) at 398.5 eV [130].  

 

Figure 3-4: XPS survey spectra, elemental composition, and high resolution C1s and N1s spectra for M0, M1, and 

M4 membranes. 

Table 3-2 presents the components of the deconvoluted C1s and N1s XPS spectra. It is worth 

comparing the ratio of amide bonds to the carboxylic group using the O-C=O/N-C=O in C1s 

spectrum. The larger values of this ratio indicate the formation of more amide linkage and less 
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hydrolysis of acyl chloride groups during the polymerization reaction. The TAP-modified 

membranes had more amide linkage and fewer pendant carboxylic functional groups, suggesting 

the formation of a more cross-linked structure with an increase in TAP concentration. Furthermore, 

the TAP-modified membranes contained higher unreacted amine functional groups based on the 

R-NH2/–CON-/ ratio in Table 3-2, which implies a higher number of reacting amine moieties than 

the acyl chloride functional groups.  

Table 3-2: Binding energy and peak area of chemical bonds for C1s and N1s XPS spectra. 

Sample 

C 1s species (%) N 1s species (%) 

C-H, 

C-C 

C-COO, 

C-CON 
-CN- N-C=O 

O-

C=O 

N − C = O

O − C = O
 R-NH2 N-C=O 

R − NH2

N − C = O
 

M0 60.80 12.89 14.52 9.51 2.27 4.18 1.52 98.48 0.015 

M1 61.36 14.03 11.20 11.17 2.24 4.99 5.57 94.43 0.059 

M4 61.54 10.44 13.48 12.73 1.84 6.88 5.71 94.29 0.06 

 

3.1.3.3 Morphological analysis 

The morphology of the polyamide layer was investigated using FESEM, AFM, and TEM. 

Figure 3-5 shows the FESEM micrographs of the top surface of TFC membranes and of the PES 

support. In all TFC membranes, a continuous polyamide film with typical ridge-and-valley 

structure covered the surface of the substrate. Contrary to the TAP-free M0 membrane, the surface 

topology of the membranes prepared with higher concentrations of TAP tended to be flatter, with 

more leaf-like features. This observation was also confirmed by AFM images, where smoother 

features were observed at the surface of TAP-modified membranes.  

Table 3-3 presents the average roughness (Ra), root mean square roughness (Rq), and surface 

area difference (SAD) of the M0, M1, and M4 membranes [131]. Among the membranes, M4, 

which was prepared with the highest TAP concentration, had the lowest average roughness (59.2 

± 2.0), and root mean square roughness (69.1±1.8). Variation in surface roughness among these 

membranes may be attributed to different diffusion rates of the MPD and TAP monomers to the 

reaction zone, which is governed by the size and concentration of the monomers [132,133]. We 

may speculate that the formation of rough ridges and valleys at the surface of M0 may be ascribed 

to fast diffusion of MPD from the aqueous phase to the organic phase, where polymerization takes 

place. In contrast, the smoother surface of the TAP-modified membranes may be the result of 

higher degrees of cross-linking caused by addition of TAP, as well as to the lower diffusion rates 
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of the TAP molecules (as compared to MPD) and lower MPD concentration in the aqueous 

solution of the TAP-modified membranes.  

 

Figure 3-5: FESEM micrographs of the top surface of PES support and TFC samples at two different magnifications. 

The amine concentration for all TFC membranes was set to 2 wt% with different concentrations of TAP and MPD 

monomers. Increasing the TAP concentration changed the top surface morphology. The PES support is shown as a 

non-coated membrane. 

Table 3-3: Average and root mean square roughness of synthesized TFC membranes. The SAD values were 

calcucalted by SAD=(Actual surface area / Projected surface area)×100 using nanoscope image analysis software. 

Sample 
Roughness 

Ra (nm) Rq (nm) SAD (%) 

M0 76.0 ± 1.1 100.2 ± 1.7 59.5 ± 3.6 

M1 64.2 ± 1.6 84.4 ± 0.6 42.0 ± 0.6 

M4 59.2 ± 2.0 69.1 ± 1.8 18.6 ± 0.9 

Figure 3-6 compares the TEM cross-section images of the M0, M1, and M4 membranes. The 

thickness of the polyamide layers decreased in the order M0 > M1 > M4. The thickness of the 

selective layer of TFC membranes is not uniform because different amine monomers have distinct 

diffusion rates and the distribution of internal voids in the polyamide structure is not uniform. In 

addition, amine monomers have different diffusion rates in the organic solution based on their 

local concentration, as well as the porosity of PES support. The M0 membrane is thicker than those 

of the TAP-modified TCF membranes (M1-M4). The effect of TAP on the formation of a thinner 

selective layer was schematically presented in Figure A1 in the Appendix A. The thickness of TFC 
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membranes may be significantly influenced by mass transfer resistances during interfacial 

polymerization. A dense incipient polyamide layer hinders monomer diffusion from the aqueous 

phase to the reaction zone in the organic phase, and thus limits the growth of the polyamide film. 

Consequently, the lower thickness of the TAP-modified membranes compared to the TAP-free 

membranes may be attributed to a lower diffusion rate of TAP molecules (as compared to that of 

MPD molecules) through the already-formed polyamide film into the reaction zone. The lower 

reactivity of TAP might also form a polyamide layer with undesired nanoscale defects, which may 

explain the lower salt selectivity of TAP-modified membranes and lower salt rejection of M4 (with 

highest TAP concentration) with increasing the temperature.  

 

Figure 3-6: 3D AFM images and cross-section TEM images of TFC samples. AFM images are shown for the scanning 

area of 10 μm ×10 μm and same z-axis aspect ratio for all the samples. TAP monomer contributed to the formation of 

smoother and thinner polyamide skin layer. In the TEM images, the PES support has occupied a higher portion of the 

images. The clear difference of contrast between PES and polyamide layers reveals the structure and the thickness of 

the selective layer. The detachment of polyamide layer from the PES support (TEM image of M1) is due to TEM 

sample preparation. 

It is also worth discussing the formation of empty micro-scale voids within the polyamide 

layer. While the TEM images shows multiple voids in the polyamide layer of M0, fewer and 

smaller voids were also formed in the M1 and M4 membranes. These voids are reported to be 

created by the release of gas baubles during the exothermic interfacial polymerization reaction 

[134]. Ukrainsky and Ramon [135] showed that during interfacial polymerization reaction, the 

temperature may increase up to 85 °C, which is higher than the boiling point of the conventionally 

used organic solvents such as hexane, and heptane. The presence of more voids in M0 than M1 

and M4 might be attributed to the higher polymerization rate of MPD with TMC than of TAP with 
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TMC. Since polymerization reactions are exothermic, higher polymerization rates release more 

heat and cause a higher increase in the medium temperature, leading to the formation of more gas 

bubbles at the interface. AFM/TEM images and roughness data of M2 and M3 are also presented 

in Figure A2 and Table A1, respectively, in the Appendix A.  

It is worth mentioning that the micro voids in the TEM cross-sectional images of the polyamide 

layer of the M0 membrane are not defects, as this membrane provided the highest salt rejection 

percentage. In contrast, it has been reported that molecular-size free volumes within the polyamide 

matrix are the actual regulator of the separation properties of the polyamide selective layer [136]. 

These voids can be classified according to their sizes as network pores (2-5 Å) or aggregate pores 

(5-10 Å) [136]. The size and distribution of these nano-voids depend on the chemical composition 

of the reacting solutions used to make the polyamide membranes. It has also been reported that an 

increase in the cross-linking density of the polyamide film results in the formation of more 

aggregate pores than of network pores [136,137]. Considering the higher water permeation and 

lower salt rejection of the TAP-modified membranes, this may suggest that adding TAP to the 

polymerization recipe leads to the synthesis of polyamide structures with more aggregate pores 

than network pores. Figure 3-7 compares hypothetical structures for TAP-free and TAP modified 

membranes, where larger aggregate voids are created by the copolymerization of the TAP/MPD 

mixture with TMC. More detailed characterization analyses at nano-scale resolution need to be 

carried out to draw solid conclusions about the impact of amine monomers on the complex 

molecular-scale voids within the polyamide layer.  

 

Figure 3-7: Schematic repetition of hypothetical structures of polyamide film made with a combination of MPD and 

TAP with TMC monomer, showing the possible formation of the network and aggregate pores within the polyamide 

structure. 

  



59 

 

3.2 TAP-modified FO TFC membranes mediated with PDA/GO interlayer 

3.2.1 Introduction 

Forward osmosis over semi-permeable membranes is a method to treat saline water and 

wastewater. In this process, the osmotic pressure induces a net flow of water through the membrane 

from the feed solution (lower solute concentration) to the draw solution (higher solute 

concentration) [138]. When FO membranes were first introduced around 2000, they were expected 

to be an alternative to traditional pressure-driven filtrations such as RO, which consumes energy 

due to the applied hydraulic pressure. Despite a concerted effort in the field of osmotic membrane 

fabrication, only a few companies offer commercial FO membranes in 2022. Suwaileh et al. [139] 

listed important industrial players in the market of FO membranes.  

Developing high-performance FO membranes and designing a feasible FO process is 

challenging because their product needs an additional step before it can be used as fresh water. 

The draw solution regeneration step can be significantly energy-intensive. More importantly, it is 

hard to design novel membranes that meet the requirements of FO processes. TFC membranes are 

most popular for FO applications due to their unique combination of high permeability and solute 

selectivity. A TFC membrane is a multilayer structure made of a porous substrate and an ultrathin 

active layer. The active layer is synthesized by interfacial polymerization between an acid chloride 

monomer such as TMC and an amine monomer such MPD at the interface of two immiscible 

solvents. The first attempts to develop FO processes used TFC membranes, but polyamide RO 

membranes had low water permeability in FO applications. An ideal FO membrane consists of a 

high-flux substrate with an ultrathin active layer having high water flux and salt selectivity. 

Furthermore, the active layer of FO TFC membranes is expected to be chemically resistant and 

have antifouling properties [140–142]. 

Significant research efforts have been made to improve the permeability of FO TFC membranes 

while maintaining the solute selectivity. Generally, investigations in this field can be divided into 

two categories: 1) developing a thin porous support layer that facilitates the flux of water molecules 

in the porous structure of the TFC membrane; and 2) synthesizing ultrathin polyamide layers with 

high water permeability and solute impermeability.  
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Khorshidi et al. [36,140] introduced an innovative adjustment of interfacial polymerization to 

fabricate highly permeable FO TFC membranes. They found that reducing the temperature of the 

organic solution (down to -20 ℃) decreased the thickness of the polyamide layer and, therefore, 

considerably improved the water permeability of the membranes. The water flux increased from 

17.6 LMH for the membrane made at room temperature to 38.5 LMH for the membrane made at -

20 ℃.  

Constructing an interlayer between the porous support and the polyamide layer is a popular 

approach to fabricate high-performance TFC membranes because it allows for the precise control 

of interfacial polymerization. Dai et al. [143] studied different mechanisms for how the interlayer 

affects the polyamide structure: 1) controlled amine diffusion, 2) increased amine storage at the 

interface, 3) regulated nuclei formation, 4) reduced heat and nanobubble production, and 5) 

prevented intrusion of polyamide into the substrate. Among these mechanisms, controlled amine 

diffusion seems to dominate the formation of thinner and smoother polyamide layers 

[130,144,145].  

Han et al. [146] showed that constructing a PDA interlayer over a polysulfone support 

simultaneously increased the water permeability and salt rejection of polyamide FO TFC 

membranes. The smaller surface pore size and narrower pore size distribution of the PDA 

interlayer compared with the polysulfone support reduced the diffusion rate of amine molecules, 

and decreased the thickness of the polyamide layer from 380 nm for the TFC made with a pristine 

polysulfone support to 150 nm for the TFC made with a PDA-coated support. In our previous work 

[147], we showed how using a combination of TAP and MPD as the amine monomers regulated 

the interfacial polymerization and reduced the rate of diffusion of amine molecules to the organic 

solvent interface. The triamine TAP monomer also increased the cross-linking density of the 

polyamide layer. The TAP-modified TFC membranes were thin, highly permeable, and thermally 

stable.      

In this work, we combined two approaches to reduce the thickness of the polyamide layer of 

FO TFC membranes. We showed how the synergetic effects of an interlayer and a low reactivity 

monomer could reduce the rate of diffusion of amine molecules during the polymerization. We 

proposed a method to develop novel polyamide FO TFC membranes mediated with 

polydopamine/graphene oxide (PDA/GO) interlayers. First, the PES porous support was coated 
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with a layer of PDA/GO through polymerization of DA monomers in the presence of GO particles. 

Then, a polyamide layer was synthesized over the PDA/GO coated layer through interfacial 

polymerization of TAP, MPD, and TMC monomers. The FO performance of synthesized 

membranes was investigated at room and high temperatures. 

3.2.2 Experimental methods 

Figure 3-8 shows how to make PDA/GO coated PES supports and TAP-modified polyamides. 

The PDA/GO coating started with the oxidative self-polymerization of DA molecules over the 

PES support (average pore size of 200 nm). A 2000 ppm DA aqueous solution of pH = 8.5 

(adjusted with a tris-buffer solution) was stirred for 8 hours. Then, the solution was replaced with 

4000 ppm of GO aqueous solution and stirred for 8 hours. The PDA/GO coated PES support was 

cured in an oven for 30 minutes at 60 ℃. Finally, the coated PES membrane was washed with pure 

water to remove unreacted DA molecules and residual GO particles. After the preparation of the 

PDA/GO-coated PES support, we synthesized the TAP-modified polyamide layer through 

interfacial polymerization. The details of the polyamide synthesis were presented in our previous 

work [147]. Table 3-4 lists conditions for the synthesis of the polyamide TFC membranes. We 

made the TFC membranes by varying the concentration of TAP, and keeping constant the 

concentrations of MPD and TMC. 

 

Figure 3-8: Schematic representation of coating the PES support layer with PDA and GO, and the chemical structure 

of the polyamide layer of the synthesized TFC membranes. The presence of an interlayer and a low reactivity 

monomer, TAP, reduced the diffusion rate of amine molecules during the interfacial polymerization, forming thinner 

polyamide layers. The TFC membrane modified with an interlayer is called iTFC in this thesis. 
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Table 3-4: Synthesis conditions for polyamide TFC membranes modified with PDA/GO interlayer. The composition 

of the interlayer is the same for all fabricated membranes. 

