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ABSTRACT 

Abstract 
Thin film nanocomposite (TFN) membranes contain nanoparticles in the thin polyamide (PA) 

top layer, resulting in a remarkable increase in water permeability without compromising the 

salt rejection. Mesoporous silica nanoparticles (MSN) have gained much attention as 

nanofillers for improved performance PA TFN membranes. However, aggregation of MSN 

inside the PA layer and their tendency to fast dissolution in aqueous solutions are serious 

challenges which strongly affect the separation performance of MSN-based TFN membranes. 

In this work, these challenges were addressed by controlling the functionalization of MSN with 

hydrophobic organo-silane, such as octadecyltrichlorosilane (OTS) or methyltrichlorosilane 

(MTS), before incorporating in the PA layer. MSN were synthesized first by sol-gel process 

and then functionalized using post-grafting method during silanization reaction. The 

functionalization was tuned in order to allow the hydrophobic alkyl group of the silane molecule 

to graft both the external surface of MSN as well as their interior pores or to modify only their 

external surface depending on the functionalization procedure and the silane concentration. The 

model of functionalization and the amount of OTS or MTS grafted on the surface were 

estimated through the nitrogen adsorption measurement and thermogravimetric analysis. The 

functionalized MSN with a particle diameter of ≈ 80 nm were thereafter easily dispersed in the 

organic solvent during the TFN membrane preparation via interfacial polymerization method. 

The membrane performance was then assessed based on water permeability and salt rejection 

measurements. Several parameters were found to have a strong influence on the membrane 

performance such as concentration of grafted OTS or MTS and the NPs loading inside the PA 

layer. The low aggregation and good integration of the functionalized nanofillers inside the PA 

layer produced TFN membranes with superior initial water permeability. The results revealed 

that the initial water permeability of the TFN membranes with OTS functionalized MSN 

achieved ≈ 65% higher initial permeability than the reference TFC membrane at the optimum 

OTS amount and NPs loading, without sacrificing the membrane selectivity. Whereas the 

corresponding TFN membranes with MTS functionalized MSN achieved ≈ 130% higher 

permeance but with 2% less salt rejection than the reference TFC membrane at the same 

conditions. The controlled functionalization of MSN nanofillers not only can improve 

membrane performance but also can provide a deeper understanding of the role of porous 

structure of MSN on the separation mechanism. This work clearly emphasizes the direct 

relationship between the internal pores of MSN inside the PA barrier layer and increasing or 

decreasing the water permeability of resulting TFN membranes. Furthermore, it was 

investigated, how hydrophobic functionalization of MSN can improve the stability of MSN in 
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aqueous solutions and improve the stability of the respective TFN membranes over prolonged 

filtration time at different pH values. The results showed that TFN membranes containing the 

OTS-functionalized MSN had only ≈ 6% (or 7.5% for MTS-functionalized MSN) decline in 

salt rejection compared to 34.5% decline for the membrane containing unfunctionalized 

nanofillers accompanied by increasing in water permeability after 240 h filtration time (120 h 

at pH 5 then 120 h at pH 9). According to these results, it was concluded that the functionalized 

MSN have low dissolution tendency due to the formation of a protective organic layer leading 

to enhanced long-time stability of the TFN membranes. Finally, the durability of the barrier 

layer after a prolonged use for desalination performance of PA TFN membranes was also 

investigated.  
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INTRODUCTION 

1. Introduction 

Water is a vital source for different aspects of human life. It represents 75% from body 

weight in infants and 55% in elderly [1]. Therefore, without water, humans can only survive 

for days. Due to the increasing population growth, industrialization, contamination and climate 

change, the stress on the shrinking resources of fresh water is increasing [2,3]. Because of these 

factors, among others, World Water Development Report (WWDR) 2018 reported that the 

global demand for water has been increasing at a rate of 1% per year [4]. Moreover, the report 

estimated that about 3.6 billion people (nearly the half of world population) live in regions that 

are potentially water-scarce at least one month per year. This number probably reaches 4.8-5.7 

billion by 2050. 

However, water covers about 71% of the earth surface, the vast majority of this water exists 

on oceans as salt water (≈ 97,5) and the remaining 2.5 % is fresh water, present in glaciers, 

ground water and other inaccessible forms. Only 0.014 % of the world’s total fresh water is 

directly accessible for human use [5,6]. 

Consequently, insufficient availability of fresh water supply to meet the expanding need to 

water, is a serious challenge in many areas around the globe. The salinity content of seawater 

is usually in the range of 35000-45000 ppm and for brackish water is up to 10000 ppm [7], in 

the form of total dissolved solid (TDS). According to the World Health Organization (WHO), 

the salinity content in drinking water should not exceed 1000 ppm. Therefore, the high TDS 

value in both seawater and brackish water making them unsuitable for drinking and most 

domestic uses [8,9]. In this respect, the potential of desalination as a general strategy to 

minimize the TDS of the salt water down to the recommended level is more insistent [7].  

To date, reverse osmosis (RO) is the leading technology for water desalination, and the 

installations of RO have been dominating about 80% of the current global desalination plants 

[10]. This is attributed to the lower energy consumption of RO compared to different techniques 

used for desalination [10–12]. The specific energy consumption (SEC) of RO and other 

techniques for desalination is summarized in Table 1.1. However, the consumed energy in RO 

is 3-6 KWh/m3, that is much higher than the minimum theoretical energy required for separating 

dissolved solids from water (equals 1.06 kW h/m3 for seawater at 35,000 ppm salt and at a 

typical 50% recovery) [7,9]. Consequently, there is still a need to further improve the efficiency 

of RO process.  Apparently, a membrane with a high permeability allows water to easily pass 

through the membrane, which saves energy to pump the feed and reduce the overall cost of RO 

process, which is presented in Figure 1.1 [10,13]. 
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Table 1-1: Specific energy consumption (SEC) for desalinating raw water with 

concentration of 35,000 mg/L at 50% recovery and < 500 ppm product water quality by 

different desalination technologies   [227] 

 

Figure 1.1: Typical Seawater RO plant cost composition [10] 

Since 1980, the RO market is dominated by polyamide (PA) thin film composite (TFC) 

membranes. Although, TFC membranes have been received several improvements in the last 

few decades, the trade-off relationship between the membrane permeability and selectivity is 

still the most challenge facing any further development of these membranes [14]. One of the 

Technology Specific Energy Consumption (kWh/m3) 

Electrical energy Thermal energy Total equivalent electrical energy 

BWRO 0.5–3 None  0.5–3 

SWRO 3-6 None 3-6 

ED 1–3.5 None 1–3.5 

EDR 1-2 None 1-2 

MVC 7-15 None 7-15 

FO 0.2–0.5 20–150 10–68 

MD 1.5–4 4-40 3–22 

MSF 2.5-5 40-120 21–59 

MED 2-2.5 30-120 15–57 

MEB 2 60 30 
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most potential strategies to improve the TFC separation performance was introduced by Hoek 

and coworkers in 2007 by incorporation of porous nanoparticles into the matrix of PA barrier 

layer [15]. This new class of membranes was named Thin Film Nanocomposite (TFN) 

membranes. It was reported that introduction of NPs into the PA layer could enhance 

remarkably the separation performance and membrane stability, e.g., higher water permeability 

without sacrificing the membrane selectivity, increased anti-fouling properties, and in some 

cases increased chlorine resistance [16]. Mesoporous silica nanoparticles (MSN) are among the 

most frequently employed nanofillers for preparation of such PA TFN membranes, because 

their highly ordered structure which allows water to easily diffuse throughout the pore channels 

and due to their simple preparation and modification [17,18].  

However, there are three main challenges facing the application of MSN-based TFN 

membranes in the large scale: 

 During the membrane preparation, the hydrophilic properties of MSN, facilitate the 

undesired aggregation which hinders their integration into the PA layer, particularly 

when the MSN is dispersed in the organic phase during the interfacial polymerization 

(IP) reaction [19]. 

 MSN are susceptible to hydrolysis under alkaline conditions because their surface is 

covered with silanol (Si-OH) groups, which may result in undesired dissolution in water. 

Therefore, the intrinsic instability could critically impact the membrane performance 

[20,21]. 

 The mechanism of water permeability enhancement is not quite understandable and 

needs further and detailed investigations to show whether the MSN share the water 

transport through their internal mesopores or just by changing the structure/mesh size 

of the PA layer toward looser but highly selective barrier [17]. 

Accordingly, these issues may lead to a degradation in the membranes’ barrier properties 

as well as loss of performance over time. Therefore, it had been motivated to search for new 

solutions to address these challenges, which was the ultimate objective of this thesis. 

1.1 Aim of the work 

Functionalization of MSN with hydrophobic silane-based organic substances, such as 

octadecyltrichlorosilane (OTS) or methyltrichlorsilane (MTS), can potentially mitigate the 

challenges of MSN-based TFN membranes and overcome the limitations of MSN as 

nanofillers. According to the state of the art, it is uncommon to use hydrophobic nanofillers to 

prepare TFN membranes, Nevertheless, the hydrophobic functionalization of MSN aims to 

achieve several goals. First of all, the MSN were synthesized by sol-gel approach and 
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functionalized via silanization reaction. The silane functionalization is controlled via modifying 

the external surface only of the as-synthesized MSN, then removing the surfactant template, 

which is still filling the internal pores, yielding MSN with hydrophobic external surface and 

hydrophilic pores (below referred to as “LMSN”). Alternatively, the silane functionalization 

was performed on both the internal pores surfaces and the external particles surfaces, by 

removing the surfactant before functionalization process. Therefore, the obtained MSN have 

concurrently hydrophobic external surface and hydrophobic internal pores. (below referred to 

as “HMSN”). An illustration for the controlled functionalization is presented in Figure 1.2. 

Figure 1.2: Scheme illustrating the incorporation of different MSN nanofillers inside the PA 

layer and the structure of functionalized MSN 

Consequently, with this hydrophobic functionalization, the dispersion of MSN in the organic 

solvent can be improved during the preparation of membranes to achieve better distribution of 

NPs inside the PA film without aggregation that occurs in case of the hydrophilic NPs. 

Moreover, the hydrophobic layer formed on the surface and inside the internal mesopores of 

MSN is expected to increase the stability of NPs due to the improved anti-dissolution properties 

in the aqueous solution. This stability of the nanofillers may lead to increasing of the membrane 

stability. 

In addition, with the variation of the porous structure through hydrophilic or hydrophobic 

mesopores, the role of MSN nanofillers in water transport can be simply investigated via 

comparing the water permeability in the two cases. 

The method assumed to control the functionalization of MSN has been described in the 

literature for other applications; nevertheless, to the best of our knowledge, using the concept 

of LMSN and HMSN to investigate the role of nanofiller in the water transport and studying 
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the influence of MSN dissolution onto the stability of the corresponding TFN membranes has 

not yet been reported. 

1.2 Objectives and structure of the thesis 

This thesis is focused on development of new MSN-based TFN membranes with enhanced 

separation performance and membrane stability for water desalination via RO process. The 

objectives of this work and the work plan can be presented in the following: 

1. Development of controlled functionalized MSN as nanofillers for TFN membranes 

This objective can be achieved during the following: 

➢ Preparation of MSN using the sol-gel method in presence of surfactant template and 

optimization the preparation conditions for control the particle size of MSN. 

➢ Characterization of the prepared NPs and selection of the MSN sample with the 

optimum characteristics in terms of particle and pore sizes for functionalization process. 

➢ Functionalization of the selected MSN sample using post grafting method in presence 

of silane compound (OTS). 

➢ Adaptation of the functionalization in presence or absence of the surfactant to control 

the location of functional groups whether on the external surface of the NPs and/or 

inside the internal pores together. 

➢ Full characterization of the functionalized MSN in terms of nitrogen adsorption, thermal 

gravimetric analyses, FTIR measurement and studying the morphology and porous 

structure.  

2. Development of high-performance MSN-based TFN membranes containing the 

tailored MSN nanofillers. 

This objective can be achieved during the following: 

➢ Preparation of the PA TFC membrane and adaption of the IP conditions. 

➢ Incorporation of unfunctionalized and functionalized MSN with different OTS 

concentration into the PA layer (TFN membranes).  

➢ Characterization of both TFC and TFN membranes including investigation of 

membrane surface chemistry, charge, hydrophilicity, and morphology. 

➢ Studying the influence of OTS concentration, in case of LMSN and HMSN, on the pure 

water and ethanol permeabilities and on the separation performance in aqueous NaCl 

(2000 ppm) solution using dead-end filtration set-up. 

➢ Understanding the role of mesoporous structure on water transport through the 

membrane via comparing the permeance in case of LMSN (with the hydrophilic pore) 

and HMSN (with the hydrophobic pores). 
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➢ Investigation of the influence of nanofillers loading on the separation performance.   

3. Studying the stability of Nanoparticles and membranes 

This objective can be achieved during the following: 

➢ Investigation of the influence of OTS functionalization on the stability of LMSN and 

HMSN, by measuring the dissolved silica concentration released from NPs dispersed in 

aqueous solution at pH 5 and pH 9. 

➢ Investigation of the impact of nanofillers functionalization on the stability of TFN 

membranes by measuring the long-term separation performance in aqueous NaCl (2000 

ppm) solution using cross flow filtration set-up at pH 5 and pH 9. 

➢ Investigation of the durability of the barrier layer after the long-term separation 

performance and compared the results to the initial membrane performance. 

4. Studying the influence of different size of silane molecules for MSN functionalization 

on the membrane performance. 

This objective can be achieved during the following: 

➢ Using smaller silane compounds such as methyltrichlorsilane (MTS) for 

functionalization of MSN instead of OTS and comparing the effect on the properties of 

both NPs and TFN membranes. 

This thesis is divided into five chapters. Chapter 1 (current) is an introduction 

demonstrating the motivation and main objectives of this thesis. Chapter 2 provides the theory 

and literature review on the preparation of PA TFC and TFN RO membranes, challenges, and 

current trends for enhancing their separation performance. In addition, the chapter provides the 

development of mesoporous materials, such as MSN, and their preparation and 

functionalization to be adapted for several applications. Chapter 3 demonstrates the 

methodology for preparation of TFC and TFN membranes, as well as synthesis and 

functionalization of NPs. In addition, the tools and instruments which have been used for the 

characterization. Chapter 4 shows and discusses in detail the obtained results. Finally, general 

conclusions of this research and highlights some recommendations for future studies are 

provided in Chapter 5. 
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2. Theory and Literature review 

2.1 Membrane-based process for water treatment 

The most current drinking water treatment plants use conventional treatment methods like 

coagulation–flocculation, sedimentation, sand filtration, disinfection and ozonation  to produce 

fresh potable water [22]. However, these technologies are mainly designed to remove macro 

pollutants such as suspended solids, natural organic matter, dissolved iron and manganese, etc. 

[23]. This limitation of the conventional methods has driven various researchers to recommend 

alternative processes for water treatment. 

Today, water treatment using membrane technology plays an increasingly important role in 

drinking and wastewater treatment, brackish and seawater desalination. The advantages of 

membrane filtration processes include simplicity, predictability, scalability, energy and 

contaminant removal efficiency and limited dependence on chemicals except for cleaning 

purposes [24,25]. 

Although the use of concentration-driven processes such as dialysis and pervaporation 

processes for industrial and environmental separations has increased in the past few decades, 

pressure-driven membrane processes remain the most widely used membrane technologies for 

water treatment applications [24,26]. Pressure-driven membranes are classified according to 

their characteristic pore size, applied pressure range or their application into microfiltration 

(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) (Table 2.1) [27,28] 

Table 2-1: Pressure driven membranes characterizations [24] 

Membrane type Pore sizes (nm) Pressure range Species 

MF 50-1000 0.1-2.0 Yeasts & fungi – Bacteria - Oil 

emulsions - Colloidal solids 

UF 2-50 1.0-5.0 Viruses - Proteins/polysaccharides 

NF <2 5.0-20 Humic/nucleic acids - Antibiotics 

RO 0.3–0.8 10-100 Inorganic ions (salts) 

However, water treatment of the existing water resources is important, it can only improve 

the water quality not increase water supply. The only methods to increase water supply beyond 

what is available from the hydrological cycle are water reuse and desalination [11,29]. 

2.2 Water desalination technologies 

Saline water represents about 97% of all water on the Earth [30]. Therefore, converting even 

a tiny fraction of this water to fresh water, could help effectively to overcome the current and 



 

8 
 

THEORY AND LITERATURE REVIEW 

future water crisis. Desalination is the technology that converts saline water (seawater or 

brackish water) into fresh water by removing the salts. The salinity is expressed by the content 

of total dissolved solids (TDS) in water. Salinity level ranges for different feedwaters are shown 

in Table 2.2.  According to the TDS value of the feed water quality, the desalination technology 

can be properly selected [31]. 

Table 2-2: Feedwater characterization by TDS content [32] 

Water source Minimum Salinity 

TDS (ppm) 

Maximum Salinity 

TDS (ppm) 

Seawater 15000 50000 

Brackish Water 1500 15000 

River Water 500 1500 

Pure Water 0 500 

The need for desalination continues to grow with the global cumulative capacity (contracted 

as of June 2017) reached about 100 million m3/d, compared to about 75 million m3/d in 2010 

[32].  

The two main types of desalination technologies are thermal, and membrane based. In 

thermal desalination, the seawater is heated until evaporation, and the vapor is condensed to 

produce fresh water. The most applicable technologies of thermal desalination are multi-stage 

flash (MSF), multiple-effect distillation (MED) and thermal vapor compression (TVC) [7]. On 

the other hand, the membrane desalination is based on separation of salt through a membrane 

rather than distillation. About 50% of the world's total desalination capacity lies in the Middle 

East[33]. Thermal desalination still represents the main desalination technology in this region 

because low cost of fossil fuel-based energy [31].  Nevertheless, in the last few years, water 

desalination based on RO technology has seen a significant increase [34]. 

2.3 Reverse Osmosis 

Nowadays, reverse osmosis (RO) is considered the key technology for desalting water. As 

shown in Figure 2.1, in 2015, RO accounts for 65% of the global production capacity [2,35].  
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Figure 2.1: Total capacity installed by different desalination technologies. RO: Reverse 

Osmosis; MSF: Multi-stage flash; MED: Multi-effect distillation; ED/EDR: 

Electrodialysis/Electrodialysis Reversal; NF/SR: Nanofiltration/Sulfate Removal. 

2.3.1 Principals and applications of RO 

Osmosis is a natural phenomenon in which water is diffused from the solution with the low 

solute concentration to the solution with the high solute concentration through a semi-

permeable membrane (Figure 2.2) [36]. The driving force for this phenomena is the osmotic 

pressure difference (the chemical potential difference) which causes water transport across the 

membrane until the equilibrium in solute concentration is reached [37]. 

RO is not a spontaneous process, in which a sufficient hydraulic pressure (ΔP) is applied to 

overcome the osmotic pressure difference causing water transport in opposite direction. i.e. 

from the solution with the high solute concentration to the solution with the low solute 

concentration [31] (cf. Figure 2.2) .  

The most common application of the RO is desalting water from seawater or brackish 

water. However, RO technology can be used for other applications such as production of 

ultrapure water [38], oil/water separation [39] and wastewater treatment [40].  

Figure 2.2:  Schematic showing the water flow direction across the FO and RO 

membranes 
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2.3.2 Conventional polymeric RO membrane materials 

In 1959, Reid and Breton reported the first RO hand-cast thin cellulose acetate (CA) 

membrane [41]. Despite this membrane exhibited 98% salt rejection, its very low permeate flux 

(<10 mL.m−2.h−1) had prevented its commercialization [12]. Next, Loeb and Sourirajan 

developed asymmetric cellulose acetate (CA) membrane containing a dense layer of 200 nm on 

top of a thick porous structure (50-150 µm) in one-step casting [42] and this was the first 

successful trial that made RO possible in application. Then, cellulose triacetate RO membrane 

was developed because of its higher thermal and pH stability than cellulose diacetate 

membranes. Despite of the susceptibility of the acetate group to hydrolysis in both acidic and 

basic conditions, as well as sensitivity to microbial contamination, that limited its application 

[43], CA remained the best membrane material for RO until 1969.  

The first non-cellulosic RO membrane was developed by Richter and Hoehn, and was 

comprising an aromatic PA hollow-fiber membrane [44]. This membrane was consequently 

commercialized and utilized in desalination of brackish water application. Despite the 

commercial success of this membrane, the high susceptibility to attack by disinfectants such as 

chlorine was observed after prolonged use. Subsequently, more chlorine-resistant asymmetric 

RO membranes based on polypiperazine-amides were developed [45] but their rejection was 

below the acceptable level required  for commercialization [12]. 

2.3.3 Thin film composite (TFC) membranes 

One of the most important drawbacks of CA asymmetric RO membrane prepared during 

one-step casting is the densification (compaction) of membrane under pressure, which causes 

gradual lowering of membrane flux [46,47]. This led to developing the concept of thin-film 

composite (TFC) membranes, in which the skin and supportive layers of the membrane are 

fabricated from different materials. One of the most common materials which used as a support 

is polysulfone (PSf), as it has good resistance to compaction, potential flux and good chemical 

and mechanical stability [48].  

Using of PSf as a support was successfully introduced by Cadotte during fabrication of the 

first comparable non-cellulosic RO membrane via the IP reaction of polythylenimine and 

toluene di-isocyanate. The resulted membrane  named NS-100, which considered a major 

technological milestone in the history of RO processes [49]. 

However, NS-100 membranes demonstrated superior rejection of organic compounds, and 

good stability in high temperature, acidic and alkaline environments, but they have no resistance 

to chlorine, and have low mechanical stability. Subsequently, Cadotte found that high selective 
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and water permeable RO membranes can be produced using the IP reaction between aromatic 

amines and aromatic acyl halides containing at least three carbonyl halide groups [50]. The best 

example was FT-30 RO membrane that was prepared by IP reaction between 1,3-

benzenediamine (m-phenylene diamine, MPD) with 1,3,5-benzenetricarbonyl trichloride (tri- 

mesoyl chloride, TMC) [51]. 

2.3.4 Fabrication and structure of polyamide (PA) TFC RO membranes 

The typical TFC PA RO membrane is composed of three different layers (Figure 2.3) 

including: 

➢ A thin layer of aromatic PA (100- 200 nm). This layer is the selective layer of the 

membrane so it should be dense enough to retain the salt ions. The pore size of PA layer 

is created from the interstitial voids between the polymer chain to be ≤ 0.5 nm [52].  

➢ A thick layer of PSf or polyethersulfone (PES) with a thickness of 20-50 µm. This layer 

works as a support to provide the membrane with the required mechanical stability. 

➢ Another thick layer of nonwoven such as polyester (> 100 µm) acts as a backing layer 

that provides additional mechanical strength [53].  

This multi-layer structure of TFC RO membranes enables the manufacturers to optimize 

each layer independently, in order to combine high water permeability and high salt rejection 

[54].  

 

Figure 2.3: Schematic of the TFC membrane structure and its composition 

IP is still the most popular method for preparation of TFC PA RO membrane, since the first 

appearance of FT-30 membrane by Cadotte until now. In the IP method, two completely 

immiscible solvents containing the two monomers are contacted together over a support 

membrane and the reaction occurs at the interface located over the membrane surface [55]. 
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MPD and TMC are still the most common examples of diamine and trihalide acid monomers, 

respectively. 

For preparation of membrane, firstly, the support membrane is immersed in an aqueous 

solution of MPD for a certain time then the excess of monomers is removed. Thereafter, an 

organic solvent containing TMC is allowed to contact with the support to start the IP reaction 

[56]. Because MPD has partial miscibility in the organic solvent (such as n-hexane), it diffuses 

into the organic phase to react with TMC and form the polyamide film. This asymmetric 

solubility of the two monomers in the two solvents allows the reaction to be diffusion controlled 

reaction [57]. 

The formation of PA was described to include three stages [58]: 

• Formation of a loose polymer: at the initial stage, a loose polymer film is formed due to 

the first interaction between the MPD which diffused to the interface and TMC. 

• Formation of dense polymer: with increasing number of diffused MPD molecules to the 

interface a dense polymer is formed. 

• Reaction inhibition: the formed dense layer of PA hinders the further diffusion of MPD 

and the reaction is limited. 