Sample TAP (wt %) MPD (wt %) TMC (wt %) 

TFC0 0 0.4 0.4 

TFC1 1.4 0.4 0.4 

TFC2 1.6 0.4 0.4 

TFC3 1.8 0.4 0.4 

TFC4 2 0.4 0.4 

 

3.2.3 Results and discussion 

3.2.3.1 Evaluation of morphology 

Figure 3-9 compares the 3D AFM and FESEM images of the top surfaces of the polyamide 

membranes. Membrane roughness was quantified with average roughness (Ra), root mean square 

roughness (Rq), and surface area difference (SAD). All membranes were modified with a PDA/GO 

interlayer. The FESEM image of the coated PES showed that a continuous PDA/GO layer was 

formed on the surface pores of the support. TFC0, made without TAP, however, had a typical 

ridge-and-valley morphology, indicating that the polyamide layer had been formed. The surfaces 

of the TAP-modified membranes (TFC1-4) had smaller features and flatter morphologies than the 

control membrane (TFC0). The roughness of the polyamide membranes decreased when the 

concentration of TAP increased; TFC0 (no TAP) and TFC4 (2 wt% TAP) had the highest and 

lowest average and root mean square roughness, respectively. The average and root mean square 

roughness for the coated PES and TFC4 were almost the same, while SAD was higher for TFC4. 

A higher SAD value explains how interfacial polymerization increases the available surface area 

of the membranes in a similar projected area. 

TAP reacts more slowly than MPD. Therefore, increasing the concentration of TAP in the 

amine monomer solution slowed down the polymerization. Furthermore, the larger TAP molecules 

diffuse more slowly through the freshly formed polyamide layer (incipient layer) than the smaller 

MPD molecules. It can be assumed that the less reactive TAP monomer molecules make the 

polyamide layer smoother with lesser pronounced ridge-and-valley structure. 
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Figure 3-9: 3D AFM and top surface FESEM images of the synthesized polyamide membranes. Roughness data 

including Ra, Rq, and SAD were estimated using the Nanoscope software.   

Figure 3-10 shows cross-section TEM images of coated PES and polyamide TFC membranes 

mediated with an interlayer. The PES-coated image shows a very thin layer of PDA/GO on the 
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surface of the support. For all TFC membranes, the polyamide layer formed over the surface of 

the interlayer and was completely separated from the PES support. The noticeable difference in 

these images is the structure of polyamide layer, which varied with the concentration of the amine 

monomer. TFC0 had a thick and rough active layer with empty volumes with various sizes, but 

increasing TAP concentration decreased the polyamide thickness, with TFC4 showing the lowest 

thickness and apparently the densest structure.  

 

Figure 3-10: Cross-section TEM images of coated PES and polyamide TFC membranes modified with PDA/GO 

interlayers.  
 

To explore the effect of the interlayer on the formation of the polyamide layer, 3D AFM, 

FESEM top surface, and cross-section TEM images of TFC4 (with and without the interlayer) are 

compared in Figure 3-11. In the FESEM images, the TFC without the interlayer shows the largest 

surface features, which may be attributed to differences in the diffusion media for the amine 

monomer molecules. When interfacial polymerizations occurred on the porous PES support 

(average pore size of 200 nm) the amine molecules could diffuse more freely to the organic 

solution. Since the PDA/GO interlayer reduces the cross-sectional area available for the diffusion 

of the amine monomer molecules, the polyamide top surface morphology looks smoother, without 

large features. The TEM images show that the interlayer stopped the polyamide layer from 



65 

 

penetrating more deeply into the support pores: the polyamide and PES substrate were completely 

separated in the TFC membrane made with the interlayer, while the amine solution penetrated into 

the PES pores, allowing the polymerization to proceed inside the support layer. The formation of 

polyamide on the surface of the TFC membrane without intruding into the substrate is of great 

importance for FO filtration because the faster transport of the water molecules in the support layer 

minimizes the negative effect of internal concentration polarization (ICP) on the water flux.         

 

Figure 3-11: 3D AFM, top surface FESEM, and cross-section TEM images of TFC4 with and without PDA/GO 

interlayer. The TFC membrane modified with an interlayer is called iTFC in this thesis. 
 

3.2.3.2 Chemical characterization 

Figure 3-12 shows the FTIR spectra of PES, PDA/GO coated PES, and polyamide membranes. 

In the PDA/GO spectrum, the peak at 1330 cm-1 is attributed to aromatic C-O stretching of PDA. 

The peak at 1520 cm-1 corresponds to C=N stretching in the aromatic structure of PDA. All the 

spectra have a peak at 1420 cm-1, representing OH in-plane bending and C=C aromatic ring 

stretching. The high intensity of this peak in the PDA/GO spectrum can be explained by the 

presence of many OH functional groups in the structure of both PDA and GO. The peak at 1730 

cm-1 also represents the C=O stretching of carboxylic groups on GO particles [126,148,149]. There 

are three polyamide characteristic peaks at 1540 cm-1,1610 cm-1, and 1660 cm-1 which were 

assigned to N-H in-plane bending, C=O stretching, and C=C aromatic ring stretching, respectively 

[126,150,151]. Finally, the PES spectrum displayed absorption peaks at 1150 cm-1 (symmetric SO2 
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stretching vibration), 1240 cm-1 (asymmetric stretching of C-O-C), and 1485 cm-1 and 1580 cm-1 

(aromatic in-plane ring stretching vibration). The characteristic peaks of PES existed in all spectra, 

showing IR beam penetration depth. 

 

Figure 3-12. FTIR spectra of PES, PDA/GO-coated PES, and polyamide membranes with interlayers. The blue, grey, 

and green arrows show the characteristic peaks of PDA, GO, and polyamide, respectively. 
 

3.2.3.3. Separation performance of synthesized membranes  

Figure 3-13 depicts the water flux and reverse salt flux of the synthesized membranes modified 

with interlayers in AL-FS and AL-DS configurations. The water flux in the AL-DS configuration 

is higher than in the AL-FS configuration due to a lower effect of ICP in the PES support layer. 

When the active layer is facing the feed solution (AL-FS configuration), the presence of NaCl ions 

in the support layer reduces the effective osmotic pressure. Therefore, the water flux in the AL-

DS configuration was higher than in the AL-FS configuration. As the TAP concentration increases, 

the water flux and reverse salt flux both increased, following the trade-off between water 

permeability and salt rejection. The reverse salt flux for all membranes was lower than 20 gMH, 

which kept the effective osmotic pressure constant in the first hour of filtration, without water flux 

decline.    
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Figure 3-13: Water flux and reverse salt flux in AL-FS and AL-DS of TFC0 and TAP-modified TFC membranes. All 

membranes had an interlayer. 

 

Figure 3-14 contrasts the performances of TFC0 and TFC3 membranes in the AL-FS 

configuration from 25-65 ℃. The FO filtration was conducted for 1 hour at 25 ℃ and 65 ℃. We 

adjusted the initial flux to 10 LMH for both membranes by changing the concentration of draw 

solution. The water flux of the TFC0 and TFC3 membranes increased to 18.3 and 14.2 LMH, 

respectively. The salt rejection for both membranes also increased, while the reverse salt flux for 

TFC0 and TFC3 increased to 6.1 and 3.7 gMH, respectively.  

As frequently reported in the literature, increasing the temperature in RO processes improves 

NaCl rejection [152,153]. However, the reverse salt flux for TFC0 and TFC3, with the similar 

chemistry to RO membranes, increased at high temperature (lower salt rejection). Increasing the 

temperature intensifies the segmental motions of the polymeric network, allowing more water to 

diffuse through the membranes [154]. However, RO membranes are subjected to a permanent 

hydraulic pressure which can compensate the increased free volume inside the polymeric structure. 

Flux decline of RO membranes at high temperature is an indication of compacting effect of 

pressure on the membranes at elevated temperatures [147,152,153]. Conversely, our results 

showed that increasing the temperature in the FO process (without hydraulic pressure) had a 

negative effect on salt rejection. The increase of reverse salt flux for TFC0 was also higher 

compared with TFC3. In section 3.1.3.2, we showed that adding TAP increased the cross-linking 

density of the polyamide structure. Therefore, it is expected that TFC3, with a higher polyamide 

cross-linking density, maintained its structural integrity at a high temperature compared to a free-
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TAP membrane (TFC0). Less plasticizing effect of temperature on the active layer of TFC3 led to 

lower improvement of water flux and reverse salt flux.         

 
Figure 3-14: (a) The water flux and (b) reverse salt flux of TFC0 and TFC3 membranes in the temperature range of 

25-65 ℃. The filtrations in AL-FS modes were conducted with two different methodologies: same initial flux and 

same draw solution concentration (DS: draw solution).  

3.3 Conclusion 

In this work, we copolymerized two amine monomers, TAP and MPD, with TMC to improve 

the permeation properties and thermal stability of TFC polyamide membranes for two RO and FO 

processes. The membranes were made by the interfacial polymerization of TAP, MPD, and TMC 

at different ratios on a microfiltration PES support.  

Polyamide RO TFC membranes had consistent permeate fluxes for 9 hours at 75 °C, proving 

that the structural integrity of the selective layer was maintained. FTIR and XPS results showed 

the formation of more amide linkages in the polyamide layer as a consequence of TAP 

incorporation in the membrane. Higher TAP fractions in the membrane increased the permeate 

flux more than 3 times, but slightly reduced NaCl rejection. This higher flux agrees with 

morphological analysis results, in which membranes with higher TAP fractions were thinner and 

had smoother surfaces. However, the permeability/selectivity trade-off was explained with the 

possible formed free volume, which is called aggregate pore, interior the polyamide layer structure 

of TAP-modified membranes.  

Polyamide FO TFC membranes were modified with an ultrathin PDA/GO interlayer. The 

interlayer made the polyamide layer thinner, smoother, and with smaller surface features. TAP-
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modified membranes had higher water permeability and thermal stability at high temperatures. 

TFC membranes made with TAP was less prone to be plasticized at 65 ℃, showing less increase 

in reverse salt flux.     
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Chapter 4                                                             

Exploiting unique features of nanodiamond 

(ND) particles for fabricating high-

performance TFC and TFN membranes‡ 

 

 

 

  

                                                           
‡ This chapter was prepared based on references [150,153]. 
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4.1 Nanodiamond-enabled TFN polyamide membrane for high-temperature water 

treatment 

4.1.1 Introduction 

The world is facing pervasive challenges due to the finite freshwater resources in many 

countries. Although around 70% of our planet is covered with water, only 3% of these resources 

are suitable freshwater for human needs [155]. In addition, more than 65% of earth’s freshwater is 

locked up in ice caps and glaciers [156]. The universal need is even more substantial when it comes 

to drinking water. A report of the World Health Organization (WHO) and the United Nations 

Children's Fund (UNICEF) in June 2019 states that one in three people does not have access to 

safely managed drinking water worldwide [157]. The inevitable growing demand for clean water, 

along with climate change and rapid industrialization, are serious threats to available freshwater 

resources. It is, therefore, essential to treat and recycle municipal and industrial wastewater. 

Continuous efforts have been devoted to improve the current methods and develop new 

technologies to provide cost- and energy-efficient water treatment processes [158–160]. 

RO is a pressure-driven membrane process that has applications spanning from desalination to 

industrial wastewater treatment [161,162]. For more than four decades, thin-film composite (TFC) 

membranes have been the most common type of RO membranes [163]. A TFC membrane has a 

layered structure consisting of an ultrathin cross-linked polyamide layer coated on a mechanically 

robust porous substrate. The polyamide layer is formed by interfacial polymerization (IP), where 

two monomers, such as m-phenylene diamine (MPD) and trimesoyl chloride (TMC), react at the 

interface of two immiscible aqueous and organic solutions on the surface of the porous substrate 

[37,40,164]. One of the main shortcomings of TFC membranes is the inherent trade-off between 

water permeability and solute selectivity: the higher the water flux, the lower the salt rejection. 

Moreover, most of the commercial TFC RO membranes suffer from low thermal stability and flux 

decline at temperatures above 45 ℃ [165].  

Since it is almost certain that the permeation and thermal properties of TFC membranes are 

governed by the physicochemical characteristics of the top polyamide layer rather than the 

underlying support [166,167], functional organic and inorganic nanoparticles have been 

incorporated into the polyamide layer to develop high-performance thin-film nanocomposite 
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(TFN) membranes. Due to their high mechanical and thermal stability, inorganic nanoparticles 

(such as zeolite, silica, titanium, carbon nanotube, and graphene oxide) can enhance the structural 

integrity of the polyamide layer when an appropriate surface modification is applied 

[104,110,168–170].  

Khorshidi et al. [106] introduced well-dispersed oleic acid-modified TiO2 nanoparticles to the 

polyamide layer of TFN membranes to tailor their permeation and thermal performance. The 

addition of 0.0245 wt% modified TiO2 nanoparticles in a heptane solution led to the production 

of TFN membranes that had stable flux for 6 hours at 65 ℃. The formation of a robust 

TiO2/polyamide layer, however, made the TFN membranes less permeable [106]. Covalent 

attachment of nanoparticles to the polyamide layer was also found to be effective in promoting 

polymer/filler interactions. Wen et al. [98] incorporated acyl chloride functionalized graphene 

oxide  into poly(piperazine/TMC) TFN membranes. The functionalized graphene oxide particles 

reacted with the amine groups of piperazine during interfacial polymerization. The fabricated 

membranes showed stable Na2SO4 rejection in the operating temperature range of 30-80 ℃. The 

incorporation of the surface-modified nanoparticles was found to enhance the thermal properties 

of the polymeric structure of TFNs. Wu et al. [109] showed that adding carboxylated multi-walled 

carbon nanotubes increased the decomposition temperature of TFN membranes significantly.  

Although extensive research has been conducted on the development of TFN membranes, it is 

still challenging to enhance the thermal stability of these membranes without sacrificing their 

permeation flux and/or contaminant removal efficiency. In addition, much of the research up to 

now has been mostly restricted to induce some functional properties, such as antimicrobial activity 

and biofouling resistance, to the TFN membranes and failed to verify the robustness of the 

membranes in long-term operation. Given that, it is desirable to introduce novel functional 

nanomaterials into the polyamide layer and evaluate the integrity of the synthesized TFN 

membranes under harsh conditions for a longer time.  