The kinetics studies of IP have shown that the initial formation of PA layer occurs rapidly, 

about 50% of the total thickness is achieved in 2 seconds [59], followed by a slowing down. 

Accordingly, the IP reaction is a self-limiting or a self- inhibiting reaction, which means that 

the polymer film inhibits its own growth even with extended time [60,61]. However it has been 

recently reported that the self-inhibiting regime is not severely occurred, and the formed layer 

can be continued to grow, even though in slow rate, to maximize the thickness. Therefore, the 

IP reaction is mostly limited by a continuous rapid supply of monomers particularly the MPD 

[62]. 

2.3.5 Membrane transport theories 

RO membranes are assumed to be dense or nonporous. Although this assumption is unclear 

because the pores must be present otherwise no transport will occur, however it is used just to 

explain that the pores of RO membranes are very small. Kim et al. [63] characterized the pore 

size of crosslinked PA formed by MPD/TMC via positron annihilation lifetime spectroscopy 

(PALS). They found that there are two kinds of pores; network pores with diameter of 0.42-

0.48 nm and aggregate pores with diameter of 0.7-0.9 nm as presented in Figure 2.4.  

Because this confusion of the term porous or nonporous, two different models were assumed 

to describe the water-salt separation by PA TFC membrane; pore-flow model (PFM) and 
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solution-diffusion model (SDM). The former considers the PA layer is porous. Water and solute 

move through the pores by diffusion and convection [64,65].  The SDM is more popular for 

describing the RO membrane performance because of its simplicity and wide applicability. 

 

Figure 2.4:Schematic illustration of possible molecular structure of network and 

aggregate pores in aromatic PA TFC membranes synthesized by reaction of MPD and 

TMC [64] 

2.3.5.1 Solution-diffusion model (SDM)  

In SDM, the permeant dissolves in the membrane material and then diffuses through the 

membrane because of the concentration gradient across the membrane. Transport of water or 

salt across a RO membrane generally includes three steps: i) absorption of water from the feed 

into the membrane, ii) diffusion through the membrane thickness and iii) desorption of water 

from the membrane surface to the permeate [34]. This diffusion is best described by Fick’s law 

of diffusion (Equation 2.1) 

𝐽𝑖 = −𝐷𝑖
𝑑𝐶𝑖

𝑑𝑥𝑖
     

Equation 2.1: Fick's law of diffusion 

where, 𝐽𝑖  is the flux of the component i (water or solute) through the membrane, 𝐷𝑖 is the 

diffusion coefficient of the constituent in the membrane and 
𝑑𝐶𝑖

𝑑𝑥 
 is the concentration gradient 

across the membrane. In order to occur water transport through the RO membrane, the applied 

hydrostatic pressure must be greater than the osmotic pressure of the solution (cf. Figure 2.2). 

This pressure difference creates a chemical potential, which is represented as a concentration 

gradient, across the membrane that drives water flow through the membrane from the feed side 
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into the permeate side against the natural direction of osmosis, while the salts are retained and 

concentrated on the feed side. Some salt passage through the membrane does occur as well; salt 

passage for the same membrane increases with the salt concentration. By rearranging Fick’s 

law, equations for water flux Jw and salt flux Js in RO can be obtained as presented in 

Equations 2.2 and 2.3 [66–68]. 

𝐽𝑤 = 𝐴 (∆𝑃 − ∆𝜋) 

Equation 2.2: Water flux in RO membrane according to solution-diffusion model 

𝐽𝑠 = 𝐵(𝐶𝑓𝑒𝑒𝑑,𝑆 − 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒,𝑆) 

Equation 2.3: Salt flux in RO membrane according to solution-diffusion model 

where A is the water permeability coefficient, B is the salt permeability coefficient, ∆𝑃 and ∆𝜋 

are the transmembrane pressure and osmotic pressure difference between the feed solution and 

the permeate solution, respectively, and 𝐶𝑓𝑒𝑒𝑑,𝑆 and 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒,𝑆 are the salt concentrations at 

the membrane surface on the feed solution side and the permeate solution side, respectively. 

The osmotic pressure depends on the salt concentration and the solution temperature and can 

be estimated by van’t Hoff equation (Equation 2.4): 

𝜋 = 𝐶𝑅𝑇 

Equation 2.4: Van't Hoff equation 

Where C is the molar concentration of ions, R is the ideal gas constant, and T is the operating 

temperature. 

The salt rejection is practically measured to describe the ability of the membrane to separate 

solute (salt) from water (i.e. the membrane selectivity). It is defined according to Equation 2.5. 

𝑆𝑎𝑙𝑡 𝑟𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = (1 −
𝐶𝑝

𝐶𝑓
)  𝑥 100% 

Equation 2.5: Calculation of salt rejection 

where 𝐶𝑝 and 𝐶𝑓 are the salt concentrations in the permeate and feed solutions, respectively.  

2.3.5.2 Factors contribute to transport 

2.3.5.2.1 Salt properties and membrane surface charge 

Most of PA TFC membranes surfaces are found to exhibit a negative charge due to presence 

of carboxylic groups which resulted from the hydrolysis of unreacted acid chloride [12,68]. 

When a typical feed solution containing cations (positively charged ions) and anions (negatively 

charged ions) are contacting with the negative charge membrane surface, the anions are found 
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to be more rejected than the cations due to the repulsion force among the similar charges. 

Consequently, the concentration of anions on the membrane surface is lower than that of the 

bulk, and at the same time, the concentration of cations in the membrane surface is greater than 

their concentration in the bulk.. This ion shift creates an electrical potential known as Donnan 

potential or Donnan effect [68,69]. The role of Donnan effect on the membrane separation 

represented in attracting the cations to the membrane while repelling the anions away. Because 

the salt rejection is strongly dependent on the rejection of anions [69], therefore, the higher 

Donnan potential, the higher overall salt rejection [70]. 

Both the feed salinity (feed concentration) and the feed composition (valence of salt ions) 

have a strong influence on Donnan potential. The Donnan potential is found to decrease as the 

feed salinity or concentration of the divalent ions in the feed solution increases. This is mainly 

because divalent cations can shield the membrane surface charge and decrease the repulsive 

force causing Donnan potential and increase the salt passage [66,69] as presented in Figure 2.5. 

 

Figure 2.5: Schematic diagram illustrating the shielding of Donnan potential due to a) 

high feed salinity and b) divalent cations. The figure adapted from [71] 

The increase of salt passage in case of high feed salinity can be caused by the increase in a 

gradient concentration between the feed and permeate which is the driving force of the salt 

separation according to SDM. The high feed salinity not only decreases the salt rejection but 

also decreases the water flux. This can be explained by increase the osmotic pressure which 

reduces the net driving force for water transport at a given operating pressure [69,71]. 

Moreover, the hydrated diameter of the ions may also affect the transport separation. As the 

size of cations radii increases, the diffusivity decreases because the bigger particle size, the 

more friction force during the diffusion inside the membrane matrix. As a result the 



 

16 
 

THEORY AND LITERATURE REVIEW 

permeability decreases [66]. However, this friction force is found to be overcome by the strong 

interaction with membrane in case of divalent ions which resulted in slightly higher diffusivity 

[72,73]. 

2.3.5.2.2 Operating conditions 

The separation performance of RO membranes is also influenced by the operating conditions 

such as the applied pressure, operating temperature and pH [34,71,74]. 

As assumed from SDM, the water flux is equal to zero when the applied pressure is the same 

as the osmotic pressure. By increase the applied pressure, the water flux increases and tends to 

decrease at the very high pressure due to the membrane compaction [66]. Whereas the salt 

rejection is found to increase quickly by increase the pressure until reaches a maximum value 

then becomes nearly constant [71]. 

The operating temperature is also considered an important parameter which should be taken 

into account for RO processes. It is observed that increase of operating temperature leads to 

increasing both water and salt transport across the RO, due to increasing the diffusion 

coefficient [34,75]. On the other hand, effect of operating pH might not be notably presented in 

SDM, nevertheless it affects the membrane performance. pH of the feed solution can alter the 

membrane surface charge. It is reported that most of PA TFC membranes carry negative charges 

at the normal operating pH (i.e. pH 6-7) because their isoelectric point (ISP) is at pH 3-4 [74,76]. 

As a result, the increase of pH can boost the negative charge on the membrane surface which 

improves the salt rejection.  

2.3.5.2.3 Membrane structure 

Because the manufacturing of RO membranes is based on polymer materials, the transport 

behavior will be strongly influenced by polymer properties such as presence of free volume, 

thickness and cross linking of the polymer. The free volume in PA matrix is the unoccupied 

spaces which exists among the polymer chains and form the pores of the PA barrier layer (cf 

Figure 2.4). These spaces are known as the free volume holes and it is thought to play an 

important role on water and solute transport [77,78].  

The total thickness of the PA barrier layer is 200-300 nm  as reported by many studies [79–

81]. However, the morphology of this skin layer is not homogeneous [82], the back surface of 

this layer was found to be highly porous [80] as presented in Figure 2.6 (a), whereas the top 

surface is dense. Therefore, the effective thickness of the PA layer is the thickness of the dense 

layer itself, which is in range of 20-30 nm [83]. In contrary, the top surface of the skin layer is 
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usually described as ridge and valley structure [12,14,84] (cf. Figure 2.6 (b)) and a hollow 

interior of crumpled nodules (also called protuberances) [80,85]. 

Several studies suggested that these protuberances and ridges have interconnecting cavities 

and tunnels through which the dense layer and the pores on the back surface are connected 

(Figure 2.6 (c,d)) which improves the transport of water during the RO filtration [78,80,85]. 

Furthermore, the crosslinking of the PA layer also affects the separation performance of the 

membranes. Due to the polar and relative hydrophilic nature of the PA, it can swell in water. 

This swelling increases the polymer chain mobility and consequently increasing water and salt 

fluxes. Therefore, the crosslinking between the polymer chains is highly desired and can be 

achieved usually by heat curing to control the degree of swelling and achieve high separation 

performance [66,81]. 

 

Figure 2.6: (a) SEM of the top PA surface, (b) the back side of the PA layer, (c) high 

magnification SEM image of the top PA surface and (d) schematic illustration for cross-

sectional morphology of PA film [80] 

2.3.5.2.4 Concentration polarization 

While water molecules can transport through the PA films, most of salts are usually retained 

under the applied pressure. The retained salts accumulate at the membrane surface creating a 

concentration gradient between the higher salt concentration, close to the membrane surface, 

and the lower bulk concentration. This phenomenon is known as concentration polarization 

[34,86]. Concentration polarization has a strong impact on both water flux and salt rejection in 

RO processes. The feed solution is transported to the membrane surface by convection and the 

retained salts form a thin stationary boundary layer. This layer causes an increase in the osmotic 
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pressure. As a result, a pressure drop occurs producing a decline in water flux accompanied 

with an increase in salt transport through the membrane [34].  

2.3.6 Challenges of TFC membranes 

Despite the PA TFC membranes dominating the RO market, these membranes are suffering 

from three downsides which limiting their wide applications and long-term performance. 

2.3.6.1 Trade-off relationship between permeance and salt rejection 

The trade-off means that the relationship between the membrane permeability and selectivity 

is often inversely correlated [37], i.e. the material which are more permeable to water will 

naturally tend to have less ability to separate solutes from water and vice versa [41]. Therefore, 

to evaluate the strategies which aimed to improve the water permeance of RO membranes, the 

salt rejection should be retained. The potential strategy is the one which increases the 

permeability without sacrificing the selectivity. 

2.3.6.2 Fouling 

Fouling, particularly, scaling and biofouling, is a major limitation in membrane separation 

process. The fouling of TFC RO is believed to be related to the insufficient hydrophilicity, 

charge and high roughness of PA layer [88]. Membrane fouling can induce the concentration 

polarization and increase the pressure drop. The fouling layer resistance can cause decline in 

both water flux and salt rejection as well as reduce both permeate recovery and permeate quality 

[31]. This increases the operational cost due to the increased energy demand and the required 

chemical cleaning to resume the original flow rate [14,89].  

2.3.6.3 Chlorination 

Chlorine is widely used in water treatment or water desalination plants as a disinfectant for 

biofouling control [90,91]. PA TFC membranes are strongly susceptible to chlorine attack. The 

sharp deterioration of membrane performance occurs when exposed to even a few ppm of 

chlorine because it attacks the nitrogen-hydrogen bonds in the amide bond, that hold polyamide 

polymers together. This leads to degradation of the PA layer and opening holes which allow 

salts to pass through the membranes [3,54].  

2.3.7 Strategies to improve membrane performance and antifouling properties 

Due to the above limitation of PA TFC membranes, it was crucial to point out the most 

important reported strategies to improve the performance of this kind of membranes. These 

strategies include: 

2.3.7.1 Optimization the preparation conditions 

2.3.7.1.1 Effect of monomer type and concentration 
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The choice of monomers used in preparation of PA TFC membrane is necessary in order to 

tailor desired membrane structure and separation performance. In literature, the two diamine 

monomers which have been frequently used for preparation of PA TFC membrane are MPD or 

piperazine (PIP), along with TMC as acyl halide monomer [24]. The produced MPD- and PIP-

based TFC membranes were found to exhibit completely different surface characteristics and 

separation performance due to the difference in the reactivity of the two diamine monomers 

[57,92].  

However, several attempts have been conducted to employ new monomers which are usually 

containing more polar functional groups in order to produce surface with low roughness and 

high hydrophilicity to mitigate fouling and/or increase chlorine resistance [93]. For example, in 

a recent work [94], a novel semi-aromatic PA RO membrane was fabricated using a dendritic 

molecule of trimesoylamidoamine as a functional amine monomer to react with TMC through 

the IP technique. The produced PA membrane exhibited improved water permeability, 

antifouling and chlorine tolerant properties due to the dendritic structure which provided the 

membranes with more hydrophilic groups and smoother surface compared to the pristine MPD-

TMC membrane [94]. Moreover, the monomer concentration plays an important role on 

membrane separation performance. Korshidi et al. [95] found out a direct relation between 

increasing the TMC concentration and formation of more permeable and lower salt rejection 

membrane and opposite properties achieved by increasing the MPD concentration. 

2.3.7.1.2 Organic solvent selection 

The rate and extent of IP reaction is strongly influenced by the diffusivity and solubility of 

the diamine (usually MPD) in the organic solvent [84]. Park et al. [56] reported that the high 

diffusion rate of MPD into the organic solvent showed dense and thinner layer of PA and 

consequently better PA TFC performance. Gosh et al. [81] found that the low viscosity and 

high surface tension of the organic solvent achieved high membrane performance. 

2.3.7.1.3 Curing temperature and reaction time 

Curing temperature and IP reaction time can also affect the characterization and performance 

of the synthesized PA TFC membrane [81]. Heat curing is aimed to accelerate the evaporation 

of the residual aqueous and organic phases to help termination of IP reaction [96]. The curing 

temperature is varied in the literature from room temperature to higher than the boiling point of 

both organic solvent and water [95,97]. The variation of curing temperature affects the surface 

morphology and consequently affects the separation performance. For example, it was reported 

that the curing at room temperature produced PA membrane with high salt rejection and low 
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permeance [95]. When the temperature increased to 55 oC, the water permeance increased with 

slight decrease in the salt rejection. This is most likely due to altering the surface morphology, 

and with further increase in temperature to exceed the boiling point of the organic solvent, the 

salt rejection improved with slight decrease in water permeance. This was attributed to the fast 

evaporation of the residual solvent and formation of a dense and cross-linked PA layer. 

On the other hand, the prolonged time of the interfacial reaction time maximizes the film 

thickness which resists the water flow and improves the salt rejection [98]. Nevertheless, it was 

found in another study that increasing the reaction time has a negligible effect on both water 

flux and salt rejection. This is because the permeation is mainly controlled by the dense part of 

PA layer which was rapidly formed at the surface [95]. 

2.3.7.1.4 Additives 

Presence of additives beside the monomers in aqueous and/or organic phases was found to 

have a remarkable influence on the membrane structure. The role of the additives has been 

reported to include controlling the aqueous and organic phases miscibility, monomer 

diffusivity, polymer crosslinking and control the rate of IP reaction by scavenging the formed 

byproduct or quenching the residual acyl-chloride group [57,63,81,87,99,100]. Table 2.3 

presents the influence of various additives on the membrane performance. 

Table 2-3: Additives and their influence on PA TFC membrane performance 

Additives Example Influence Reference 

Acid 

scavenger 

Triethyl amine (TEA), 

NaOH, triphenyl phosphate 

Increase permeability without 

observable rejection decline  

[81,100] 

Phase 

miscibility 

enhancer 

Isopropyl alcohol (IPA), 

aceton, Dimethylsulfoxide 

(DMSO), Hexamethyl 

phosphoramide (HMPA),  

Increase roughness, increase 

water flux  

[63,87] 

Amine 

absorption 

enhancer 

Camphor sulfonic acid 

(CSA)  

 

Increases water permeability  

 

[81,100] 

Crosslinking 

inhibitor 

N,N-Dimethylformamide 

(DMF)  

 

Increases permeability  

Increase the negative charge  

[81] 

Acyl-chloride 

quenching 

Ammonium hydroxide High permeability without 

decrease rejection  

[99] 

2.3.7.2 Optimization the support membrane  

One of the major advantages of the TFC structure of PA membrane is the multilayer 

structure, which allows to modify each layer individually. It is always believed that the support 
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layer in the TFC structure is only required to provide the membrane with the required 

mechanical strength. However, it was found by several studies that the characteristic of the 

support are in a close relation to the membrane performance [57,84,87,101]. 

The hydrophilicity and pore size of the support (usually PSf or PES) have more practical 

implications for the IP reaction [101]. Gosh and Hoek found that more permeable, hydrophilic 

support produced smooth and low permeable PA layer, because large thickness of PA can be 

formed within the wetted pores. Contrarily, rough and more permeable PA layer was produced 

when using hydrophobic support [84]. The support pore size has a similar influence on wetting 

as the hydrophobicity. Pore size in range of 1 – 100 nm were revealed to offer stable interface 

for the IP reaction. Whereas, the sublayers of lower pore sizes are difficult to be pre-wetted, 

and the large pore sizes in μm range are suffering from liquid evaporation [84]. 

2.3.7.3 Surface modification 

Surface modification had been also employed as a potential method to improve the 

performance of the PA TFC membranes and provide them with enhanced antifouling properties 

and chlorine resistance. It has been confirmed that the PA surface contains many negative 

charges of the carboxyl group due to the incomplete crosslinking of the polymer. The presence 

of these negative charges facilitates the binding of different surface coatings [102]. 

2.3.7.3.1 PEG-based hydrophilic coating 

PEG is commonly employed as coating layer of PA membranes due to its high 

hydrophilicity, neutral charged nature and its ability to form hydrogen bond with water. The 

increase in the surface hydrophilicity reduces the interaction with foulants [14,103]. The fouling 

resistance of the coated surface increases with increasing the length of PEG chain [104]. 

However the superior antifouling properties of PEG, it has a disadvantage regarding its high 

degradation in presence of oxygen and transition metals [103,104].  

2.3.7.3.2 Protein coating 

Coating the membrane surface with a natural polymer such as sericin protein, is also reported 

by Yu et al. [105]. They coated the surface of commercial PA TFC membrane with sericin 

through dip coating followed by in situ crosslinking with glutaraldehyde. The obtained 

membrane showed lower water permeability due to additional hydraulic resistance, but both 

salt rejection and antifouling properties improved due to increasing the surface negative charge 

and hydrophilicity, in addition to the smoother surface morphology [105]. 

2.3.7.3.3 Zwitterionic based coating 
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Surface coating of PA TFC membrane with zwitterionic polymers have drown a great 

attention for fabrication a membrane with superior antifouling properties. Zwitterionic 

compounds comprise both negative and positive charged units. This structure can create more 

stable and stronger bonds with water than the other neutral hydrophilic materials such as PEG 

[106]. Therefore the zwitterionic-based membrane surface which containing a sufficient density 

of the positive and negative units can remarkably improve the non-selective fouling resistance 

[107]. zwitterionic polymers can be coated over the PA membrane surface using several 

techniques such as surface-initiated atom transfer radical polymerization [108], redox-initiated 

graft polymerization [109] and chemically-initiated vapor deposition [110]. 

However, these techniques revealed some drawbacks such as reduction of water permeance 

due to the addition resistance of the coated layer and higher fabrication cost because the addition 

of post-modification step [96]. Recently, Duong et al. [107] have developed a novel PA TFC 

membrane by tethering modified zwitterionic copolymer via in situ IP, the fabricated membrane 

exhibited a tremendous increment in water permeance with comparable dye rejection and 

excellent antifouling properties. 

2.3.7.3.4 Chlorine resistance coating 

The strategy of fabrication of PA TFC membrane with a good chlorine resistance properties 

is based on deposition of a sacrificial layer which prevents PA layer from direct contact with 

chlorine, therefore it protects the membrane [14]. However, likewise, this additional layer could 

reduce the water flux. The same conclusion was reported be Ni et al. [54] who found a trade off 

between the membrane flux and the coating effects improving chlorine and fouling resistances 

of membranes. 

2.3.7.4 Aquaporin_based PA RO membranes 

These membranes are also known as biomimetic membranes. Aquaporins (AQPs) are the 

biological water channels known for fast water transport with complete retention of ions and 

other solutes. The water transport rate for the single channel reaches ~ 109 water molecule per 

second [111]. Accordingly, these impressive characteristics of AQPs have attracted great 

attention in water desalination applications. The first successful attempt for fabrication of 

AQPs-based TFC RO membrane has been done by Zhao et al. [112] The resulted membrane 

exhibited 25% increase in water flux without compromising the NaCl rejection. Later, Li et al. 

[113] succeeded to fabricate AQPs-based hollow fiber membranes by embedding 

proteoliposome into the polyamide layer in the cavity of a hollow fiber substrate via IP reaction 

as presented in Figure 2.7. The resulted membrane exhibited water permeability reached ~ 8 
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L/m2.h.bar which was about twice the commercial BWRO or the AQPs- based flat sheet 

membranes. 

Despite the superior separation performance of AQPs-based PA membranes, the membrane 

long-term stability, scalabiliy and production cost shall be taken into consideration. 

 

Figure 2.7: Schematic of preparation of AQP-based hollow fiber membrane [113] 

2.4 Thin film nanocomposite (TFN) membranes 

2.4.1 Overview of TFN membranes 

In 2007, Hoek and coworkers [15] introduced for the first time the concept of TFN 

membranes by incorporation of nanosized fillers in the PA skin layer of the TFC membranes 

(Figure 2.8). Nevertheless, the nanofillers can be also incorporated in the support layer of TFC 

membranes [114]. The TFN membranes are similar to other classes of composite membranes 

known as mixed matrix membranes (MMMs) which is fabricated by one step phase inversion 

technique. However the TFN membranes have an advantage from MMMs of optimizing the 

skin and support layer of the membrane individually, which allows a more versatile membrane 

to be modified [115]. Addition of NPs provides more degrees of freedom to the properties and 

separation performance of TFC membranes to overcome their limitations [15]. 