Detonation ND is a relatively novel carbon nanoparticle with a unique core-shell structure. The 

diamond core of ND has a dense tetrahedral sp3 carbon structure, rendering it with high thermal, 

mechanical, and chemical stability. Its graphitic shell, bearing numerous oxygen functional groups 

and sp2 carbons, provides a hydrophilic surface with tunable chemistry for further chemical 

functionalization [171,172]. Benefiting from these outstanding structural properties, ND has been 
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recently considered for the fabrication of microfiltration, ultrafiltration, and nanofiltration 

nanocomposite membranes [173–178]. These studies mainly focused on the hydrophilic nature of 

the ND particles for the synthesis of membranes with higher water permeability and antifouling 

propensity.  As the selective layer has a key role in TFC membrane performance, it seems to be 

more beneficial to embed ND particles into the polyamide layer. This approach requires that the 

nanoparticles be well dispersed in the medium and have good affinity with the polyamide matrix. 

Qin et al. [179] introduced ND particles in interfacial polymerization to fabricate nanofiltration 

TFN membranes. The membranes were synthesized by dispersing carboxylated ND particles into 

the aqueous piperazine solution. With adding 0.05 wt% ND particles, the water flux was increased 

70% without sacrificing MgSO4 rejection compared with pristine TFC membrane. The 

improvement was justified with the effect of ND particles on increasing the effective surface area 

of the membranes as well as the enhancement of the hydrophilicity.   

In this study, we proposed a new generation of TFN membranes made through the 

incorporation of surface-functionalized ND particles into the polyamide layer to enhance the 

permeation properties and thermal stability of TFN membranes. We functionalized the surface of 

the ND particles with amine groups through a wet chemical process and then dispersed them into 

an organic monomer suspension. To improve the dispersion of the ND particles, we added ethyl 

acetate as a co-solvent to the organic solution. Then, the co-solvent assisted interfacial 

polymerization between MPD and TMC solutions was conducted over a PES support to synthesize 

the polyamide nanocomposite layer. The effect of ND-MPD particles and ethyl acetate on 

chemical composition, morphological characteristics, and separation performance of the modified 

membranes was evaluated at room and elevated temperature (75 ℃).  

4.1.2 Experimental methods 

In order to functionalize the ND particles with MPD groups, 0.5 g of as-received ND powder 

was first oxidized in a furnace at 420 ℃ for 2 hours under air. Air oxidization introduced carboxylic 

groups onto the ND surface (ND-COOH) and homogenized its surface by removing impurities. 

To facilitate further functionalization, the ND particles were halogenated with thionyl chloride to 

provide a reactive surface. A volume of 25 mL of thionyl chloride was added to ND-COOH and 

stirred at 65 ℃ for 24 hours. Then, the synthesized ND-COCl was washed with tetrahydrofuran to 

remove unreacted thionyl chloride [180,181]. For amine functionalization, ND-COCl particles 
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were added to an MPD solution, composed of 20 g of MPD dissolved in 30 mL 

dimethylformamide, and stirred at 70 ℃ for 72 hours [182]. Figure 4-1a illustrates these reaction 

steps. MPD-functionalized ND particles (ND-MPD) were washed again with tetrahydrofuran and 

dried in a vacuum oven at 40 ℃ overnight. Finally, ND-MPD powder was kept in a vacuum 

chamber to avoid undesirable moisture absorption.  

   TFN Polyamide membranes were fabricated by coating a nanocomposite polyamide layer 

containing ND-MPD particles over the PES support using interfacial polymerization (IP). The 

polyamide layer was formed by the reaction between an aqueous MPD solution, composed of 2 

wt% MPD, 1 wt% triethylamine, and 0.2 wt% sodium dodecyl sulfate, and an organic TMC 

solution, composed of 0.2 wt% TMC, 6 wt% ethyl acetate, and different loadings of ND-MPD 

particles. Initially, the ND-MPD powder was added to the solution of heptane and ethyl acetate. 

Ethyl acetate was used as a polar co-solvent to improve the dispersion of nanoparticles in heptane. 

The mixture was sonicated with an ultrasound probe sonicator (Q700 Qsonica) with 45% 

amplitude at room temperature for 45 minutes. Then, a concentrated TMC/heptane solution was 

added to the mixture to adjust the TMC concentration to 0.2 wt%. TMC solution was selected as 

the dispersant phase to facilitate the covalently incorporation of MPD functionalized ND particles 

into the polyamide matrix. The ND-MPD particles partially react with TMC monomers. 

Considering the presence of abundant TMC monomers, the resulting TMC solution contained two 

components: (1) ND-MPD particles attached to TMC, and (2) free TMC monomers. Both 

components can take part in interfacial polymerization and make a polyamide layer. After the 

preparation of the TMC solution, synthesizing the polyamide layer started with soaking the PES 

support with the MPD solution for 9 minutes. The impregnated support was rolled using an acrylic 

roller to remove the excess MPD solution from the support. Then, the TMC solution containing 

ND-MPD particles was poured over the support, and the polymerization was allowed to proceed 

for 30 seconds. After that, the excess TMC solution was removed, and the coated membrane was 

cured in an oven at 60 ℃ for 4 minutes, followed by rinsing with distilled water for 5 minutes. The 

curing was performed to stabilize the polyamide layer through evaporating the remained aqueous 

and organic solvents as well as further interfacial polymerization [40,183]. TFN membranes made 

by loading 100 ppm, 200 ppm, and 400 ppm of ND-MPD were labelled as TFN100, TFN200, and 

TFN400. Two TFC membranes (TFC-1 and TFC-2), one without ND-MPD/ethyl acetate and one 

without ND-MPD, respectively, were also fabricated as the pristine and control membranes. 
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Figure 4-1b illustrates the incorporation process of ND-MPD particles into the polyamide layer 

of the TFN membranes.  

 

Figure 4-1: (a) Schematic illustration of the functionalization route of ND particles with MPD and (b) Schematic 

representation of TFN membrane fabrication. The TFN fabrication method is divided into two steps. First, 

functionalized ND particles were dispersed in a heptane solution containing ethyl acetate followed with the sonication 

of the suspension. TMC solution was added after the sonication to avoid disturbing the reaction between ND-MPD 

and TMC. In the second step, the prepared TMC solution was brought into contact with the MPD solution to form an 

ND/polyamide composite layer. 
 

4.1.3 Results and discussion 

4.1.3.1 Characterization of pristine and functionalized ND particles 

Figure 4-2 illustrates the TEM and XRD characterizations of the pristine ND. The TEM image 

of nanoparticles (Figure 4-2a) shows that the pristine ND particles were approximately spherical 

with an average diameter of <10 nm. Their small spherical shapes together with their high surface 

energy make ND particles likely to self-agglomerate [171]. The XRD spectra, shown in Figure 4-

2b, indicates two intense ND characteristic peaks at 43.8o and 75.4o, which correspond to 

diffraction from atomic planes of (111) and (220) of the cubic diamond structure [184,185]. The 

successful functionalization of ND particles was corroborated with FTIR and TGA measurements. 

The FTIR spectra of pristine ND, ND-COOH, and ND-MPD are illustrated in Figure 4-2c. The 
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peak at 1740 cm-1 corresponds to C=O stretchting vibrations of carboxylic groups. The high 

intensity of the carboxylic group peak in ND-COOH confirms the successful carboxylation of ND. 

The appearance of an intense peak at 1630 cm-1 in the ND-MPD spectrum is attributed to C=O 

stretching vibrations of the amide group (shifted by electronegative nitrogen atom) [180–182]. 

This peak can also be ascribed to N–H bending vibrations of primary amines [186]. ND-MPD also 

showed the peak at 1740 cm-1, which represents the remained carboxylic groups on the surface of 

amine-functionalized ND. A broad band around 3340 cm-1 corresponds to O–H and N–H 

stretching vibrations [126].  

 

Figure 4-2: (a) TEM images of pristine ND particles dispersed in water. Single nanoparticles are distinguishable due 

to the fine dispersion of NDs. (b) XRD pattern of pristine ND showing two characteristic peaks of the diamond 

structure at 43.8o and 75.4o. (c) FTIR spectra of pristine and functionalized ND particles. (d) TG curves of pristine 

ND, functionalized NDs, and ND+MPD mixture. ND+MPD is a mixture made by simply blending MPD and ND. 

TGA results are presented from 100 ℃ since the mass loss at 0-100℃ is attributed to the possible absorbed water on 

the ND particles. 

TG curves in Figure 4-2d compares the thermal stability of the pristine and functionalized 

NDs. To evaluate the effectiveness of the surface functionalization process, the ND particles were 

simply blended with MPD (labelled as ND+MPD in Figure 4-2d) with a mass ratio of 4:1. The 
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pristine ND and ND-COOH showed a stable curve up to 450 ℃ with a slight mass loss of ~1.1 % 

and ~0.6 %, respectively, which indicates high thermal stability of the ND particles. The marked 

gap between pristine ND and ND-COOH at 450-800 ℃ can be attributed to the decomposition of 

carboxylic groups of ND-COOH [187]. The amine-functionalized ND, however, exhibited 5.5% 

mass loss at 100-450 ℃, corresponding to the decomposition of amino groups [180,181]. This was 

also confirmed with the thermal decomposition of the ND+MPD blended sample, where almost 

20% of the mass, equal to the exact amount of MPD in the mixture, was lost at 100-450 ℃.  

4.1.3.2 ATR-FTIR and XRD analysis of synthesized membranes  

The surface chemistry of PES support and the synthesized composite membranes was assessed 

by ATR-FITR and XRD analyses. As shown in Figure 4-3a, the three distinctive peaks at 1535 

cm-1 (N–H in-plane bending of amide II and C–N stretching), 1610 cm-1 (C═C aromatic ring 

stretching), and 1660 cm-1 (C═O stretching of amide I) in TFC and TFN membranes spectra are 

ascribed to polyamide layer, which are absent in PES spectrum [188,189]. The characteristic peaks 

of PES support are present in all samples at 1150 cm–1 (symmetric SO2 stretching vibration), 1240 

cm–1 (asymmetric stretching of C–O–C), 1410 cm–1 (C═C aromatic ring stretching), and 1485 and 

1580 cm–1 (aromatic in-plane ring stretching vibration), due to the large penetration depth of IR 

beam (ca. 0.5-3 m) [126,128]. The changes in the areas of the peaks corresponding to polyamide 

and PES correspond to the formation of polyamide layers with different thicknesses. To provide a 

quantitative comparison of the synthesized polyamide layer thickness in different membranes, the 

ATR-FTIR peaks were first deconvoluted, and then the ratio of the area of the polyamide peak at 

1660 cm-1 to the PES peak at 1150 cm–1 was calculated. The results are tabulated in Figure 4-3a. 

The lowest ratio was obtained for the pristine TFC membrane, implying the formation of the 

thinnest polyamide layer among all membranes. In contrast, the highest value was obtained for 

TFN100, suggesting the formation of a thicker polyamide layer in the presence of ethyl acetate 

and minimum loading of ND particles. Accordingly, TFN200 and TFN400 had intermediate ratios 

of the peak areas. This observation shows that while the presence of ethyl acetate, as a co-solvent, 

intensified the polymerization reaction, the addition of ND particles moderated the impact of ethyl 

acetate and resulted in lower polymerization rates with lower polyamide formation compared to 

the TFN100 membrane. 
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Figure 4-3b showed the XRD patterns of ND-MPD, TFC-1, and TFN membranes. The major 

diffraction peak appeared at 2θ=18.2° for all synthesized membranes represents the amorphous 

structure of PES support [190]. Due to the low concentration of ND particles in the very thin 

polyamide layer, the characteristic peaks of ND particles were not distinguished in the TFN100 

and TFN200 XRD spectra. However, TFN400, with the highest loading of ND, showed a small 

peak at 2θ=43.8°, which can be assigned to the presence of ND particles.  

Figure 4-4 shows the high resolution of C 1s and N 1s XPS spectra peaks for TFC-1 and TFN 

membranes. The C 1s peak spectrum is deconvoluted to five peaks associated to C-H and C-C at 

285 eV (carbon bonds in the aromatic rings), C-COOH and C-CONH at 285.7 eV (carbon attached 

to carboxyl group and amine linkage), -CN- at 286.2 eV (carbon attached to amines and amide 

linkage), N-C=O at 288.4 eV (amide linkage), O-C=O at 288.5 eV (carbon attached to carboxyl 

group). The N 1s peak spectrum is deconvolutd to three peaks corresponded to N-C=O at 400.5 

eV (amide linkage), R-NH2 at 398.5 eV (unreacted amine), and -NH3+ at 402.1 eV (quaternary 

nitrogen) [130,191]. The -NH3+ peak is attributed to the electrostatic interaction between amine 

and carboxylic groups [191–193].  

Table 4-1 presents the elemental composition as well as the peak area percentages of C 1s and 

N 1s species. The carbon content was increased from 70.36% to 75.25% for TFC-1 and TFN400, 

respectively. It can be due to increasing the participation of ND particles in polyamide layer at 

higher nanoparticle concentrations. To evaluate the cross-linking density, the ratio of unreacted 

functional groups, that are amine and carboxylic groups, to amide linkage were calculated. 

According to Table 1, (O-C=O)/(N-C=O) ratio has the maximum value for pristine membrane 

(TFC-1) compared with TFN membranes, indicating the formation of less amide linkages and 

more carboxylic groups (hydrolyzed acid chloride groups of TMC). Similar results were obtained 

for (R-NH2)/(N-C=O) ratio in N 1s peak species. This comparisons clearly exhibit the effect of 

functionalized ND particles on the increment of amide linkage formation, and consequently, higher 

cross-linking density. 
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Figure 4-3: (a) FTIR spectra of PES support, TFC-1, and TFN membranes. The area ratios of two highlighted peaks, 

a polyamide peak at 1660 cm–1 and a PES peak at 1150 cm–1, were listed in a table. (b) XRD spectra of ND-MPD, 

TFC-1, and TFN membranes. Higher magnification of the XRD spectra in the range of 2θ=40-50° was presented in a 

separate panel to illustrate the ND characteristic peak for TFN400. 