As a result, TFN membranes have gained increasing attention on many applications such as 

RO, NF, FO, gas separation and organic solvent nanofiltration (OSN) [9,16,23,116]. 
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Figure 2.8: Scheme illustrating the structure of TFN membranes 

Despite the fact that the feasibility of TFN membranes have been demonstrated at the lab-

scale, there is only one commercial TFN membrane known in the RO market which was 

launched in 2011 by NanoH2O (now LG Chem). It included nano-zeolites additives and 

exhibited two folds higher water flux than the standard commercial TFC membrane with NaCl 

rejection maintained at > 99.7% [16,27]. To date, there are several kinds of NPs that have been 

used as nanofillers for TFN membranes. Most of these NPs are porous nanofillers (Table 2.4) 

and some of them are nonporous such as Ag [117], TiO2 [118] and SiO2 [119]. 
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Table 2-4: Overview of filler materials in TFN membranes and comparison of their performance with control TFC membranes; ↑, ↓ and ↔ 

indicate an increase, decrease, and remain same, respectively. All membranes were tested in NaCl (2000 ppm) except [131] in brackish 

water 

Filler properties Filler 

Loading 

Despersion 

phase 

Permeability 

(L/m2h.bar) 

Rejection 

(%) 

Compared to their TFC control 

membrane 

Type Particle 

size (nm) 

Pore size 

(nm) 

Permeability 

 

Rejection 

 

Zeolite    

NaA [120] 100 0.42 0.3 wt%  Organic 1.9 97.9 44% ↑ 0.5% ↑ 

NaY [121] 150 0.74 0.15 wt%  Organic 4.8 98.8 84% ↑ 0.4% ↑ 

MOF    

ZIF-8 [122] 150 0.34 0.005 wt% Organic 2.7 85 185% ↑ ↔ 

MIL-101 (Cr) 

[97] 

200 1.2 0.05 wt% Aqueous 3.2 99 44% ↑ ↔ 

MSN    

MCM-41 [123] 100 3 0.015 w/v  Organic 3 94.6 36.5 ↑ ↔ 

MCM-48 [18] 125 2.3 0.014 w/v Organic 2.5 95 67 % ↑ 2% ↓ 

Graphene    

GO [124] n/a 0.88 100 ppm Aqueous 2 97.5 39% ↑ 1% ↓ 

N-GOQD [125] 10 n/a 0.02 w/v  Aqueous 1.6 93 168% ↑ ↔ 

CNTs    

CNTs [126] n/a 3-4 0.37 wt% Aqueous 3.3 98.5 32% ↑ ↔ 
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2.4.2 TFN membranes fabrication 

Like PA TFC membranes, TFN membranes also are fabricated mainly via IP process. The 

addition of nanofillers inside the PA skin layer includes their dispersion with the organic phase 

[15,17,127] as well as with the aqueous phase [97,121,124] (cf. Table 2.4). It generally known 

that most inorganic NPs are hydrophilic. Therefore, they can be better dispersed in the aqueous 

phase than in the organic phase. However, removing the excess aqueous solution during the IP 

process, most of NPs can be detached with the amine solution, which affects the obtained TFN 

membrane performance [16].  

The fillers can also deposited on the surface of PA TFC membrane by dip coating in the NPs 

solution as reported by [128], but the stability of this kind of membranes in RO application 

which needs a high operated pressure may be not guaranteed. On the other hand, addition of 

NPs to the organic solvent, allows them to be agglomerated inside the PA layer. As a result, 

nonselective voids are created among the NPs and the polymer matrix which declines the 

membrane performance [129]. Nevertheless, addition of nanofiller to the organic solvent was 

adopted in the literature.  

In order to improve the compatibility of the hydrophilic NPs with the organic solvent, surface 

modification with a hydrophobic substance was reported [130–133]. For instance, Dong et al. 

[130] have fabricated PA TFN membranes containing surface modified NaA zeolite NPs with 

OTS. They found out that the dispersion of modified zeolite improved in the organic solvent 

during IP process. As a result, the integration of nanoparticles (NPs)  inside the PA layer 

improved which led to enhanced water flux and salt rejection. 

Despite the addition of nanofillers to the organic phase is more effective than their addition 

to the aqueous phase in terms of more trapping inside the formed PA film, losing some NPs 

during the membrane preparation and their random distribution inside the PA cannot be 

completely avoided. To solve this problem, Kong et al. [52] reported for the first time the “pre-

seeding” approach for preparation TFN membranes (Figure 2.9). In this approach, instead of 

directly immersing the MPD-coating PSf support membrane into the TMC-hexane solution 

containing the nanofillers (Zeolite), the MPD-PSf membrane is firstly contacted with a certain 

amount of hexane solution containing zeolite, low concentration of TMC and ethanol to form 

the pre-seeded zeolite on the membrane surface. Then, the hexane solution of high TMC 

concentration is contacted with the membrane to complete the IP reaction. By this strategy, the 

nanofillers can disperse  into the PA film very well without formation of the undesired voids 

[52].  
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Figure 2.9:Schematic representation of preparation of TFN membranes by pre-seeding 

approach from [16] 

Similar and more simple approach was reported by Van Goethem et al. [122]. In this 

approach, the nanofillers-hexane solution is contacted with the MPD-PSf membrane. Then the 

n. hexane is allowed to be completely evaporated under atmospheric conditions. Afterword, the 

IP reaction is completed by covering the TMC-hexane solution. This method is known as 

evaporation-controlled filler positioning (EFP) method (Figure 2.10). Both TFN membranes 

prepared according to [52] and [122] revealed superior water permeability without any 

significant loss in salt rejection compared to the control membrane prepared with the 

conventional method. 
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Figure 2.10:Schematic representation of (a) the evaporation-controlled filler positioning 

(EFP) and (b) the conventional TFN membrane preparation methods adapted from [122] 

2.4.3 Chemical, mechanical and antifouling properties of TFN membranes 

Presence of NPs inside the PA matrix in TFN membranes can provide the RO membranes 

with further resistance against chlorine attack, compaction and fouling in order to employ the 

membranes in industrial applications [16,134]. Zhao et al. [135] developed a TFN membrane 

with improved both chlorine resistance and antifouling properties by incorporating carboxyl-

modified multi-walled carbon nanotubes (CNTs) into the PA skin layer. They attributed the 

improved performance of the TFN membrane to increase the surface hydrophilicity as well as 

increase the negatively surface charge which is necessary to decrease the fouling and increase 

the chlorine tolerance [135]. 

In addition, TFN membranes can provide better resistance to the compaction for RO 

applications. This can be concluded from the stable water permeation of the TFN membranes 

with time, which is usually attributed to the minimum influence of compaction under the 

applied pressure [136]. 

2.4.4 Separation mechanism of TFN membranes 

Like PA TFC RO membranes, the separation of TFN membranes can also be explained by 

SDM. However, the addition of NPs into the PA skin layer affects strongly the membrane 

permeance and selectivity. This influence is due to combination of changes in the 

physicochemical properties of the PA film such as surface charge, hydrophilicity, thickness, 

crosslinking, porosity and creation of additional water channels [16,137]. 
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In the first TFN membrane fabricated by Jeong et al. [15], the authors assumed that the 

mechanism for the improved water permeance includes: 1) Fast transport of water through the 

zeolite internal pores; 2) fast transport of water through the defects (voids) created between 

zeolite fillers and polymer matrix; and 3) the high hydrophilicity of the membrane surface due 

to the presence of the hydrophilic zeolite fillers [15]. Yin et al. [17] studied the separation 

performance of TFN membranes containing two different kinds of hydrophilic silica NPs; 

MCM-41 as porous fillers and solid silica as nonporous fillers. They found that water 

permeance in case of MCM-41 is much higher than that in case of nonporous silica. They 

concluded that the internal pores of MCM-41 act as a shortcut for water transport which played 

the major role on increase of water permeance. 

Nevertheless, in different studies the nonporous fillers led to a significant increase in water 

permeance of their corresponding TFN membranes. For example, Jadav and Singeh [138] 

achieved increase up to 134% in water permeance of the TFN membranes compared to the 

reference TFC membrane by using nonporous silica nanofiller. According to the authors, the 

large increase in water permeance is owing to increasing the free volume because the silica NPs 

(3 nm) efficiently disrupted polymer chain packing which reduced the crosslinking and 

increased the water diffusion. Despite the difference in the fillers sizes between the work 

reported in [17] and [138], 100 nm and 3 nm respectively, the mechanism of water permeance 

enhancement is still unclear and needs further studies and detailed investigations.  

The extent of water permeance enhancement is also influenced by the loading and the size 

of the inserted fillers. For example, Namvar-Mahboub et al. [139] have incorporated 

functionalized zeolite UZm-5 NPs into PA layer to improve the solvent resistance on NF 

membranes. They found out that the separation efficiency against oil molecules was negatively 

affected when the fillers loading exceeded 0.05 w/v%. According to the authors, the too much 

loading produced eminent agglomeration of NPS which distorted the structure of PA and 

reduced the degree of crosslinking. On the other hand, Lind et al. [140] investigated the 

influence of Zeolite 4 A crystal size on the properties of PA TFN membranes. They concluded 

that smaller zeolite size could be easily covered with the growing PA film and therefore, were 

beneficial for improving water permeance. Whereas, the bigger size may template film growth 

during the polymerization reaction leading to enlarging the thickness of PA layer in order to 

encapsulate big particles. Furthermore the exposure of NPs at the PA surface is highly possible 

in case of large particle sizes which ruins the separation performance [16]. 
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Last but not least, the filler location inside the PA layer has also an important role on the 

separation efficiency of the TFN membranes. However, the tuning of the filler location is not 

an easy task, some useful attempts were done by Kong et al. [52] through the pre-seeding 

approach and by Van Goethem et al. [122] through the EFP method for fabrication of PA TFN 

membranes as explained in Section 2.4.2. Beside the fabrication method, the filler location is 

governed with the interaction of the fillers with the PA matrix. Fathizadeh et al. [141] suggested 

four types of interactions between the nanofiller (Zeolite NaX in that study) and PA as presented 

in Figure 2.11. According to the authors, the location of NPs in type 1 achieved the best 

separation performance because they were completely covered with PA without formation any 

voids defects. This case allows the solutes to be firstly rejected with the PA and then water 

molecules fast transported through the channels of zeolite. In case of the other interaction types, 

when some parts of NPs are exposed to the surface (type 2 and 3) or form defects due to 

agglomeration (type 4) the membrane revealed low separation efficiency.  

 

Figure 2.11: Schematic diagram for the types of interaction between the NPs and the PA 

matrix [141] 

2.5 Mesoporous silica nanoparticles (MSN) as nanofiller 

Mesoporous silica has attracted great deal of attention over the last years because of its 

uniform and tunable pore size, highly specific surface area, obvious surface hydrophilicity and 

easy surface functionalization [142]. All of these properties allow MSN to be adopted for 

several applications such as catalysis [143], adsorption [144] and drug delivery [145,146]. 

furthermore, MSNs were adopted to be used as nanofillers for TFN membranes preparation 

[18,127,147] which is the area of concern of this thesis. 
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2.5.1 Classification of porous materials 

Silica (also known as silicon dioxide; SiO2) is a thermally stable, chemically inert and 

inexpensive material [17]. It can be existed in several structures such as quartz which is a 

crystalline material or glass which is an amorphous material, and it can be porous or nonporous.  

The pore size of the material, which is defined as the distance between the two opposite wall, 

was classified by the international union of pure and applied chemistry (IUPAC) to three main 

categories [142] (Figure 2.12): 

- Microporous materials: the pore diameter is less than 2 nm. 

- Mesoporous materials: the pore diameter is between 2-50 nm. 

- Macroporous materials: the pore diameter is bigger than 50 nm. 

Nevertheless, not only the pore width which describes the porous materials, but their 

adsorption behavior as well. The adsorption can be defined as a process in which a gas, or a 

liquid, accumulates on the outermost layer of a solid or a liquid phase leading to a relatively 

high concentration on the surface in comparison to the bulk [148]. 

 

Figure 2.12: IUPAC classification of pores based on pore width [142]  

As illustrated in Figure 2.13, the molecules adsorbed on the surface is known as adsorbate, 

while the molecules in the bulk are called adsorptive, and the substance on the surface where 

the adsorption occurs is known as adsorbent.  
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Figure 2.13: Schematic figure illustrating the definition of adsorbent, adsorbate and 

adsorptive 

According to the interaction between adsorbent and adsorbate, the adsorption is classified to 

two categories [148] :  

(1) Physical adsorption or physisorption; in which the interaction between the adsorbent and 

adsorbate is weak and reversible, 

(2) Chemical adsorption or chemisorption; in which the interaction between the adsorbent and 

adsorbate is stronger and irreversible.  

Adsorption of gas by a porous substance is a physisorption process and is described by the 

adsorption isotherm, which is a curve obtained by plotting the amount adsorbed as a function 

of relative pressure (P/Po) at a constant temperature. IUPAC classified the different adsorption 

isotherms into six types which are grouped in Figure 2.14 [149]. 

 

Figure 2.14: The six main types of adsorption isotherms according to IUPAC classification 

[149] 
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Type I isotherm: is typical for microporous materials, in which a very high adsorption occurs 

at low relative pressure (P/Po < 0.01). The plateau area at P/Po > 0.01 indicates for limiting 

uptake and depends on the cumulative accessible micropore volume in the sample. 