 

Figure 4-4: Deconvoluted C 1s and N 1s XPS spectra of TFC-1 and TFN membranes. 
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Table 4-1: Elemental composition and peak area percentage of C 1s and N 1s species  

Sample 

Atomic concentration (%) C 1s species (%) N 1s species (%) 

Carbo

n 

Nitroge

n 

Oxyge

n 

C-H, 

C-C 

C-
COO, 

C-

CON 

-CN- 
N-

C=O 

O-

C=O 

O − C = O

N − C = O
 R-NH2 N-C=O 

-

NH3
+ 

R − NH2

N − C = O
 

TFC-1 70.36 10.44 19.20 55.20 6.23 21.08 14.21 3.29 0.232 5.24 90.78 3.98 0.058 
TFN100 73.56 11.73 14.70 51.44 16.21 15.22 15.64 1.49 0.095 2.82 94.13 3.06 0.030 

TFN200 73.71 11.63 14.66 43.66 26.27 12.86 15.29 1.93 0.126 0.98 97.45 1.57 0.010 

TFN400 75.24 10.12 14.64 45.74 8.42 26.11 17.91 1.81 0.101 1.00 97.02 1.97 0.010 
 

3.1.3.3 Morphology characterization 

Figure 4-5 illustrates the FESEM top surface morphology of the PES support and the 

fabricated composite polyamide membranes. The PES support exhibited a uniform porous 

structure at the top surface. TFC-1 showed a ridge-and-valley structure, which is typical for the 

polyamide membranes made with interfacial polymerization [32]. In contrast, TFC-2 and all TFN 

membranes showed bigger surface features with less wrinkled structures. This observation was 

also confirmed by the 2D and 3D surface topography images of the membranes, presented in 

Figure 4-6. The roughness data indicates that the average roughness (Ra) and root-mean-square 

roughness (Rq) were increased from 108.4 and 82.6 nm for TFC-1 to 177.5 and 130.0 nm for 

TFN400, respectively.  

The TEM images in Figure 4-7 illustrate the cross-sectional images of the prepared 

membranes. The lowest polyamide thickness was observed for the pristine TFC-1 membrane (inset 

a). In contrast, the polyamide thickness of TFN membranes increased significantly compared to 

the pristine membrane. The higher polyamide thickness of TFN membranes can be attributed to 

the use of ethyl acetate as a co-solvent which reduced the solubility difference and the interfacial 

tension of the aqueous and organic solutions [194,195]. Therefore, the polyamide formation was 

intensified due to the higher diffusion rate of the MPD monomers to the reaction zone during the 

interfacial polymerization [36,39]. These observations align well with the ATR-FTIR analysis that 

showed more polyamide thickness for the membranes synthesized with ethyl acetate. Comparing 

TFN membranes, the thickness of polyamide layer was almost similar (insets b-d). This can be due 

to the dominant impact of ethyl acetate compared to ND concentration on the thickness of 

polyamide layer. The marked effect of ethyl acetate on the thickness of the polyamide layer was 

also verified by comparing the cross-section FESEM images of TFC-1 and TFN-400 (see the 

Figure B1 in the Appendix B). Taking a closer look into the TEM images reveals that the TFN 

membranes with a thick polyamide layer had more voids in their structures compared to the pristine 
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TFC-1 membrane. It has been suggested that the more polyamide formation during the interfacial 

polymerization leads to more generation of heat as this reaction is exothermic. The released heat 

partially evaporates the organic solvent and forms multiscale internal voids within the polyamide 

structure [134].  

 

Figure 4-5: FESEM top surface images of PES and TFC/TFN membranes. For all polyamide membranes, it is evident 

that the surface of PES is covered with a continuous defect-free thin film of polyamide.  

 

Figure 4-6: 2D and 3D AFM micrographs of synthesized TFC/TFN membranes and roughness data including 

average roughness (Ra) and root mean square roughness (Rq). 
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Figure 4-7: TEM cross-section images of TFC-1 and TFN membranes. The formation of more polyamide on top of 

the dense initial layer for TFN membranes is an indication of intensified MPD diffusion. 
 

4.1.3.4 Separation Performance 

Figure 4-8 demonstrates the water flux and NaCl rejection of the fabricated membranes at 25 

ºC and 75 ℃. The performance of lab-synthesized membranes was also compared to a commercial 

RO polyamide membrane (SUEZ AG). The pristine TFC-1 showed the lowest permeate flux of 

~17 LMH at room temperature. The ND-modified TFN membranes showed improved water flux 

with the highest value of 76.5 LMH at 25 ºC for TFN400, which was more than 4.5 times 

improvement compared with the TFC-1. In addition, TFN400 overcame the typical 

permeability/selectivity trade-off, where the NaCl rejection increased from 96.5 % for the TFC-1 

to 97.3 % for the TFN400. The comparison between the TFN membranes shows that both water 

flux and NaCl rejection enhanced by increasing the concentration of ND particles in the reacting 

solution. The high-temperature flux stability of the membranes was evaluated by increasing the 

operating temperature from 25 ºC up to 75 ºC followed by a continuous operation for 9 hours. 

Figure 4-8a illustrates that all the membranes showed higher water flux as the temperature ramped 

up from 25 ˚C to 75 ºC. Considering the continuous operation at 75 ˚C, the TFC-1 had a stable 

water flux, whereas all the other membranes experienced some extent of flux decline. The water 

flux of SUEZ AG decreased from 168 to 131 LMH over 9 hours, showing 22% flux decline. The 
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TFN membranes demonstrated more stable permeate flux than SUEZ AG, with the lowest flux 

decline of 13 % for TFN400.  

The higher permeation rate of TFN membranes compared to pristine TFC-1 at 25 ˚C can be 

attributed to the higher hydrophilicity of ND-modified polyamide films, and possibly the formation  

of more nano-scale voids within the polyamide network by the addition of ND particles and ethyl 

acetate. The water contact angle of the membranes decreased from 88.4° for TFC-1 to 58.3° for 

TFN400, showing 34% reduction (see Figure B2 in the Appendix B). The abundant oxygen 

functional groups on the surface of the ND particles can serve as favorable spots for hydrogen 

bonding to accelerate the diffusion of water molecules through the polyamide network. 

Furthermore, recent studies, using positron annihilation lifetime spectroscopy (PALS) and 

molecular dynamic (MD) simulation, have shown that the internal free volumes can be divided 

into “network” and “aggregate”voids. The former is ascribed to small voids (~ 4.2-4.8 Å in 

diameter) between the segments in the polyamide network, and the later is referred to the larger 

voids (~7.0-9.0 Å in diameter) between the polyamide network domains [136,196–200]. 

Therefore, the enhancement of both the water flux and salt rejection of the TFN400 membrane 

compared to the pristine TFC-1 membrane can be attributed to the sufficient enlargement of 

internal “network” and “aggregate” voids within the polyamide layer. The enhancement of the 

water flux of the membranes over temperature transition is expected due to the fact that the 

polyamide average free volume increases by higher random thermal motions of the polymer 

segments. Therefore, the diffusion coefficient of the water molecules through the polyamide 

networks increases at elevated temperatures. Furthermore, the self-diffusion of water molecules 

increases considerably at higher temperatures due to the lower viscosity and faster thermal motion. 

The flux decline of the membranes over the continuous operation at 75 ºC may be attributed to 

partial collapse/closure of the interconnected voids within their polyamide structure. Hence, the 

flux stability of the TFC-1 membrane at 75 ˚C can be justified as this membrane possessed a dense 

polyamide layer as evidenced by its low initial flux at 25 ˚C). Accordingly, the higher flux decline 

of the TFN membranes compared to TFC-1 can be ascribed to the presence of more nano-scale 

voids within their structure which made them more prone to microscopic compaction. The lower 

flux decline of TFN400 compared to TFN100 can be related to its higher rigidity and cross-linking 

density which was introduced by the higher numbers of ND particles in the polyamide matrix. 

Moreover, it is widely accepted that the incorporation of conductive nanomaterials (e.g., ND 
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particles) into a polymer promotes the thermal conductivity of the resulting polymer 

nanocomposites [201–203]. The well-dispersed NDs can potentially act as thermal bridges, and 

reduce the heat accumulation within the polyamide matrix at high temperatures. The favorable 

outcome would be the less impact of thermal stresses on the polyamide structure when a higher 

ND concentration is loaded.  

 
Figure 4-8: (a) Permeate flux of TFC-1, TFN membranes, and SUEZ AG. The filtration started with pure water, and 

2000 ppm NaCl solution was added after 30 minutes. Afterward, the feed temperature was increased to 75 ℃ and kept 

constant for 9 hours. The transmembrane pressure and feed flow rate were set to 220 psi and 3 LPM during the 

filtration test. (b) NaCl rejection of the membranes at 25 ℃ and 75 ℃. To obtain the salt rejection percentage at 75 

ºC, the sample was collected at the end of filtration, and the measurement of the conductivity was conducted the next 

day when the sample cooled down to room temperature. (c) Permeate flux ratio between 25 ℃ and 75 ℃. The flux at 

75 ℃ was the initial recorded data at high temperature (t=3 hours). The flux decline was calculated at 75 ℃ for 9 

hours (t=3-12 hours).   

Figure 4-8c presents further quantification of the response of the membranes to thermal 

stresses. The left axis shows the ratio of water flux at 75 ºC to the water flux at 25 ºC, and the 
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right-axis provides the flux decline over the continuous operation at 75 ºC. It can be concluded 

that a membrane with a larger flux ratio provided a lower flux decline over the continuous 

operation. TFC-1 and SUEZ AG with the flux ratios of 3.02 and 2.01, respectively, showed the 

lowest and highest flux decline at 75 ºC. A similar trend was observed for ND-modified TFN 

membranes where TFN400 with a higher flux ratio showed a lower flux decline compared to 

TFN100. The primary reason for this observation may be the structural variation of the polyamide 

layer due to thermal stresses over the temperature transition. Therefore, the membranes which 

were more prone to voids compaction exhibited lower flux ratio during temperature transition up 

to 75 ºC, and larger flux decline after that.  

4.2 Nanodiamond-Decorated TFC membranes with antifouling and antibacterial 

properties 

4.2.1 Introduction 

Significant changes in water consumption patterns, population growth, climate, and 

urbanization have exacerbated the environmental stresses on available freshwater resources 

[204,205]. In 2020, the United Nations World Water Development Report (UN WWDR) stated 

that global water consumption is increasing at a rate of 1% per year, forecasting a 20 to 30% rise 

by 2050 compared to the current level of water usage [206]. The global need for a safe and clean 

water supply has urged many countries to explore more efficient water treatment, recycle, and 

reuse solutions. Among water treatment processes, membrane technology has come under the 

spotlight as a single-step energy-efficient method to desalinate and treat wastewater. Membrane 

technology offers several attractive features such as portability, high-quality end-product, 

environmental friendliness, and low operating expenses [165,207,208]. 

Osmotically driven membrane processes rely on osmotic pressure differences across a 

membrane for water recovery. In the forward osmosis (FO) process, the water is drawn from a 

dilute feed solution with lower osmotic pressure to a concentrated draw solution with higher 

osmotic pressure [209,210]. Polyamide thin-film composite (TFC) membranes are the most 

popular FO membranes due to high water fluxes, low salt passages, and high mechanical stabilities. 

The high permeability of TFC membranes is attributed to their thin (50-200 nm) polyamide 

selective layer, which is formed on a microporous substrate [36]. One of the main obstacles to the 
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use of FO TFC membranes in wastewater treatment is fouling caused by the deposition/attachment 

of colloidal particles, organic matter, and solute macromolecules onto the membrane surface. 

Fouling reduces the performance and lifetime of forward osmosis TFC membranes, hindering their 

widespread applications for wastewater reclamation [211–213].  

Most surface modification methods employed to reduce the fouling of polyamide membranes 

rely on physical coating or chemical grafting of functional materials on the membrane surface to 

change its hydrophilicity, surface charge, and roughness [214–218]. The physical coating method, 

while being versatile, inexpensive, and adaptable to many substrates, suffers from the weak 

attachment of coatings to the membrane surface and from leaching during cross-flow filtration. 

The need to make more durable coatings has drawn attention to chemical grafting methods. In this 

method, hydrophilic macromolecules are either grafted to or grafted from the membrane surface. 

The first method refers to tethering hydrophilic polymers to the membrane surface, while the latter 

to growing polymer chains from the surface. In either method, the need for post-treatment steps, 

such as plasma or UV treatment, to ensure grafting, as well as the potential danger of releasing 

grafted materials to the environment, raises concerns about the cost, scalability, and environmental 

friendliness of these approaches.  

Recently, multiple investigations reported an efficient technique to modify the surface of the 

polyamide layer without post-fabrication treatments [111,219–221]. In the chemically induced 

grafting, the unreacted dangling acyl chloride (COCl) functional groups that remain from the 

polyamide polymerization step are modified via nucleophilic substitution reaction with amine-

terminated modifiers. Lu et al. [219] modified the polyamide surface with an amine-terminated 

polyethylene glycol derivative (Jeffamine) to make TFC membranes harder to foul with organic 

compounds. The Jeffamine-modified membranes had a significantly lower flux decline than the 

pristine membrane in filtering an alginate solution. The antifouling properties were ascribed to low 

membrane/foulant interactions, and to higher hydrophilicity of amine-modified TFC membranes.  

Inorganic nanoparticles are usually unsuitable for coating polyamide because they are 

incompatible with the membrane surface and tend to agglomerate during the coating process [222]. 

Yin et al. [220] coated the surface of a polyamide TFC membrane with silver nanoparticles by first 

reacting the polyamide layer with NH2-(CH2)2-SH (cysteamine), then by attaching antibacterial 

silver nanoparticles over the polyamide layer by Ag-S chemical bonding. The affinity of surface 
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chemistry between the nanoparticles and the membrane is a critical prerequisite to translate the 

properties of inorganic nanoparticles to the antifouling properties of polymeric membranes.  

This study aims to graft amine-functionalized ND particles to the untreated surface of 

polyamide membranes to enhance the antifouling and antibacterial properties. ND nanoparticle 

has a crystalline diamond structure and a heterogeneous graphitic shell. The surface characteristics 

of the ND particles in terms of available functional groups, such as carbonyls, carboxyls, phenols, 

pyrones, and sulfonic acids, determine their colloidal properties, surface charge, and 

intermolecular interactions with the host medium. The presence of oxygen-containing functional 

groups makes ND particles more hydrophilic. Moreover, the graphitic shell of ND particles, with 

sp2 hybridization of carbon atoms, provides tunable surface chemistry for further functionalization 

[176,203,223–225]. In addition, their low toxicity, high chemical stability, and antibacterial 

properties make ND particles interesting for a broad range of applications [153,171,174,175]. ND 

is also a noncytotoxic antibacterial agent that interferes with biofilm formation [226]. Etemadi et 

al. [178] showed that amine-functionalized ND and polyethylene glycol-functionalized ND 

increased the antibacterial and biofilm-disrupting activity of cellulose acetate membranes by 

reducing the filamentous bacteria/membrane adhesion. Recently, our group developed high-

performance thin film nanocomposite membranes through incorporating ND particles within the 

selective layer [153]. The ND particles showed excellent compatibility with the polymeric matrix 

during the polymerization. ND particles increased water permeability during filtration with a stable 

separation performance.  

In this work, we showed how TFC membranes could be made more resistant to fouling by 

grafting ND particles onto the polyamide selective layer. We also proposed a facile method to 

fabricate ND-modified TFC membranes. The ND particles were first functionalized with 

ethylenediamine (EDA) to provide adequate surface chemistry for membrane functionalization. 

Then, the amine-functionalized ND particles were grafted to freshly synthesized polyamide TFC 

membranes by reacting them with the unreacted acyl chloride functional groups on their surfaces. 

The membranes’ fouling resistance was assessed with a series of forward osmosis filtrations. The 

enhanced fouling tolerance of the ND-coated TFCs was explained based on the surface chemical 

composition, wettability, and surface roughness. 
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4.2.2 Experimental methods 

Surface functionalization of ND was carried out with EDA through carboxylation, 

chlorination, and amination. The carboxylic groups of the ND particles were converted to EDA-

terminated functionalities through a wet chemical process (Figure 4-9). The details of the 

functionalizing procedure were presented in our previous publication [181]. An ultra-thin selective 

layer was fabricated over the porous PES support with a step-growth polymerization between MPD 

and TMC at the interface of DI water and n-heptane [166]. First, the PES substrate was soaked 

with the aqueous MPD solution containing 2 wt.% MPD, 1 wt.% TEA, and 0.2 wt.% SDS for 9 

minutes. After removing the excess amine solution from the PES surface using a roller, a 0.4 wt.% 

TMC solution was poured on the substrate for 30 seconds reaction. The TFC membranes were 

then functionalized with amine-functionalized ND particles. 

 

Figure 4-9: Schematic representation of interfacial polymerization, ND particle functionalization, and ND particle 

grafting over the polyamide surface. The ND particles were modified with EDA in order to provide a reactive surface 

with polyamide COCl groups. The surface of polyamide membrane was coated with ND particles through formation 

of amide linkages between ND-EDA particles and unreacted COCl groups. 

Initially, a desired concentration of the ND-EDA powder (250, 500, and 1000 ppm) was loaded 

in 15 ml of ethanol, followed by sonication in a water bath for 10 minutes. After that, the ND-EDA 

dispersion was poured over the polyamide layer to allow the free amine groups of the ND-EDA 

particles to react with the acyl chloride groups of the polyamide surface. After 10 minutes, the 

membranes were rinsed two times with pure ethanol to remove the unreacted ND-EDA particles, 

and cured in an oven (Thermo Scientific Heratherm™, USA) at 60 °C for 4 minutes. The 

membranes were stored in distilled water at room temperature.  
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The ND-modified membranes prepared with 250 ppm, 500 ppm, and 1000 ppm of ND-EDA 

were labeled TFC-250, TFC-500, and TFC-1000, respectively. To evaluate the effect of ethanol 

and functionalized ND particles, a pristine TFC membrane (TFC-0) and a control ethanol-modified 

TFC membrane (TFC-EtOH) were also fabricated. The TFC-EtOH membrane was made with a 

pure ethanol solution, following the same procedure used to make the ND surface-modified 

membranes. The chemical grafting of the TFC membranes with ND-EDA is illustrated in Figure 

4-9. 

4.2.3 Results and discussion 

4.2.3.1 FTIR and TEM Analysis of ND Particles 

Figure 4-10a shows the FTIR spectra of the ND, carboxylated ND, and EDA-modified ND 

(ND-EDA). ND-EDA particles show two peaks at 1530 cm-1 (C-N stretching and in-plane bending 

vibrations of the N-H bond in the amine groups) and 1670 cm-1 (C=O stretching vibration of the 

amide groups), indicating the presence of EDA modifier. The peak at 1670 cm-1 is shifted to the 

right due to the presence of electronegative nitrogen atoms [180,181]. The peak at 1740 cm-1 in 

ND-EDA and carboxylated ND particles is attributed to the free acid band of the carboxylic groups 

[126]. The TEM image of the ND particles in Figure 4-10b shows that they are spherical with 

diameters lower than 10 nm. The crystalline diamond core and the graphitic shell can be 

distinguished in the TEM image. 

 

Figure 4-10: (a) FTIR spectra of pristine ND, carboxylated ND, and ND-EDA particles and (b) TEM image of 

nanoparticles. The spherical shape of ND particles represents both diamond core and graphitic shell structures. 
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4.2.3.2 FTIR and XPS results of fabricated TFC membranes  

Figure 4-11a compares the FTIR spectra of the PES, TFC-0, TFC-EtOH, and ND-modified 

TFC membranes. The polyamide peaks at 1660 cm-1 (C=O stretching of amide I), 1610 cm-1 

(aromatic amide ring stretching), and 1540 cm-1 (C−N stretching/N-H in-plane bending of amide 

II) in TFC membranes confirms the formation of polyamide over the PES substrate [36,115,227–

229]. The intensity of the polyamide peaks increases as the concentration of the nanoparticles 

increase, which is related to the formation of amide linkages between amine-terminated ND 

particles and the COCl groups in the polyamide layer. Figure 4-11b is a schematic depicting the 

polyamide membranes before and after ND functionalization.  

 

Figure 4-11: (a) FTIR spectra of PES and fabricated membranes, (b) schematic of TFC membranes before and after 

ND grafting, and (c) deconvoluted carbon and nitrogen XPS peaks of all synthesized membranes. 

Figure 4-11c shows the XPS carbon (C 1s) and nitrogen (N 1s) spectra of the membranes. The 

functional group ratio of the deconvoluted C 1s and N 1s peaks is summarized in Table 4-2. The 

C 1s peak comprises peaks of C-H/C-C at 285 eV, C-COOH/C-CONH at 285.7 eV, CN- at 286.2 

eV, N-C=O at 288.4 eV, and O-C=O at 288.5 eV. The N 1s peak comprises peaks of R-NH2 at 

398.5 eV, N-C=O at 400.5 eV, and –NH3+ at 402.1 eV [130,153,191]. Further explanation for 
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each peak is presented in our previous work [153]. The O-C=O peak area percentage, which 

correlates with the content of carboxylic groups, decreases as the ND concentration increases 

because of the reaction between aminated ND particles and unreacted COCl functional groups on 

the polyamide layer (the ND particles stop the hydrolysis of the COCl group by forming amide 

linkages). The O-C=O peak for TFC-1000 vanishes completely, indicating that nearly all COCl 

functional groups were consumed for the highest ND loading. Comparing the R-NH2 peak in the 

N 1s species, the TFC-500 and TFC-1000 membranes had a substantially higher peak area 

percentage than the pristine TFC membrane, likely because of presence of free amine groups of 

the functionalized ND particles. These FTIR and XPS analyses indicate that the ND particles were 

covalently bonded to the membrane surface.  

Table 4-2: Peak area percentages of deconvoluted carbon and nitrogen peaks. 

Membrane 

Functional group ratio (carbon) (%) Functional group ratio (Nitrogen) (%) 

C-H/C-C 

C-COO/C-

CON 

CN- N-C=O O-C=O R-NH2 N-C=O -NH3
+ 

TFC-0 57.43 13.76 14.08 12.94 1.81 2.18 94.53 3.28 

TFC-EtOH 59.72 10.35 14.64 12.13 3.16 1.51 96.74 1.74 

TFC-250 57.26 8.81 18.67 15.00 0.26 4.81 94.73 0.47 

TFC-500 61.17 6.98 17.24 14.39 0.25 8.09 88.28 3.63 

TFC-1000 56.98 7.73 20.36 14.96 0.00 10.45 78.96 10.86 

 

4.2.3.3 Morphological evaluation of the synthesized M 

Figure 4-12 compares the FESEM and TEM images of the PES, TFC-0, TFC-EtOH, and ND-

modified membranes. The polyamide layers in the TFC-0 and TFC-EtOH membranes showed 

nodular features resulting from the heterogeneous MPD diffusion in interfacial polymerization 

[166,230]. Polyamide was also formed in the larger pores of the substrate. Since the monomer 

concentrations and polymerization conditions were the same for all membranes, the polyamide 

surface was similar for the TFC-0 and TFC-EtOH membranes. Attaching the ND particles to the 

membranes, however, changed their surface morphologies, especially for TFC-1000, which is 

covered with a layer of ND particles. It seems that the ND particles agglomerated on top of the 

initially attached ND layer, especially when higher ND loadings were used.  
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Figure 4-12: (a) Top surface FESEM and (b) cross-section TEM images of PES, TFC-0, TFC-EtOH, and ND-

modified membranes. The membranes modified with ND particles show the presence of nanoparticles on the top 

surface, which become more distinguishable at higher ND loadings. The polyamide layer in panel b2-TFC-0 

represents the internal void structure which is mostly covered in the TEM images of ND-modified TFC membranes. 

The cross-sectional TEM images reveal that the polyamide thickness in all TFC membranes 

are similar. The ND-modified TFC membranes, especially for higher ND loadings, revealed the 

nanoparticles over the membrane surface. The TFC-500 and TFC-1000 membranes showed high 

loading of NDs over the membrane surface, implying the deposition of multiple layers of ND 

particles on the initially covalently bonded ND particles. TEM images of all TFC membranes 
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showed that the polyamide layer formed continuously on the top surface and inside the pores of 

the PES support. It indicated that the visible pores on the surface of TFC-0, TFC-EtOH, and TFC-

250 were filled with polyamide during the polymerization. 

Figure 4-13 contrasts the 3D AFM surface topography, surface roughness (Ra and Rq), and 

water contact angle of the TFCs. The 3D AFM surface topographies show that the membranes 

have a ridge-and-valley surface structure [231]. The roughness data indicate that the ND layer 

smoothened the polyamide surface because the nanoparticles filled the “valleys” of the polyamide 

surface. The water contact angle results show that the surface wettability of the membranes 

increased when more ND particles were added to the polyamide surface. The water contact angle 

depends on the surface chemistry and on the morphology of the polyamide layer. Wenzel's model 

states that for a surface with a contact angle of less than 90° (a wettable surface), a rise in surface 

roughness should reduce the water contact angle [131]. Our contact angle results, however, show 

the lowest contact angle was measured for the smoothest membrane (TFC-1000). This observation 

highlights how the hydrophilicity of the nanoparticles increases the surface wettability of TFC 

membranes. The impact of chemical heterogeneities induced by hydrophilic function groups to the 

surface dominates the effect of physical heterogeneities. 

 

Figure 4-13: (a) 3D AFM images, Ra: average roughness, and Rq: root mean square roughness, (b) water contact 

angle of membranes. All the 3D AFM images are presented with a same z-axis aspect ratio to give a better visual 

comparison. 

4.2.3.4 Transport performance of the membranes 

Figure 4-14(a and b) shows the water flux of the TFC membranes at different draw solution 

concentrations in  two different configurations: active layer facing feed solution (AL-FS) and 

active layer facing draw solution (AL-DS). In both configurations, the water flux increased with 
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increasing the draw solution concentration. It is due to the buildup of a larger osmotic driving 

force. However, the water flux increased non-linearly with a lower slope at higher NaCl 

concentrations, because Na+ and Cl- ions accumulated on the polyamide layer in the AL-DS 

configuration (external concentration polarization, ECP) and within the PES layer in the AL-FS 

configuration (internal concentration polarization, ICP), which reduced the effective osmotic 

pressure gradient across the membranes [232]. This effect intensified at higher concentrations of 

the draw solution. Furthermore, the water flux was higher in the AL-DS than in the AL-FS 

configuration, revealing the more significant effect of ICP in AL-FS compared to ECP in AL-DS 

on the effective osmotic driving force. The water fluxes through all ethanol-treated membranes 

(TFC-EtOH and ND-modified TFCs) were higher than in the pristine TFC-0 membrane. The water 

flux, however, decreased when the loading of ND particles increased. The higher water fluxes of 

the EtOH-treated membranes are likely a result of the plasticization of the polyamide layer by 

ethanol [233]. As the polyamide layer swells, the free volume in the polymeric structure increases, 

making it easier for water to permeate. In addition, ethanol can remove smaller polymer chains 

that were not bonded to the polyamide network during interfacial polymerization [220]. The 

reduction of the water flux for ND-coated TFCs, especially at higher loadings, can be related to 

the additional resistance of the ND layer against water permeation. The size of the covalently 

attached NDs and their agglomerates are presumably larger than the size of the water channels in 

the polyamide selective layer. Therefore, a likely explanation for the flux decline can be the 

additional transport resistance imposed by the ND layer. 

Figure 4-14(c and d) compares the reverse salt flux and specific salt flux in both membrane 

configurations with a 2 M NaCl draw solution. The ethanol-treated TFC membranes (TFC-EtOH 

and ND-modified TFCs) exhibited higher reverse salt fluxes in both modes than the pristine TFC-

0 membrane, which might be related to the swelling effect of alcohol on the selective layer. The 

TFC-250 and TFC-500 membranes had reverse salt fluxes similar to the TFC-EtOH membrane, 

showing that ND grafting did not affect salt separation substantially. Higher loadings of ND 

particles, however, improved salt selectivity: TFC-1000 had the lowest reverse salt flux among all 

ethanol-treated membranes.  
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Figure 4-14: (a) Water flux in AL-FS configuration, (b) Water flux in AL-DS configuration, (c) reverse salt flux, (d) 

specific salt flux, and (e) transport parameters for TFC-0, TFC-EtOH, and ND-modified membranes. All the forward 

osmosis filtrations in AL-FS and AL-DS configurations were performed with 1 M NaCl draw solution and deionized 

water as the feed solution. The reported water flux in panel a and b is the flux at the beginning of the filtrations. The 

reverse salt flux is also calculated by measuring the NaCl concentration in feed solution during 2 hours filtration. 