Type II isotherm: is observed for macroporous or nonporous materials and represents 

unrestricted monolayer-multilayer adsorption. Therefore, the adsorption and desorption exactly 

follow the same path. At low relative pressure (P/Po < 0.2), the adsorption increases then shows 

linear area and finally increases again at higher relative pressure (P/Po > 0.4). The interaction 

point at which the linear area starts represents the completion of monolayer coverage and starts 

multilayer coverage. The amount adsorbed at this point is directly related to the surface area of 

the solid. 

Type III isotherm: is similar to type II adsorption isotherm, however, it is not common 

because the interaction among the adsorbate molecules is stronger than the adsorbate-adsorbent 

interaction. Therefore, the uptake of gas molecules dominates the process until a sufficient 

coverage formed on the surface and the adsorption increases. 

Type IV isotherm: is characteristic for mesoporous materials. At the low pressure is similar 

to type II isotherm indicating a monolayer-multilayer adsorption on the wall of mesopores. At 

higher relative pressure, the adsorbed gas condenses into a liquid-like state inside the pores at 

a pressure below the saturation pressure. This is known as capillary condensation. Therefore, 

the isotherm shows hysteresis in which the desorption curve doesn’t retrace the adsorption 

curve leading to formation of a wide loop known as a hysteresis loop and corresponds to the 

capillary condensation, pore filling and the mechanism of the condensed liquid from the pore. 

The shape of the hysteresis loop is associated with the shape of the pores. 

Type V isotherm: is also characteristic for the mesoporous materials, but different from the 

type IV because the weak adsorbate-adsorbent interaction. Therefore, at low pressure it is 

similar to type III, but at higher pressure, there is a hysteresis loop such as type IV isotherm. 

Type VI isotherm: is due to layer by layer adsorption on a highly uniform surface. These 

stepped layers are formed by separate layer adsorption on each other.  

2.5.2 Overview of MSN history 

In 1992, the scientists of Mobil group synthesized for the first time a well ordered 

mesoporous silica by reaction of soluble silicate such as alkoxysilane in presence of a cationic 

surfactant such as alkyltrimethylammonium bromide (CnTMA ; n: carbon number in the alkyl 

chain) [150]. This family of silica compounds is known as M41S materials and includes several 

mesoporous silica according to the shape of porous structure (Figure 2.15) such as hexagonally 
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cylindrical pore structure (MCM-41; Mobil composition of matter No. 41), cubic pore structure 

(MCM-48) and lamellar pore structure (MCM-50). Among the Mobil mesoporous silica types, 

MCM-41 demonstrates long range ordering which giving rise to mesoporous channels within 

the structure. Beside the regular mesostructure, the specific pore diameter (2-6 nm) of MCM-

41, high surface area, and the large pore volume allowed it to be an excellent member as 

adsorption platform [151]. 

 

Figure 2.15: Structure of mesoporous M41S materials: (a) hexagonal MCM-41, (b) cubic 

MCM-48 and (c) lamellar MCM-50 [151] 

However, the revolutionary potential of MSN in the drug delivery and release applications 

after the proposed MCM-41 by Mobil company, it was not the first attempt to synthesize 

mesoporous NPs. In 1971, Chiola et al. reported that low density silica can be obtained by 

hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in presence of cationic 

surfactant [152]. Despite the authors used the same preparation approach which has been used 

later by Mobil scientists, they concerned only with the low bulk density silica formation and 

had no report concerning the mesoporous structure which was confirmed later after 28 years by 

Renzo et al.[153]. Furthermore, in 1990 Yanagisawa et al. [154] reported the first intentional 

preparation of mesoporous silica by using a complex of polysilicate kanemite with 

alkyltriethylammonium. However the poor distribution of the mesoporous structure limited the 

application of this product [155]. in 1998, Stucky and his coworkers [156] developed a similar 

kind of MSN, (namely Santa Barbara amorphous No. 15; SBA-15), but they replaced the 

cationic surfactant in case of MCM-41 with nonionic amphiphilic surfactant such as triblock 

copolymer.  

Like MCM-41, SBA-15 has an ordered hexagonal symmetry but showed surface area and 

pore volume lower than MCM-41. Nevertheless, it has a larger pore diameter (4.5-30 nm) and 

a thicker pore wall that provide the material with higher mechanical, hydrothermal stability. 

Therefore SBA-15 also attracted much attention in the adsorption applications. 
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2.5.3 Synthesis of MSN 

In general MCM-41 NPs are prepared by using modified Stober’s method during sol-gel 

process in presence of cationic surfactant as a template or a structure directing agent [150,157]. 

The sol-gel chemistry is a widely investigated process for preparation of many inorganic oxides 

from an aqueous metal alkoxide solution [116,158]. 

There are other methods for the synthesize of silica NPs such as reverse microemulsion and 

flame synthesis [159] but sol-gel process can produce homogeneous and pure silica particles 

due to its ability to control particle size, pore size, pore size distribution and morphology 

through monitoring the reaction parameters [159]. The sol-gel reaction involves hydrolysis and 

condensation reactions of the metal alkoxide monomer in order to form the colloidal particles 

(sol) and convert them later to a polymer network (gel) [160] as presented in (Reaction 2.1 to 

2.3 in Figure 2.16). 

 

Figure 2.16: Scheme illustrating the sol-gel general reactions 

Alkoxysilanes such as TEOS or tetramethyl orthosilicate (TMOS), are usually used for silica 

production [116]. the hydrolysis occurs according to Reaction 2.1 in Figure 2.16 by addition 

of water to the alkoxysilane solution to generate a silanol group. Afterword, the silanol groups 

condense with each other (Reaction 2.2 in Figure 2.16) or with other alkoxysilane molecules 

(Reaction 2.3 in Figure 2.16) to form the siloxane particles seeds into the sol. Further 

condensation of silicate cluster leads to formation of the gel which contains the silicate network 

[161].  

2.5.3.1 Factors affect the sol-gel reaction 

The hydrolysis and condensation reactions are strongly influenced by several factors such 

as precursor properties, water/precursor ratio and pH of solution. The material to be used as 

precursor should be soluble in the reaction media and reactive enough in order to make the 
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hydrolysis and condensation reactions in order to form the polymer network [162]. The most 

common example of silica precursors is alkoxysilane such as TEOS. The water/TEOS molar 

ratio is also an important parameter that affects the sol-gel reaction. According to Reaction 2.1 

in Figure 2.16, at a fixed TEOS concentration, the increase in water quantity results in 

corresponding increase in the hydrolysis rate. Similarly on the basis of Le Chätelier principal, 

the water condensation step (Reaction 2.2 in Figure 2.16) is expected to be hindered by 

increasing the water/TEOS ratio [160]. However, the condensation step was found to be 

accelerated with increasing the water/TEOS ratio which is contradictive with the theoretical 

expectations. This can be attributed to the increase in both silica solubility and the hydroxyl ion 

catalyst [160]. One more important factor is the influence of solution pH on the charge of silica. 

The charge state of the silica has strong impact on the rate of hydrolysis and condensation, 

which affects the mesostructure of obtained material [163]. The hydrolysis of Si-OR bond in 

TEOS is occurred at both high and low pH solutions. The rate of hydrolysis exhibits a minimum 

at pH = 7 and increases in both lower and higher pH [158].  

On the other hand, the condensation rate has an opposite behavior which shows a maximum 

at pH around 7 and a minimum at pH around 2 as depicted in Figure 2.17. According to the 

figure, at low pH value (acidic catalysis), below the isoelectric point of silica (IEP ≈ 2), the 

silica species become positively charged. This hinders the assembly with the cationic surfactant 

and minimizes the condensation rate to be minimum at pH ˂ 2. Under alkaline conditions (pH 

˃ 7), the silicate with the negative charges can be assembled with the cationic surfactant due to 

the nucleophilic attack and the condensation rate reach maximum at pH 7-7.5. Then the 

condensation rate decreases at pH > 7.5 because the gradual instability of silicates at higher pH 

values [164]. Nevertheless, the synthesis of MSN such as MCM-41 is conducted at high pH (≈ 

12) due to the strong interaction between the cationic surfactant (CTAB) and the silicate ions 

can stabilize the formed silica rather than silica dissolving [158,164]. 

 

 

 

 

 

 



 

37 
 

THEORY AND LITERATURE REVIEW 

 

 

 

Figure 2.17: Effect of pH on the silica condensation rate, charge properties and charge 

density on the surface of the silica species [158] 

2.5.3.2 Formation mechanism of MSN 

Liquid crystal templating (LCT) mechanism was proposed by both Mobil and Santa Barbara 

scientists to explain the formation of the ordered mesoporous structure in MCM-41 and SBA-

15, respectively [150,162]. A surfactant is the molecule which consists of a polar and 

hydrophilic part (called a head), and a nonpolar and hydrophobic part (called a tail) (Figure 

2.18a). The hydrophilic component can interact with the charged precursor, whereas the 

hydrophobic component can solubilize the organic species. 

 

 

 

 

 

 

In a simple surfactant/water system, the relation between the surfactant concentration and its 

activity in water is shown in Figure 2.18. At the low concentration of surfactant, the surfactant 

Figure 2.18: Surfactant molecule and its behavior in water [167] 



 

38 
 

THEORY AND LITERATURE REVIEW 

molecules energetically exist as individual molecules and tend to arrange on the surface (Figure 

2.18b). When the concentration increases, the surface becomes crowded and the molecules 

aggregate within a cluster in which the hydrophobic portions are oriented against water and the 

hydrophilic parts are exposed to water [165]. This formed cluster is called micelle (Figure 

2.18c). The initial concentration threshold at which the single molecules aggregate and form 

the micelle, is called critical micelle concentration (CMC) [166]. Above the CMC, the self-

assembled micelles form 2D cylindrical or 3D spherical arrays which helps in the pore 

generation [167]. 

The CMC depends on the chemical structure of the surfactant. For example, the higher the 

length of hydrophobic tail, the lower CMC. This can be explained because of the longer chain 

tend to bond together which minimizes the energy and form stable system. It is worth 

mentioning that surfactants can be classified according to the charge of the polar head to four 

main groups: 

 Cationic surfactants: dissociate in water into an anionic head usually halide and an 

amphiphilic cationic tail. The tail is a long alkyl chain ended with a positive charge group such 

as amine salt or quaternary ammoniums. The common example is cetyltrimethylammonium 

bromide (CTAB). 

 Anionic surfactant: dissociate in water into a cationic head usually an alkaline metal ion such 

as K+ or Na+ and an amphiphilic anionic tail. The tail is a long alkyl chain ended with a negative 

charge group such as alkylbenzene sulfonate or lauryl sulfate. The common example is sodium 

dodecyl sulphate (SDS)  

 Nonionic surfactant: it does not dissociate in water. Nevertheless, this kind of surfactant can 

be dissolved in water due to presence of a covalently bonded oxygen-containing hydrophilic 

group which is bonded to a hydrophobic group. The most common example of the nonionic 

surfactant is the block copolymers such as pluronic P123 or F127. 

 Zwitterionic surfactant: This is the last family of surfactants. They have two charges of 

different sign on their head group giving a neutral charge. The most common positive charge is 

produced by an ammonium group and the negative charge may vary, but most often 

carboxylate. The common example is lauryl betaine. The chemical structure of some surfactant 

examples is depicted in Figure 2.19.  

In this thesis, we have been working basically with CTAB as a cationic surfactant which have 

been used for synthesis of MSN. 
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Figure 2.19: Chemical structure of some common surfactants 

Since 1992, several researches and studies have been carried out in order to understand the 

formation mechanism of mesoporous structure [167–169]. The synthesis of MSN with the aid 

of surfactant can occur in two possible pathways according to the surfactant concentration: 

(1) The cooperative self-assembly (CSA) mechanism:  

In this pathway, the mesoporous materials are prepared at low concentration of surfactant 

[168,170]. Therefore, there is a concurrent aggregation of self-assembled surfactant 

micelles with the added silicate anions and the liquid crystal phase containing both micelles 

and precursor molecules can be established as presented in Figure 2.20 (a). 

(2) The LCT mechanism: 

Here the concentration of surfactant is high enough to allow the micelles to form a true 

liquid crystal phase without requiring the presence of silicate precursor [167,168] (cf. 