 

Figure 4-14e shows the transport parameters (A, B, and S) of the TFC membranes. The water 

and solute permeability parameters followed a trend similar to water flux and reverse salt flux in 
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which the ethanol-treated membranes had higher water permeation and lower salt selectivity. The 

structural parameter, S, is one of the important parameters of PES support. The lower structural 

parameter indicates less severe internal concentration polarization in the support layer of TFC 

membranes. Since similar PES supports were used to fabricate all TFC membranes, the structural 

parameter showed an average value of 412.8 nm with ±43.8 nm variation.  

4.2.3.5 Antifouling properties of ND-modified membranes 

Figure 4-15(a and b) shows the water flux during the filtration in the AL-FS configuration for 

SA-CaCl2 and BSA-CaCl2 feed solutions. The flux of the TFC-0 and TFC-EtOH membranes 

declined substantially in the initial 30 minutes of filtration of the SA solution because the organic 

foulant was accumulated on the membrane. In contrast, the fluxes of the ND-modified membranes 

declined gradually over the fouling experiments and stabilized after 150 minutes. Moreover, the 

flux decline was lower for the TFC membranes with higher ND loadings: TFC-0 had the highest 

(42%) and TFC-1000 had the least (15%) flux declines of all membranes.  

Figure 4-15b shows that the membranes experienced lower flux declines with the BSA 

solution, suggesting that the BSA foulant attaches less effectively onto the membrane surfaces. 

The TFC-0 and TFC-EtOH membranes had similar flux declines in the first 30 minutes, followed 

by a gradual decline until the end of the experiments. All the ND-modified membranes were more 

resistant to BSA fouling, with less than 11% flux decline in 180 minutes. Figure 4-15c illustrates 

that more alginate gel was formed over the membrane surface of the pristine membrane at the end 

of filtration with SA than with the TFC-1000 membrane.   

The fouling mechanism of polyamide membranes can explain why the SA solution caused 

more fouling than the BSA solution. The presence of Ca2+ ions has a major impact on the fouling 

severity of these membranes because Ca2+ ions form cross-linked foulant networks through binding 

with the carboxylic groups of the foulants. Ca2+ ions can also link foulants and carboxylic groups 

of the polyamide layer (hydrolyzed COCl groups), forming an adhesive fouling layer. These Ca2+ 

attachments are known as Ca2+ bridging effect [234,235]. Therefore, the content of carboxylic 

groups in the foulant and on the polyamide layer can affect the extent of fouling. The BSA 

molecules have a much lower fraction of carboxylic groups than those of SA. Hence, fewer cross-

linked structures form when the feed solution contains BSA and CaCl2, leading to less fouling and 

lower flux decline. TFC membranes coated with nanoparticles had a lower flux decline, likely 
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because of the fewer carboxylic groups on the ND-modified polyamide layer. As shown by XPS 

analysis, the amine-functionalized ND particles consumed the COCl groups at the polyamide 

surface. Therefore, fewer COCl functional groups remained to be hydrolyzed and converted to 

COOH when rinsing with water. This led to the reduction of adhesion spots on the polyamide layer 

for Ca2+ to make bridges between the membrane and the foulant molecules. The existence of 

multiple carboxylic groups on the TFC-0 and TFC-EtOH membranes made them more prone to 

fouling with the foulants. In addition, the hydrophilic ND particles make a hydration layer, and 

therefore hinder the accumulation of hydrophobic SA and BSA foulants on the surface. Finally, A 

smoother polyamide film (based on roughness data) is expected to experience less fouling because 

it has fewer ridges and valleys where foulant molecules can be deposited [236]. 

 

Figure 4-15: Water flux of synthesized membranes with (a) SA feed solution and (b) BSA feed solution, (c) formation 

of alginate gel on TFC-0 and TFC-1000 membranes after 180 minutes fouling experiment. The abrupt flux decline of 

TFC-0 in the initial 30 minutes of the filtration is an indication of alginate cake layer formation. Fouling experiments 

started with 18±1 LMH water flux for all TFC membranes to exclude the effect of hydrodynamic flow condition on 

the fouling.  
 

4.2.3.6 Stability of grafted ND particles 

The release rate of ND particles is an indication of the stability and lifetime of the ND layer. 

Figure 4-16 shows the leaching rate of ND particles, measured by the total organic carbon (TOC) 

over 16 days. On day 1, the release rate of pristine (TFC-0) and ND-modified membranes differed 

significantly. The release from the pristine membrane is caused by unreacted monomers and 

residual solvents. The release from the ND-modified TFC membranes is related to the detachment 

of ND particle agglomerates, unreacted monomers, and residual solvents.  It seems that the number 

of loosly detached ND particles is higher than covalently attached ND partilces as many 
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nanoparticles formed agglomorates over the initially attached layer by weak interactions. 

However, the leaching curves of all TFC membranes behaved similarly after day 4, suggesting that 

the ND particles remained on the surface after the loosely attached ND particles were released. 

The FESEM and TEM analyses showed that the agglomerated ND particles accumulated on top 

of the covalently-bonded ND layer. The ND agglomerates can be released from the membrane due 

to their weak interparticle electrostatic interaction, but not the covalently-bonded ND particles. 

 

Figure 4-16: The release rate of ND particles, evaluated by total organic carbon, for the fabricated membranes. The 

samples were collected each three days for the analysis. The vials of the samples were refilled with pure water every 

day to report the release data daily. 
 

4.2.3.7 Antibacterial activity of the ND membranes 

Figure 4-17a shows a schematic of the colony plating and confocal microscopy tests. The 

membranes were first exposed to E. coli cultures for 3 hours, and then monitored through the 

colony plating (Figure 4-17(b1-b6)) and confocal microscopy (Figure 4-17(c1-c6)) analyses. E. 

coli was used as one of the common gram-negative bacteria for study of the efficiency of 

anbacterial agents [237,238]. Control samples were used to calculate the mortality rate of E. coli 

in contact with the membranes. The colony plating test showed that the TFC-1000, TFC-500, and 

TFC-250 membranes inactivated 63.7%, 59.7%, and 52.4% of the bacteria, respectively, while the 

TFC-0 and TFC-EtOH membranes inactivated only 1.3% and 14%, respectively. Confocal 

microscopy results confirmed these findings: The TFC-1000, TFC-500, and TFC-250 membranes 
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showed 52.1%, 51.9%, and 48.3% mortality rates, respectively, while the TFC-0 and TFC-EtOH 

membranes inhibited a negligible fraction of E. coli.  

These results confirm that the ND particles significantly increased the bacterial inactivation 

rates of the membranes. ND had already been proven to be a promising antibacterial agent 

[239,240], and this finding was reflected in the performance of the TFC-1000, TFC-500, and TFC-

250 membranes [241]. The colony plating and confocal analysis indicate that higher grafted 

nanoparticles increase the antibacterial activity of the membranes, but the small difference in 

inactivation rates between the TFC-1000 and TFC-500 membranes suggests that the membrane 

surface approaches saturation at this concentration range for inactivating bacteria.  

The antibacterial activity of the membranes can be related to the remaining hydroxyl and 

carbonyl groups on the ND surface (see Figure 4-9), since they have been listed as strong 

antibacterial agents on ND particles by Wehling et al. [239]. These oxygen-containing groups may 

attach to the intracellular components of the bacteria or bind to their cell walls. This bondage 

inhibits vital proteins and enzymes, which leads to a rapid collapse of the bacterial metabolism 

and death [239]. Physical interactions among ND particles and bacteria can be another mechanism 

for E. coli death, as Chatterjee et al. [242] showed in their study. They also mentioned that the 

interaction of ND with bacteria might be due to the highly reactive surface of ND particles. This 

increases the chance for a physical hit to the bacterial outer membrane, and eventually causes 

death.  

Disc inhibition zone tests (Figure 4-17(d1-d6)) demonstrate the antibacterial behavior of the 

modified TFCs. Inhibition zones form when ions or other antibacterial agents can move away from 

the membrane by diffusion [243–246]. None of the membranes (black circles in panels d2-d6) 

showed any inhibition zone surrounding them (in the perimeter of the membranes). This supports 

the idea that the ND particles are strongly bonded over the polyamide layer. The bondage of 

nanoparticles to the membrane surface affects the long-term activity of polymeric membranes, 

especially for anti-biofouling studies. Based on the antibacterial activity of the membranes, it can 

be concluded that not only functionalization of membranes with ND particles increase the 

antibacterial activity of the membrane but may also guarantee their long-term performance in the 

presence of bacteria. 
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Figure 4-17: The antibacterial assessment of the ND membranes. (a) schematic illustration of colony plating and confocal 

microscopy tests preparation steps, (b1-b6) colony plating test of the membranes. The Solution for these plates has been 10-6 diluted. 

(c1-c6) confocal microscopy test of the membranes (green and red areas represent the live and dead bacteria, respectively). The 

mortality rate is the ratio of the red area to the total red and green area calculated using ImageJ software, and (d1-d6) inhibition 

zone test of the membranes (black circles (d2-d6) are the membrane samples). Bacteria inhibition rates of the membranes in (e) 

colony plating and (f) confocal microscopy tests. 

4.3 Conclusion 

In this study, we showed how the unique features of ND particles can be exploited for 

enhancing permeability, thermal stability, antifouling, and antibacterial properties.  

First, we incorporated surface-functionalized ND particles into the polyamide layer of TFN 

membranes for the first time. FTIR and TG analysis indicated the successful functionalization of 

ND particles with MPD. Ethyl acetate was used as the co-solvent of the organic TMC solution to 

facilitate the dispersion of ND particles in the polyamide matrix. FTIR and morphological 

characterization of the synthesized membranes highlighted the significant effect of ethyl acetate 

on the formation of a thicker polyamide layer. The synergetic effects of ethyl acetate and ND 
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particles dramatically improved the membrane permeation and broke the trade-off between 

permeability and salt rejection. The improvement in the permselectivity of TFN membranes 

increased with the incorporation of more NDs into the polyamide matrix. With an increase of ND 

particles concentration form 100 to 400 pmm, water flux and NaCl rejection improved 22.8% and 

4.4%, respectively. The addition of diaminated ND particles also contributed to the stability and 

integrity of the polyamide network at elevated temperature through increasing the cross-linking 

density as well as the heat dissipation effect. In the second phase of the work, a series of ND-

modified TFC membranes were synthesized by covalently bonding amine-functionalized ND 

particles to polyamide layers to explore whether the ND particles formed an antifouling and 

antibacterial layer. Ethylenediamine was used as the surface modifier to improve the affinity 

between the functional groups of ND particles and the polyamide. The ND particles reduced 

fouling of the TFC membranes with SA and BSA organic foulants by decreasing the electrostatic 

and hydrophobic foulant/membrane interactions, and by reducing the membrane roughness. The 

ND particles also imparted antibacterial activity to the membranes by killing E. coli bacteria cells.  
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Chapter 5                                                         

High-temperature cross-flow filtrations of 

commercial reverse osmosis membranes: 

guidelines for characterization§ 

 

 

 

 

 

 

  

                                                           
§ This chapter was prepared based on a manuscript entitled as “High-Temperature Cross-flow Filtrations of 

Commercial Reverse Osmosis Membranes: Guidelines for Characterization” submitted to the Canadian Journal of 

Chemical Engineering 
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5.1 Introduction 

Many industries produce massive volumes of contaminated water at high temperatures, which 

must be treated, recycled, and reused. Seasonal and daily temperature fluctuations may also affect 

the temperature of the water flowing to the treatment facilities [165,247]. For example, in the 

province of Alberta in Canada, in-situ oil extraction processes produce highly contaminated water 

at high temperatures. Steam-assisted gravity drainage (SAGD), as the front-runner technology for 

oil extraction in Alberta, consumes 2-3 barrels of water to extract one barrel of oil. Most water 

treatment technologies perform optimally at room temperature [114,248]. In the case of membrane 

filtration, the low thermal stability of most commercial polymeric membranes is their main 

limiting factor. Therefore, the hot wastewater must be cooled down before being treated by a 

membrane filtration process, which increases capital and operating costs when dealing with hot 

streams [249,250]. Consequently, there is a growing demand for the development of water 

treatment techniques that operate at high temperatures and, thus, improve heat integration of the 

overall process. From the viewpoint of cost and energy savings, it is often essential for the 

membrane to be operated at the highest allowable temperature.  

Polyamide thin-film composites (TFC) are the industry-standard multilayer structure of RO 

and nanofiltration membranes. They are widely used in different separation applications such as 

municipal and industrial wastewater reclamation or seawater desalination [21,106,251]. TFC 

membranes are commonly developed by coating an ultrathin crosslinked polyamide layer on the 

top of a microporous support [38,150]. The nanoscale polyamide layer is formed via an interfacial 

polymerization between a diamine-containing monomer (such as m-phenylenediamine) and a 

triacyl chloride monomer (such as trimesoyle chloride). The three functional groups on the 

trimesoyle chloride molecules form the 3-dimensional crosslinked polyamide network needed for 

high salt rejection from water. Any change in monomer type, interfacial reaction time, or 

peripheral conditions may largely impact the final film characteristics [40,211].  

Most commercial polymeric TFC membranes are recommended to be used below 45 °C. The 

unfavorable separation performance, and in an extreme scenario the catastrophic failure, of TFC 

membranes when the feed solution temperature exceeds 45 °C restricts their direct use in the 

effective treatment of streams like hot condensates, boiler-water blowdowns, textile and sugar 

effluents, laundry wastewater, annealing baths, high-temperature mining wastewater, and water 
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produced in the oil and gas industries [165]. In some food industries, water streams must be kept 

at an elevated temperature (up to 90°C) to prevent biological contamination [252]. In 

pharmaceutical processes, the membranes should be exposed to high-temperature (up to 95°C) 

water streams for sanitization purposes. This operation is mostly done at hydraulic pressures as 

low as 60 psi for several hours. In some industries, the saturation of aqueous solutions with 

different salts requires keeping the unit at high temperatures; otherwise, the solubility limit of 

critical compounds may be reached. In the SAGD process, the produced water temperature is as 

high as 150 C and a large amount of energy is wasted to cool down the water from this 

temperature to below 70 C (or lower) for water treatment, and then heating it again up to 220 

C to produce steam [7].  

It has been reported that increasing the process temperature is favorable for water recovery but 

deteriorates the separation performance of the membranes. Increasing the filtration temperature 

affects the membrane properties and the mobilities of solvents and solutes [253]. Some researchers 

investigated the effect of temperature on solute transport through nanofiltration membranes [254]. 

Nanofiltration polyamide membranes rejected less uncharged solutes at higher temperatures, 

which is justified by an increase in the pore radius of the membranes at elevated temperatures, 

leading to lower steric exclusion of the solute molecules. Roy et al. [253] studied the effect of 

temperature on monovalent and divalent ions transport in nanofiltration membranes. Solute 

transport through the membranes via three mechanisms—convection, molecular diffusion, and 

electromigration—was found to increase at higher temperatures. Higher temperatures also reduced 

the dielectric exclusion of solutes because the pore dielectric constant at elevated temperatures 

decreases. The authors concluded that higher solute transport at elevated temperatures could be 

due to a change in membrane properties (e.g., increased polymer chain mobility at higher 

temperatures), lower solvent viscosity (higher convection flow rates), and higher ion diffusivity. 

However, our recent studies on fabricating novel thermally stable RO membranes [106,153,255] 

showed that the NaCl rejection increased at higher temperatures. Such an opposite trend for NaCl 

rejection in RO membranes compared to nanofiltration membranes can be justified by the 

difference in solute transport mechanism through the dense polyamide layer of these two types of 

membranes. We attributed the increase in NaCl rejection with temperature primarily to the 

plasticizing effect of temperature on collapsing internal free volumes of the polyamide structure. 

Indeed, physical or chemical changes of polymeric materials with temperature should be 
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considered in justifying the performance of RO membranes at elevated temperatures. The thermal 

stability of a polymeric membrane depends strongly on polymer properties such as aromaticity, 

crosslinking degree, chain interactions, and stiffing functional groups [84,165]. Improving the 

crosslink density of the polyamide layer by using new monomers and fabrication of a fully 

aromatic polyamide structure have already been investigated [87,255]. Further studies showed that 

incorporating some inorganic fillers like TiO2, carbon nanotubes (CNT), and ND particles could 

improve the thermal and mechanical characteristics of TFC membranes [102,109,152,153]. 

Nevertheless, the first step in designing state-of-the-art thermally stable RO membranes is to 

develop laboratory protocols for high-temperature testing similar to industrial RO operations. 

This study aims to test three flat-sheet commercial RO membranes in a simulated SAGD 

operation environment at high temperatures (70-80 C). The main objectives are to: (i) understand 

the thermal stability of available commercial RO membranes in the market, (ii) develop standard 

operating protocols to test RO membranes at high temperatures, (iii) and provide insights regarding 

the fabrication of thermally stable RO TFC membranes.  

5.2 Results and discussion 

5.2.1 High-temperature filtrations of flat-sheet membranes 

5.2.1.1 Long-term performance of the membranes at high temperature 

In this paper, we used AG, AK, and AD symbols to label these membranes (see Figure 5-1). 

The flat-sheet membranes were used for filtration after overnight soaking the coupon samples in 

isopropanol (IPA) and water solution with a volume ratio of 1:4. 

Figure 5-2 compares the water flux and NaCl rejection of the commercial RO membranes in 

the temperature range of 25-75 ℃. The performance of the membranes was also evaluated at 75 

℃ for 15 hours. The NaCl rejection was measured at 25 ℃, at the beginning of high-temperature 

filtration at 75 ℃, and at the end of the filtration. The flux of the membranes increased by 

increasing the temperature. The water flux reached the highest value with different rates. The AG 

and AD membranes showed the lowest and highest water flux ratios at 75 °C to the water flux at 

25 °C, respectively. All RO membranes experienced flux decline during 15 hours of filtration at 

75 °C. The AD membrane showed a 15.81 % flux decline at high temperature, indicating its high 

stability in a long-term operation. However, the brackish water membranes (AK and AG) showed 
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22.08 % and 27.58 % flux declines, respectively. We noticed that the membranes with a higher 

flux ratio in the transition zone (25-75 ℃) had a lower flux decline at 75 ℃ after 15 hours of 

filtration. The NaCl rejection increased for all the membranes when the temperature increased.  

 

Figure 5-1: Commercial polyamide TFC membranes used in this study. SUEZ AG and SUEZ AK are standard and 

low-pressure brackish water RO membranes, respectively. SUEZ AD is designed for delivering high NaCl rejection 

at seawater operating conditions. 

 

Figure 5-2: Water flux and NaCl rejection of the AK, AG, and AD membranes in a long-term (15 hours) filtration. 

The permeate samples at high temperature were collected and allowed to be cooled down to room temperature for 

conductivity measurement.   
 

At higher temperatures, the diffusion rate of all feed solution components, including water 

molecules, through the membrane film increases. Besides, higher temperatures reduce the solvent 

viscosity and density, facilitating fast permeation through the membrane. These two phenomena 

increase the water flux during filtration in the temperature transition zone [100,255,256]. 

Furthermore, at high temperatures, the intensified segmental motions of the polymeric network 

allow the formation of more water channels inside the polyamide membranes [153]. The flux 

decline at high temperatures can be explained by the low thermal resistance of the polymeric 
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structure of the membranes. The plasticizing effect of the temperature on the membranes, subjected 

to a permanent hydraulic pressure, leads to the collapse of the internal voids of the membrane 

structure, and consequently, less free volume. The AD membrane, designed for seawater 

desalination (800 psi operating pressure), possesses a dense polyamide layer with low 

permeability. The rigid selective layer resisted better against thermal stresses at elevated 

temperature than brackish water membranes (AG and AK) with selective layers more prone to 

structural variations at high temperatures.  

The increase in NaCl rejection at 75 °C might be attributed to the different impact of 

temperature on the diffusion of water molecules and NaCl ions at high temperatures. As the water 

permeation rate is faster than the salt passage at high temperatures, the rejection percentage 

increases, i.e., the quality of permeate water is improved when filtering hot feed streams [51]. 

Moreover, the compaction of the polymeric structure at elevated temperatures, which has a 

detrimental effect on water flux at 75 °C, improves the salt rejection of the membranes.    

5.2.1.2 Cyclic tests 

Figure 5-3 contrasts the water flux and NaCl rejection of the three RO TFC membranes in 

cyclic operations for three days. The performance of the membranes on day 1 resembled the long-

term performance of the membranes in the initial 4 hours. However, on days 2 and 3, the flux 

decline at 75 °C decreased for all the membranes. This observation implies that high temperature 

had less market effect on the heat-treated membranes. Another indication of the more stable 

performance of the membranes in cycles 2 and 3 is the more linear flux increment in the 

temperature transition zones (25-75 °C). A linear trend of water flux during the temperature 

increment can be explained by the less structural variation of polyamide due to thermal stresses. It 

should be noted that the overall flux decline of the membranes in the three cycles is higher than 

that in long-term operation for 15 hours, indicating the deteriorating effect of temperature 

variations during cycles. The water flux of the membranes at 25 °C had a decreasing trend for all 

the membranes in three cycles as well. The NaCl rejection was measured at points 1-4, as shown 

in Figure 5-3 (panel 1). The rejection for all the membranes increased at higher temperatures. 

However, NaCl rejection of AD membrane decreased in cycles 2 and 3.   
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Figure 5-3: Water flux and salt rejections of cyclic operations of AK, AG, and AD membranes in three days. The flux 

decline of the membranes at 75 °C for each cycle was calculated and listed in a Table in the first panel. After finishing 

each cycle, the feed solution was cooled down slowly overnight. 
 

5.2.1.3 Stepwise temperature increment 

Figure 5-4 shows the water flux and NaCl rejection of the membranes in the range of 25-75 

℃ with 10 ℃ intervals.  

 

Figure 5-4: (a) The trans-membrane pressure of the membranes at different operating temperatures. The water flux 

was set to 35 LHM, 72 LMH, and 112 LMH for AD, AG, and AK membranes, respectively, and (b) NaCl rejection 

of the membranes at different temperatures. 
 

The operating pressure was adjusted to deliver the same initial water flux at each temperature 

level. The initial flux for AD, AG, and AK was set to 35 LHM, 72 LMH, and 112 LMH, 

respectively. As can be observed in Figure 5-4, the operating pressure decreased by elevating the 

temperature. The NaCl rejections for AD and AG showed low variations by elevating the 

temperatures. However, the salt rejection of AK decreased at higher temperatures. This 
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observation is contrary to the obtained results in long-term performance and cyclic operations, in 

which the NaCl rejection increased at higher temperatures. By ruling out the effect of pressure on 

the membrane at higher temperature levels, the structural compaction of the polyamide is lower, 

leading to more consistent rejection results.  

5.2.1.4 Permeability measurement of membranes at different temperatures   

The pure water permeability of TFC RO membranes at different temperatures was measured 

by varying the transmembrane pressure. Figure 5-5 depicts the water flux of AD and AG 

membranes at 150, 175, 200, and 225 psi in the temperature range of 25-75 ℃. The slope of the 

curve at each temperature level is the permeability of the membranes, as illustrated in the left panel 

of Figure 5-5. The permeability of the membranes (flux normalized with the pressure) was 

increased at elevated temperatures for both AD and AG membranes, again emphasizing the impact 

of temperature increment water permeation through the membrane. This result highlights that high-

temperature water filtration can be more beneficial from an energy and cost-saving perspective 

than room-temperature water filtration.  

 

Figure 5-5: The water permeability of membranes at different temperatures. The permeability was reported by 

calculating the slope of flux/pressure curves. 
 

5.2.2 The effect of temperature on the morphological characteristics of TFC membranes  

Figure 5-6 shows the top surface FESEM and 3D topography AFM images of as-received 

membranes, the membranes after filtration at room temperature, and the membranes after 

filtrations at high temperature for 15 hours. Table 5-1 summarizes the roughness data, including 

Ra (average roughness) and Rq (root mean square roughness).  
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Figure 5-6: Top surface FESEM and 3D topography AFM images of AK, AG, and AD membranes. 

 

As shown in Figure 5-6, all the images show the typical morphology of the polyamide layer: 

ridge-and-valley structure [41,257]. The morphology of the membranes was affected by the 

pressure and temperature. The AK membrane showed a smoother surface after filtration at room 

and high temperatures. However, the AG membrane had lower variation compared with the AK 

membrane. In contrast, the AD membrane revealed a rougher surface after filtration at elevated 

temperatures. This observation shows the different effects of temperature on the polyamide layer 

for AK, AG, and AD membranes. 

Table 5-1: The roughness data including Ra: average roughness and Rq: root mean square roughness of AK, AG, and 

AD membranes  

Membrane 
Ra (nm) Rq (nm) 

As-received Pressure-effect Temp-effect As-received Pressure-effect Temp-effect 

AK 76.2 70.3 61.5 96.6 92.2 79.2 

AG 59.9 57.7 58.5 76.5 73.5 73.1 

AD 72.3 70 83.6 91.2 88.5 105.7 
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To further evaluate the effect of filtration temperature on morphology and thickness of the 

polyamide layer, the cross-sectional TEM images of RO membranes were taken before and after 

15 hours of high-temperature filtration. Figure 5-7 shows that the polyamide layer with a spongy 

structure containing internal voids completely covered the polysulfone (PSf) support. The internal 

voids in the polyamide layer are formed due to solvents' evaporation during interfacial 

polymerization [134,166]. With increasing the filtration temperature, AG and AK membranes 

experienced considerable compaction of selective layer after a long-term operation. AK membrane 

showed the highest structural compaction of the selective layer, while the AD membrane had 

almost the same thickness of polyamide before and after high-temperature filtration. This 

observation agrees with the long-term filtration results, in which AD membrane revealed lower 

flux decline compared with AG and AK membranes. 

 

Figure 5-7: Cross-section TEM images of AG, AK, and AD membranes before and after high-temperature filtrations. 

The polyamide layer contrasts with PSf support by its spongy structure with internal voids. 

 

5.2.3 The effect of temperature on the chemical composition of TFC membranes 

Figure 5-8 illustrates the FTIR spectra of as-received membranes, the membranes after 

filtration at room temperature, and the membranes after filtrations at high temperature for 15 hours. 

In AK and AG membranes, two peaks at 3350 cm-1 and 1100 cm-1 were removed after room and 

high-temperature filtration, which can be attributed to the washing of the preservative materials 
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(glycerol) from the polyamide surface. The peaks at 3350 cm-1 and 1100 cm-1 correspond to O-H 

stretching and alcoholic C-O asymmetric stretching vibration of glycerol, respectively [258]. The 

intensity of the peaks was also reduced after filtration for AK and AG spectra. AD membrane 

exhibits the same spectra before and after high-temperature filtrations, showing high stability of 

the selective layer at high temperatures. From the FTIR analysis, it can be concluded that the 

temperature does not significantly affect the chemical composition of the polyamide layer.  

 

Figure 5-8: FTIR spectra of AG, AK, and AD membranes before and after room and high-temperature filtrations. 
 

5.3 Conclusion 

Employing currently available industry-standard RO membranes for industrial and commercial 

high-temperature applications is still a big challenge, suggesting a high demand for the 

development of thermally stable membranes by modifying the chemical and morphological 

structure of the polyamide layer. Understanding the contributing factors on separation performance 

at elevated temperatures as well as establishing standard protocols for high-temperature testing are 

critical prerequisites for developing novel thermally stable membranes. In this study, three 

commercial membranes were tested following four different high-temperature filtration 

methodologies. The results showed that the brackish water membranes (AG and AK) experienced 
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a higher flux decline during filtration at high temperatures. The AD membrane, a seawater 

desalination membrane, performed more stably at higher temperatures. However, fabricating 

highly permeable RO membranes (such as AG and AK) with robust polymeric selective layers and 

high thermal tolerance remains a challenge since available thermally stable membranes (such as 

AD), designed for specific applications, provide low water recovery.  
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Conclusion and future work 
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6.1 Conclusion 

The present thesis is a comprehensive study on the development of novel thin film composite 

(TFC) and thin film nanocomposite (TFN) membranes with improved water permeability and 

thermally stability. We provided insights on polymer material selection, characterization 

techniques, promising progresses, major challenges, and potential future trends.  

In many industrial applications, the contaminated process water must be treated at high 

temperatures for the sustainability and energy efficiency of water recycling processes. 

Commercially available TFC membranes suffer from limited thermal resilience at temperatures 

above 45 C, resulting in short working lifetimes. This limitation has motivated researchers to 

improve the thermal stability of TFC membranes through three primary approaches: (i) tuning the 

chemistry of the selective layer, (ii) enhancing the thermal properties of the porous sublayer, and 

(iii) incorporating nanomaterials into both the selective and support layers of TFC membranes.  