Figure 2.20 (b)). 
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Figure 2.20: Formation of mesoporous structure: (a) cooperative self-assembly and (b) 

true liquid crystal templating process [168] 

2.5.3.3 Control of characteristics of MSN 

2.5.3.3.1 Control of particle size 

Particle size is a very important property for the different applications of MSN. Several 

attempts have been made to get MSN with controlled particle size in the range of tens of 

nanometers to tens of micrometers. This can be achieved by changing some experimental 

parameters such as reaction temperature, stirring rate, adding suitable additives and optimizing 

the surfactant and precursor concentrations [158,171–173]. It was reported that low reaction 

temperature and rapid stirring rate may lead to formation of MSN with small particle diameter. 

This is because the low temperature and rapid mixing rate can reduce the concentration of silica-

surfactant micelles and supports the particle growth [116,172]. However, optimizing the 

surfactant and precursor concentration considers the key factor to control the particle size [172]. 

Yamada et al. [171] reported that high surfactant/precursor molar ratio produced smaller 

particle diameter because the high surfactant concentration compared to precursor improved 

the dispersity of TEOS in water which increases its hydrolysis rate leading to increasing the 

nucleation as compared to the particle growth. The low surfactant/precursor molar ratio 

produced the opposite results. 

2.5.3.3.2 Control of pore size and mesoporous structure  

Optimizing both surfactant and precursor concentrations not only affect the particle size but 

can also affect the mesoporous structure of the particles. The higher concentrations of TEOS 
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were found to yield disordered mesoporous structure whereas lower TEOS concentration may 

not be enough to form mesoporous structure. Consequently, the TEOS concentration should be 

optimized to achieve the ordered mesoporous structure [174]. On the other hand, the low 

quantity of CTAB can be consumed rapidly by forming a composite with the hydrolyzed TEOS 

and therefore the formed mesoporous structure is not homogeneous. Moreover, when CTAB 

concentration is lower than CMC, the individual CTAB molecules can act as a flocculant causes 

aggregation of NPs [116,171]. Furthermore, the type of surfactant affects the pore size of MSN. 

It was found that the pore diameter can be minimized by using a surfactant with a short chain 

length and can be maximized by using longer chain length [116].  

In some applications such as drug delivery, the larger pore size of MSN is a highly 

recommended. In a recent work, Cha et al. [175] synthesized extra-large pore diameter MSN 

(≈ 25 nm) in order to achieve a high loading capacity of large biomolecules. They employed a 

large amount of ethyl acetate as an organic additive in presence of CTAB as a pore expansion 

agent, which expanded emulsion in the templating CTAB micelles. 

2.5.4 Challenges of MSN as nanofillers (agglomeration, dissolution and uncertainty of 

separation mechanism) 

Despite that MSN were frequently used as nanofillers for TFN membranes, the desired 

improvement of membrane performance is limited. This limitation of MSN is attributed to their 

tendency to agglomeration and dissolution in aqueous solutions. Because of the abundance of 

hydroxyl groups attached on the MSN surface, the surface is hydrophilic. This hydrophilicity 

limits the dispersion of MSN in the organic solvent during the IP reaction. As a result, it may 

cause their agglomeration in PA films even at low concentration. Therefore, it influences 

strongly the performance of the formed PA layer. One more challenge which faces the MSN as 

good nanofillers for fabrication of MSN is their dissolution at aqueous solutions which impacts 

on altering their size and their porous structure. The dissolution of silica in water occurs 

according to Reaction 2.4 and leads to silicic acid formation. The rate of dissolution increases 

with increasing pH of the solution. At high pH, silicic acid is ionized to form highly soluble 

H3SiO4
- and  H2SiO4

2- ions as can be seen in Reactions 2.5 and 2.6 [176,177].  

SiO2 + 2H2O → H4SiO4      (Reaction 2.4)                                                                               

H4SiO4 ↔ H3SiO4 − + H+      (Reaction 2.5)                                                                               

H4SiO4 ↔ H2SiO4 2− + 2H+     (Reaction 2.6)                                                                                 

Pham et al. [21] studied the effect of dissolution of mesoporous silica (SBA-15) on the 

reactivity of silica-supported iron oxide catalysts. They found that the reactivity toward H2O2 
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composition decreased by increasing the degree of silica dissolution, due to the fact that the 

dissolved silica re-deposited on the surface of the catalyst and blocked its active sites 

responsible for the degradation of H2O2.  

2.5.5 Modification of MSN 

As mentioned before, MSN possess a very high surface area and their surface is covered 

with (Si-OH) groups which makes the functionalization of both external surface and internal 

pore surface adjustable. Functionalization of silica nanofillers was suggested in order to 

minimize their agglomeration and improve their integration within the PA film 

[16,128,132,178,179]. For instance, in a recent work, Pang and Zhang [132] have fabricated 

hydrophobic-fluorinated silica / PA TFN membranes. They found out that hydrophobic 

functionalization of silica NPs improved their dispersion in the organic solvent during IP 

process. As a result, the integration of NPs inside the PA layer was also enhanced which 

improved the salt rejection of the membrane, however the water permeability remained 

unchanged. 

Moreover, functionalization of silica surface with organic substances has been considered 

as a good strategy to stabilize them against dissolution in aqueous media [180]. Barba et al. 

have found that functionalization of SBA-15 NPs by different organosilanes containing methyl, 

octyl and aminopropyl groups improved their stability and decreased the amount of dissolved 

silica, due to formation of an organic layer passivating the surface [181]. 

In general, there are two major methods to functionalize the surface of MSN with the organic 

functional group include, grafting (post-synthesize) method and co-condensation (one-pot 

synthesis) [144].  In the grafting method, the Si-OH groups on the surface act as the active site 

for organic functionalization. The pre-synthesized MSN are allowed to be modified by 

attachment of organic functional group to the surface, usually after surfactant removal 

[144,182], as illustrated in Figure 2.21. In co-condensation method, the silica precursor and the 

organic silane compound are condensed together during in one step during the silica synthesis 

(cf. Figure 2.21) [182].  

Each of the two methods has certain advantages; the grafting method is usually used to 

integrate a wide range of the functional groups to the pre-synthesized MSN and it can maintain 

the original mesoporous structure. Moreover, the selective functionalization can be achieved by 

the grafting method [183,184].  On the other hand, the co-condensation method is proposed if 

a uniform surface coverage with functional groups is desired in a single step synthesis [185].  
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Figure 2.21: Formation of mesoporous structure: (a) cooperative self-assembly and (b) 

true liquid crystal templating process [144]. 

The grafting method is employed for selective functionalization of MSN. Surface 

functionalization with organic groups by grafting method is usually carried out via silanization 

reaction. 

In the silanization reaction, the silane compound (using trichlorosilane as an example) 

willingly reacts with the hydroxyl groups present on the surface of MSN. Due to the highly 

reactive chloride - head groups (R SiCl3), the reaction can be conducted at room temperature 

with no need to catalyst or temperature as shown in Figure 2.22.  

 

Figure 2.22: Schematic representation of the silanization reaction process using 

trichlorosilane molecules 

It was assumed that the silane molecules are first hydrolyzed by a trace amount of water 

adsorbed on the surface of NPs or presented in the solvent. The hydrolyzed silane compound 

then can react with silanol group which are presented either on the silica surface or on adjacent 

silane molecules forming a network layer [186]. It is supposed that one silane molecule can 
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form three bonds with the surface in case of using trichlorosilane compound. Nevertheless, the 

alkyl chain length of the silane compound may cause steric hinderance and limit this 

assumption. Therefore, formation of one or two bonds is much desirable.   

Mesoporous silica is well-known to exhibit two ‘different’ surfaces, the external surface and 

the surface of the internal mesopores. It was mentioned that functionalization of MSN by 

grafting method requires the reaction between silane compound and the pre-synthesized MSN 

after surfactant templet removal. However, the presence of surfactant in the mesopores can 

represent the key factor for selective functionalization.  

De Juan and Ruitz-Hitzky [189] introduced the concept of selective functionalization of the 

external and internal surfaces of MCM-41. First, the grafting reaction was carried out by 

exposure the solution of trimethylsilyl chloride to the as-synthesized NPs whose pores were 

still filled with the surfactant. This led to functionalization of the external surface only due to 

the steric hinderance with the surfactant inside the meso-channels. The surfactant was then 

extracted, and the internal pores were then functionalized with phenylpropyldimethyl 

chlorosilane [187] (Figure 2.23). Different approach was proposed by Shephard et al. [188] for 

selective functionalization of the calcined MCM-41. They first modified the NPs with 

dichlorodiphenylsilane to passivate the external surface and minimize its involving in the 

reaction, then modified the internal pores with different substance. They relied to passivate the 

external surface on it is being more accessible and is functionalized predominantly over the 

internal mesopore surface [188,189] (cf. Figure 2.23). 

Similar approach was suggested by Bouchoucha et al. [190] to functionalize only the external 

surface of MCM-48 with PEG-silane. However, to achieve this goal, the authors selected PEG-

silane compound with a size much bigger than the size of internal mesopores to ensure the 

functionalization of the external surface only. 
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Figure 2.23: Methods of selective grafting on external and internal surfaces of MSN; the 

first method proposed by De Juan and Ruitz-Hitzky and the second method proposed by 

Shephard et al. [189] 
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3. Materials and methods 

3.1 Materials 

3.1.1 Materials for MSN  

For preparation, functionalization, and determination of dissolved concentration of MSN, 

the chemicals listed in Table 3.1 were used. 

Table 3-1: Materials and chemicals used for preparation, functionalization, and 

determination of dissolved concentration of MSN 

Materials and Chemicals CAS-NO Source 

Cetyltrimethylammonium bromide 

(CTAB; ≥98%). 

57-09-0 Sigma-Aldrich 

Tetraethyl orthosilicate (TEOS; 98%) 78-10-4 Sigma-Aldrich 

Octadecyltrichlorosilane (OTS; ≥90%) 112-04-9 Sigma-Aldrich 

Methyltrichlorsilane (MTS;98%) 75-97-6 Sigma-Aldrich 

sodium hydroxide (NaOH)   

Toluene 108-88-3 Fisher 

Methanol (HPLC; 99.9 %)  67-56-1  Fisher Chemical  

Molecular sieve 4 Å (0,4 nm; type 514; 

pearls)  

1318-02-1  Carl ROTH GmbH + 

Co. KG  

Ammonium molybdate tetrahydrate 

(99.98%) 

12054-85-2 Fluka Analytical 

Sodium metasilicate nonahydrate (≥98%) 13517-24-3 Sigma-Aldrich 

oxalic acid 144-62-7 Sigma-Aldrich 

hydrochloric acid (HCL)  Bernd Kraft 

Sodium hydroxide (NaOH)  Bernd Kraft 

Water (Milli-Q; ultrapure; 18.1 MΩ cm-1)  Millipore 

3.1.2 Materials for membranes 

For preparation and characterization of the support PES membrane, as well as TFC and TFN 

membranes, the chemicals listed in Table 3.2 were used. 
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Table 3-2: Materials and chemicals used for preparation, characterization, and 

performance evaluation of the membranes 

Materials and chemicals CAS number Source 

Polyethersulfone (PES; Ultrason E6020P)  25608-63-3  BASF  

Polyvinylpyrrolidone (PVP; K 30)  - Serva Feinbiochemica 

GmbH & Co.  