Among different approaches, efforts on modifying the selective layer have gained momentum 

due to the critical role it plays on the overall separation performance. Synthesis parameters were 

modified to develop new polyamide layers with higher cross-linking degree and rigidity. 

Furthermore, employing other strategies, such as using novel sublayers or well-dispersed 

nanoparticles was also found to increase the separation performance and thermal tolerance of TFC 

membranes. Major challenges for the development of robust TFC and TFN membranes still 

remain: (i) how to overcome the trade-off between thermal stability and permselectivity of 

membranes, primarily caused by the low reactivity of new monomers with stabilized resonance 

structure and severe aggregation of nanoparticles, and (ii) how to develope reliable methods to 

characterize the individual layers of composite membranes.  

First, we synthesized novel TFC reverse osmosis (RO) polyamide membranes by modifying 

the chemical structure of their selective layers. Triaminopyrimidine (TAP) was used to synthesize 

a polyamide selective layer with high cross-linking density over a microporous polyethersulfone 

(PES) support. The addition of TAP to the classic m-phenylendiamine (MPD)/trimesoyl chloride 

(TMC) combination improved the permeation of the membranes remarkably. All synthesized TFC 

membranes showed consistent permeate flux for 9 hours of operation at 75 °C with only a slight 

reduction in salt rejection. In the second phase of this work, we synthesized TAP-modified TFC 
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membranes on PES support. We also modified the support layer with a polydopamine 

(PDA)/graphene oxide (GO) interlayer to regulate the structure of polyamide layer during 

interfacial polymerization. TAP-modified membranes had higher permeability and thermal 

stability at 65 ℃ compared to a free-TAP TFC membrane.   

In the second part of this thesis, we reported a design strategy for the development of thermally-

stable RO thin film TFN membranes embedded with nanodiamond (ND) particles. The surface of 

ND particles was first functionalized by MPD. Then ND-MPD particles were dispersed into a 

TMC organic solution. To improve the dispersion state of ND particles, ethyl acetate, as a polar 

co-solvent, was added to the organic solution. The polyamide composite layer containing different 

loadings of ND particles were synthesized through interfacial polymerization. The chemical 

characterization of functionalized ND proved the successful amination of nanoparticles with MPD. 

The reactive functional groups and the hydrophilic surface of NDs intensified the interactions of 

nanoparticles with the polymer matrix and enhanced the surface wettability of the TFN 

membranes. The contact angle measurement showed a maximum decrease from 88.4˚ for the 

pristine membrane to 58.3˚ for the TFN membrane fabricated with 400 ppm ND particles. The 

addition of ND particles and ethyl acetate created larger surface features on the polyamide surface 

of TFN membranes. The average roughness of the membranes increased from 108.4 nm to 107.5 

nm for the pristine and TFN membranes, respectively. The ND-modified TFN membranes showed 

higher water flux (up to 76.5 LMH) compared to pristine membrane (17 LMH) at ambient 

temperature. The TFN membrane with highest loading of ND particles overcame the trade-off 

relation between water flux and NaCl rejection with 76.5 LMH and 97.3%. Furthermore, the TFN 

membrane prepared with 400 ppm MPD functionalized ND particles exhibited the lowest flux 

decline (13%) over a 9 hours filtration test at elevated temperature (75 ˚C) compared with other 

TFN membranes.  

TFC membranes could also benefit from outstanding structural properties of ND particles to 

be more hydrophilic and fouling resistant at the surface. We reported an effective and scalable 

method to reduce the fouling of polyamide TFC membranes by grafting amine-functionalized ND 

particles. The surface chemistry of ND was modified to improve the compatibility of nanoparticles 

with the polyamide membranes. Fouling experiments with sodium alginate (SA) and bovine serum 

albumin (BSA) showed that the ND layer substantially reduced fouling of the membranes. The 

flux of the ND-modified membrane made with a solution containing 1000 ppm ND particles 
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declined only by 15% (SA) and 9% (BSA) after 180 minutes of filtration, while the flux of the 

pristine TFC membrane declined by 42% (SA) and 21% (BSA). The ND particles increased the 

antibacterial activity of the membrane, increasing the inactivation and mortality rate of Escherichia 

coli (E. coli) bacteria cells among the synthesized membranes. Because they are easy to make and 

have antifouling and antibacterial properties, these membranes can be applied in a broad range of 

forward osmosis water reclamation applications. 

Finally, high-temperature separation performance of three commercial RO TFC polyamide 

membranes were evaluated with a series of filtrations at elevated temperatures. Morphological and 

physiochemical characterizations were performed to study the impact of high-temperature 

filtration on the chemical composition and morphological characteristics of the membranes. An 

increment in the temperature deteriorated the membrane performance in terms of water flux and 

salt rejection. Flux decline at high temperatures was recognized as the primary concern of high-

temperature filtrations, restricting the applications of commercial membranes for long-term 

operations. This work presented valuable guidelines for researchers to take steps to advance the 

development of polymeric membranes with higher stability at elevated temperatures.  

6.2 Contributions to knowledge 

This research can open up new pathways to develop advanced TFC polyamide membranes. 

We introduced a new library of thermally stable membranes. The synthetic methods and materials 

selection were based on the targeted application: high-temperature water treatment. The effect of 

cross-linking density of the polyamide selective layer on the performance of TFC membranes at 

high temperature/pressure was well studied. We showed how improving the cross-linking density 

of polyamide layer using a new multifunctional monomer enhanced the resistance of membranes 

at elevated temperatures.  

For the first time, ND particles functionalized with one of the common polyamide monomers 

(MPD) were incorporated into the selective layer. We maximized the compatibility of ND particles 

with the host polymer matrix. ND-MPD particles showed high capability of improving cross-

linking density of polyamide layer (by consumption of unreacted functional groups). The method 

of functionalization and fabrication method can elaborate research works in the field of developing 

novel TFN membranes.   
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This research also presented novel approaches to quantify FTIR and XPS results to have an 

evaluation of cross-linking density of polyamide layer. We compared the content of amide linkages 

and unreacted functional group. The formation of more amide linkages indicated higher cross-

linking density. For the first time, we characterized the chemistry and morphology of polyamide 

layer before and after long-term high-temperature filtration. The flux decline of polyamide 

membranes at high temperature was attributed to the morphological structure variations, and not 

the chemistry changes. This results lead future researches to be more focused on polyamide 

structure to develop thermally stable TFC membranes.  

For the first time, a long-term operation of RO TFC membranes with different methods was 

conducted. Our suggestions for high temperature water treatment give a baseline for more 

researches in this field. Having standard protocols helps industrial membrane suppliers and 

membrane researchers to guarantee their products to be used for real high-temperature 

applications. In this PhD work, we provided some solutions for high-temperature water treatment 

considering the vital need for reducing the energy consumption and greenhouse gas emission.   

6.3 Future work 

High-temperature water treatment is a growing need across many industries. Despite recent 

advances in the development of thermally stable TFC membranes, some performance challenges 

remain. Modification of the polymer chemistry of both selective and substrate layers to achieve 

higher thermal stability should not affect the basic requirements of membranes to provide useful 

fluxes of clean water with minimum fouling. Adding pendant groups to the polymer backbone to 

restrict segmental motion of the polymer chains may increase the thermal stability of the 

membrane. However, pendant group modification may also increase free volume within the 

polymer network and adversely influence separation efficiency. Additionally, polymer structural 

modification may either improve or deteriorate other key membrane element features such as pH 

stability, chemical resilience, oxidant compatibility, operating pressure limits [103,259].  

Certain chemical modification strategies have been successful in developing thermally stable 

polymers. However, these strategies may not be viable for the fabrication of high-performance 

membranes. For instance, linear polymers such as polyamide Kevlar fibers have extraordinary 

thermal properties (Tg ~ 345 °C), but form membranes with higher free volume and lower rejection 

efficiency compared to conventional, nonlinear and highly cross-linked TFC polyamide 
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membranes. The tradeoff between stability and separation performance limits choices of polymers 

that can be used for the development of thermally stable membranes.  

The support layer of TFC polyamide membranes must also be thermally robust so that the 

integrity of the porous structure at high temperatures is maintained. Thermally induced creep of 

polymer macromolecules may lead to shrinkage and collapse of the micropores in the support 

structure. Polymers with a stiff backbone structure or firm three-dimensional network are able to 

resist structural deformation at high temperatures. Hence, exploring more thermally stable and 

cost-efficient polymers to be utilized as substrates of TFCs is the topic of ongoing research. 

The significant challenges for the development of nanocomposite membranes are the severe 

aggregation of the nanoparticles and their weak compatibility with polymer network [169,260]. 

For TFN membranes, large clusters of nanoparticles cannot be accommodated in a thin polyamide 

layer of 100-300 nm. The aggregation of nanoparticles leads to the formation of non-selective 

voids at the interface of the polymer and nanoparticles, which significantly reduces the rejection 

percentage [261]. Given that, the research for fabricating robust TFN membranes has been 

centered on the development of efficient strategies for surface functionalization of nanomaterial 

and their dispersion in various solvents and reacting solutions.  

One of the main obstacles toward precise thermal characterization of individual layers of TFC 

membrane is the firm attachments of the thin polyamide layer to its thick sublayer. Hence, the 

thermal behavior observed by most of the thermal analysis techniques would be mainly related to 

the substrate rather than the top thin layer. Nano-TA has shown promising results to exclusively 

measure the glass transition temperature of the selective layer of TFC membranes. In addition, 

dissolution of the substrate into an appropriate solvent such as dichloromethane was proposed to 

produce an isolated polyamide layer. [105,262]. However, the probable drawback of this method 

is the change in the thermal properties of the polyamide selective layer during the dissolution 

process. Hence, to be able to use other methods such as DSC and TGA, there is a critical need for 

developing standard protocols to separate the selective layer from the substrate. The need to treat 

high-temperature contaminated water in different industries in the forthcoming years is expected 

to grow, spurring the interest in the development of advanced thermally stable TFC membranes 

with a wide range of applications. Although the prospects for developing novel thermally tolerant 

TFCs are promising, several challenges must still be addressed. For instance, no standard protocols 
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exist to evaluate the thermal stability of TFC membranes for water treatment. New long-term high-

temperature water filtration tests and thermal characterization methods for ultra-thin polyamide 

selective layers can provide valuable insights to researchers trying to develop novel thermally 

stable TFC membranes.  

Given the latest technical developments and remaining challenges of thermally stable TFC 

membranes critically reviewed in this article, the following suggestions for future research can be 

made: 

1. The thermal properties of a polymer are strongly correlated to its chemical structure. The 

primary bond energy and secondary valence forces that exist between the atoms in a polymer chain 

are the main sources of polymer thermal stability. High thermal stability can also be attained by 

taking the advantage of resonance stabilization of aromatic structures (for instance, for carbocyclic 

and heterocyclic groups). Therefore, polymer scientists have attempted to develop novel polymers 

with stronger chemical bonds (adding halogens and inorganic elements, such as silicon and 

phosphorus, in the polymer backbone) and incorporating chain stiffening aromatic structures. 

Strategies to develop thermally stable polymers may include amine and acid chloride monomers 

that contain halogens, inorganic element, or carbocyclic/heterocyclic structures. 

2. The incorporation of inorganic nanofillers in the membranes may reduce intermolecular 

chain mobility, thereby increasing the thermal stability of the nanocomposite structure. Weak 

interaction between the polymer chains and inorganic materials, however, may sacrifice the 

permselectivity of the synthesized membranes. Hence, developing strategies for surface 

functionalization of nanomaterials, preferentially anchoring the same amine and acid chloride 

functional groups of monomers to nanofillers, will increase their contribution to the interfacial 

polymerization reaction and thus improves their compatibility with the polyamide matrix. 

3. The most commonly used and commercially available membrane materials for water 

treatment use polyamide as the top selective layer, due to its higher water permeability and better 

selectivity compared to integrally skinned asymmetric membranes. Development of new methods 

to create thin selective layers with other thermally stable polymers is a promising research area. 

These methods may include physical spray coating or other in-situ polymerization reaction 

schemes. Free-radical interfacial polymerization was conducted to fabricate ultrafiltration 
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membrane, as well as, surface modified porous membranes. In this method, the monomer and the 

initiator were dissolved separately in aqueous and organic phase. The polymerization starts at the 

interface by activation of monomers by initiators. This method looks promising to introduce 

various types of monomers.   

4. Even though traditional polyamide membranes perform remarkably well, they unfortunately 

have low chlorine resistance, poor thermal stability, and high fouling propensity. Polyester TFC is 

a new family of TFC membranes that have recently received attentions. The polyester membranes 

showed higher chlorine resistance and more negative surface charge compared with polyamide 

membranes. The fabrication method of polyester TFC membranes is similar to polyamide 

membranes as well (interfacial step-growth polymerization). Polyester TFC membrane can be an 

alternative to traditional TFC membrane specially for developing thermally stable and antifouling 

membranes.  
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Appendix A 

 

Figure A1: Schematic representation of polyamide structure for M0 and M4, along with their respective FESEM images. 

 

 

Figure A2. 3D AFM images and cross-section TEM images of TFC samples (M2 and M3).  
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Table A1. Average roughness (Ra), root mean square roughness (Rq), and surface area difference (SAD) of synthesized TFC 

membranes (M2 and M3) 

Sample 
Roughness 

Ra (nm) Rq (nm) SAD (%) 

M2 58.8 ± 0.5 76.1 ± 1.7 40.9 ± 0.4 

M3 56.9 ± 0.5 75.3 ± 2.6 43.6 ± 1.3 

 

Appendix B 

 

Figure B1: Cross-section FESEM images of TFC-1 and TFN400. 

 
Figure B2: Water contact angle of syntheseized TFC/TFN membrnes 

       Figure B2 illustrates the water contact angle of synthesized membranes. The water contact 

angle was decreased from 88.4° to 58.3° for TFC-1 and TFN400, respectively, showing 34% 

reduction. Improvement of the wettability of TFN membranes can be attributed to the presence of 

more hydrophilic ND particles in the polyamide layer. Furthermore, for a wettable surface (contact 

angle<90°), the contact angle is smaller for a rougher surface (based on the Wenzel model) 

[131,263]. Therefore, higher roughness for TFN membranes can further contribute to reduction of 

the apparent contact angle.   