N-methyl-2-pyrrolidone (NMP; 

EMPLURA®; 99 %) 

872-50-4  Merck  

Triethylene glycol (TEG; 99 %)  112-27-6  Acros  

m-phenylenediamine (MPD; ≥99% 108-45-2  Sigma-Aldrich 

1,3,5-benzenetricarbonyl trichloride 

(trimesoylchloride, TMC; 98% 

4422-95-1  Acros 

n-Hexane (for analysis; 95 %)  110-54-3  Acros 

Dextran 4 kDa  Serva Feinbiochemica 

Dextran 35 kDa  Serva Feinbiochemica 

Dextran 100 kDa  Serva Feinbiochemica 

Dextran 200 kDa  Serva Feinbiochemica 

Dextran 2000 kDa  Serva Feinbiochemica 

Sodium hydroxide (NaOH) - Bernd Kraft  

Potassium chloride (KCl, 1M)  - Bernd Kraft  

Potassium hydroxide (KOH, 1M)  - Bernd Kraft 

Hydrochloric acid (HCl, 1M)  - Bernd Kraft  

Sodium chloride (NaCl; AnalaR 

NORMAPUR; 99.9%) 

7647-14-5  VWR  

Ethanol absolute  64-17-5 Fisher chemicals 

Water (Milli-Q; ultrapure; 18.1 MΩ cm-1)  Millipore 

3.2 Preparation and characterization of MSN nanofillers 

3.2.1 Preparation of MSN 

MSN preparation was conducted by the sol–gel method as reported in [191] using different 

CTAB/TEOS ratios. 0.09 – 0.9 g (0.25−2.5 mmol) of CTAB was first dissolved in 240 ml of 

DI water. Aqueous NaOH solution (2.00 M, 1.75 ml) was then added and the solution 

temperature raised to 80 °C. Thereafter, 2.8 g (13.5 mmol) of TEOS were added to the solution, 

followed by refluxing at 80 °C for 2 h under vigorous stirring. The solid product (as-synthesized 
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MSN) was filtered, washed with deionized water and methanol, and dried in a vacuum oven at 

45 °C for 12 h. Two methods were employed to remove the surfactant template (CTAB), i.e. 

calcination at high temperature (600 °C) for 6 h [192] or extraction process [193] in which the 

collected precipitate was resuspended in methanol and hydrochloric acid (V(MeOH) / V (HCl) 

=18) and the solution was allowed to reflux for 24 h at 90 °C. The template-removed product 

was filtrated and dried overnight in a vacuum oven at 60 °C to yield MSN as a white powder  

3.2.2 Controlled functionalization of MSN 

Two methods were employed to control the extent and localization of OTS functionalization 

of MSN. 

3.2.2.1 External pore surface functionalization (LMSN) 

The as-synthesized MSN was initially activated under vacuum at 100 °C for 12 h to remove 

the adsorbed water and to facilitate the reaction of silanol groups with the functionalization 

agent. The activated NPs (MSN; 1.0 g) were dispersed in 30 ml of dry toluene, under argon 

atmosphere and allowed to react with 0.5 – 5 g of OTS (1.28 – 12.8 mmol OTS/g of MSN) at 

90 °C under reflux for 20 min. The suspension was cooled to room temperature, filtrated and 

the obtained particles were collected. The non-reacted organosilane was removed by washing 

the particles thoroughly with toluene and methanol; then the particles were dried under vacuum 

at 60 °C overnight. The surfactant was finally removed using the extraction method (cf. Section 

3.2.1). It was anticipated that the presence of CTAB restricts grafting of the interior pores and 

allows functionalizing the external pore surface only. 

3.2.2.2 Internal and external pore surfaces functionalization (HMSN) 

The surfactant was firstly removed (cf. Section 3.2.1). Thereafter, the extracted MSN were 

functionalized as described before (cf. Section 3.2.1.1), but at prolonged reaction time (up to 6 

h) to ensure that the functionalization extended inside all pores. Functionalization of MSN using 

methyltrichlorsilane (MTS) was conducted using the same way as in OTS. The preparation and 

functionalization of MSN are presented in Figure 3.1. 



 

49 
 

MATERIALS AND METHODS 

 

Figure 3.1: Schematic diagram illustrating preparation and functionalization of MSN 

3.2.3 Dissolution of MSN 

All dissolution experiments were carried out in a 250 ml polyethylene flask at room 

temperature. Each kind of silica (MSN, LMSN and HMSN) was dispersed in Milli-Q water (2 

g/L). Due to the hydrophobic character of LMSN and HMSN, they were first wetted with a few 

drops of ethanol before dispersing in water. The dispersion was vigorously stirred. The initial 

pH of 200 ml of the silica solution was adjusted by HCl (1 M) and NaOH (1 M) to be 5 and 9, 

respectively. All samples were analyzed twice at each pH value, and the experiment was 

continued for 170 h. 5 ml of the aliquot for each sample were collected periodically and filtered 

through a 0.2 µm nylon filter before analysis of dissolved silica.  

3.2.3.1 Determination of dissolved silica concentration: 

Dissolved silica concentration was determined using molybdosilicate method [194]. The 

silica reacts with ammonium molybdate reagent and produces molybdosilicic acid according to 

the Reactions 3.1 and 3.2) [195]: 

7[(𝑁𝐻4)2𝑀𝑜𝑂4] + 14𝐻+ → 𝐻6𝑀𝑜7𝑂24 ∙ 4𝐻2𝑂 + 14𝑁𝐻4 +      (Reaction 3.1) 

7𝑆𝑖(𝑂𝐻)4 + 12𝐻6𝑀𝑜7𝑂24 ∙ 4𝐻2𝑂 + 17𝐻2𝑂 ↔ 7𝐻4𝑆𝑖𝑀𝑜12𝑂40 · 29𝐻2𝑂  (Reaction 3.2) 
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The molybdosilicic acid has a yellow color and can be detected using the spectrophotometer 

at wavelength 410 nm.  

The used reagents: 

Four reagents were used during this method:  

a. Hydrochloric acid (HCl), 1 + 1, one volume of concentrated HCl was mixed with one volume 

of milli-Q water. 

b. Ammonium molybdate reagent (75 mg/L); 10 g Ammonium molybdate tetrahydrate were 

dissolved in water, with stirring and gentle warming, and were diluted to 100 mL. then the 

solution pH was adjusted using NaOH or NH4OH to be 7 to 8 and stored in a polyethylene 

bottle.  

c. Oxalic acid solution (75 g/L); 7.5 g oxalic acid dehydrate were dissolved in water and diluted 

to 100 mL. The oxalic acid was added to destroy the molybdophosphoric acid, which results 

from the reaction of ammonium molybdate with any phosphate may present with silica [196]. 

d. Standard silica solution (1 mL=10 µg SiO2); 0.473 g of sodium metasilicate nonahydrate 

were dissolved in water and diluted to 1litre and Stored in a tightly stoppered plastic bottle. 

Photometric measurement 

At least four standards covering the desired concentration range were prepared by proper 

dilution of the standard silica solution (0-1000 µg). Then 50 mL aliquots of the standards were 

transferred to a plastic 100 mL-flask and 1 mL of HCl (1 + 1) and 2 mL of the ammonium 

molybdate solution were added quickly and were allowed to be mixed together for at least five 

minutes. 2 mL of oxalic acid were added with well mixing and left for at least 2 min then the 

absorbance was measured against Milli-Q water at 410 nm using the spectrophotometer. The 

reagent blank was prepared with the same method using all previous reagent except the standard 

silica solution and its absorbance against water was also measured. The calibration curve 

produced from this method is presented in Figure 3.1 with R2 = 0.99. 2 ml of the aliquot were 

diluted to 50 mL with milli-Q water and were analyzed as before. It was necessary to filtrate 

the aliquot taken from the initial sample through a 0.2 μm filter before performing the analysis 

to remove the turbidity. The produced dissolved silica concentration was then calculated by 

Equation 3.1 

𝑚𝑔 𝑆𝑖𝑂2/𝐿 =
µg 𝑆𝑖𝑂2( 𝑖𝑛 55 𝑚𝐿 𝑓𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒)

𝑚𝐿 𝑆𝑎𝑚𝑝𝑙𝑒
     

Equation 3.1: Calculation of dissolved silica concentration 
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3.2.4 Characterization of MSN 

3.2.4.1 Hydrodynamic particle size analysis 

The hydrodynamic particle size and particle size distribution of MSN was determined using 

dynamic light scattering (DLS) method using Particle Metrix Stabisizer at a laser wavelength 

of 500 nm and a power of 6 mW. Each sample was measured three times over a period of 60 s 

for each run to get the number average diameter, and the result is the average of the three 

measurements 

3.2.4.2 Analysis of solid state structure 

The solid-state structure of the native and partially dissolved MSN was analyzed using a 

Panalytical Empyrean X-ray powder diffractometer (XRD) with CuKα radiation source 

(λ = 1.54 Å; 40 kV and 40 mA). The samples were scanned from 1 to 15o (2θ) with a step size 

of 0.007o.  

3.2.4.3 Nitrogen adsorption measurements 

Nitrogen adsorption measurements of the native and partially dissolved nanofillers were 

performed at 77 K using a BELSORP-max instrument. Before adsorption measurements, all 

MSN samples were degassed under vacuum at 200 oC for 6 hours. The specific surface area 

was calculated by Brunauer–Emmett–Teller (BET) method and the pore size distribution 

obtained from the nitrogen adsorption was calculated using density functional theory (DFT) 

model, by generating a model isotherm (quantity adsorbed versus pressure) while accounting 

for solid and gas interactions along with geometrical configuration of the pores.  

3.2.4.4 Determination of MSN density 

MSN density was determined by mercury intrusion porosimetry (Pascal 140/440, Porotec). 

Pressures ranging from 0.01 MPa to 400 MPa were used during the test. 

3.2.4.5 Characterization of Nanofillers morphology 

The morphology and size of the native and partially dissolved nanofillers were analyzed by 

scanning electron microscopy (SEM) using an ESEM Quanta 400 FEG instrument operating in 

a high vacuum. All samples were sputtered by a few nanometer gold film for better image 

resolution. Moreover, transmission electron microscopy (TEM) images were obtained using a 

Jeol JEM-2200FS system at an acceleration voltage of 200 kV. 

3.2.4.6 Surface chemistry of the nanofillers 

The functional groups characteristic for unfunctionalized and OTS functionalized MSN were 

detected using attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy. 

A Nicolet 4700 (Thermo Electron Corporation) system with a multi-reflection smart performer 
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ATR accessory was employed. The spectra were measured from 500 to 4000 cm-1 with 64 scans 

at a 2.0 cm-1 resolution. 

3.2.4.7 Thermogravimetric analysis 

The organic content (OC) after functionalization was determined by thermogravimetric 

analysis (TGA) using a STA 449 F1 (NETZSCH). The samples were heated at 3oC/min in 

oxygen up to 1000 oC.  Number of the alkyl group of OTS molecules (NOTS) per square 

nanometer was calculated with respect to the surface area of the unfunctionalized MSN (after 

CTAB removal) in case of HMSN and as-synthesized MSN (before CTAB removal) in case of 

LMSN, considering the respective size of groups using Equation 3.2. 

𝑁𝑂𝑇𝑆 =
𝑛𝐴 𝑋 𝑁𝐴

𝑆
 

Equation 3.2: Calculation of number of grafted OTS molecules per nm2 

Where NA is Avogadro’s constant, S is the corresponding surface area of the used quantity of 

silica in TGA measurement per nm2and nA is the number of OTS moles which can be calculated 

according to Equation 3.3. 

nA =  
𝑂𝐶%×𝑚200

𝑀𝐶𝐻
 

Equation 3.3: Calculation of number of OTS moles 

where 𝑀𝐶𝐻 is the molecular weight of C18 chain of OTS; 255 g/mol, and 𝑂𝐶% is the weight 

loss which is calculated from 200 to 600 °C that characterizes the amount of OTS grafted on 

the silica surface which can be calculated from Equation 3.4 

𝑂𝐶% =  
𝑚200 − 𝑚600

𝑚200
× 100 

Equation 3.4: Calculation of weight loss % 

where m200 and m600 were the residual weight of the sample at 200 oC and 600 oC in the TGA 

analysis, respectively.  

The surface area (S) (nm2) can be given by Equation 3.5: 

𝑆 = 𝑚𝑆𝑖𝑂2 × 𝑆𝐵𝐸𝑇−𝑆𝑖𝑂2 × 1018 

Equation 3.5: Calculation of surface area 

𝑚𝑆𝑖𝑂2  is the mass of SiO2 in LMSN or HMSN samples and can be calculated from Equation 

3.6. 

𝑚𝑆𝑖𝑂2 =  𝑚200 − (𝑛𝐴 × 𝑀𝑂𝑇𝑆) 

Equation 3.6: Calculation of the mass of SiO2 

Where, 𝑀𝑂𝑇𝑆 is the group molecular weight of grafted OTS on the silica surface. It was 

calculated for monodentate, bidentate, and tridentate structure to be 317, 300, 283 g/mol, 
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respectively. Monodentate, bidentate, tridentate structure means that the hydrolyzed OTS can 

react with silica via one, two or three OH groups respectively. To simplify the calculation, 

bidentate structure was taken. The number of molecules/nm2 in case of MTS was calculated by 

applying the previous equations for OTS 

3.3 Membrane preparation and characterization 

3.3.1 Preparation of PES support membrane 

The flat sheet PES support membrane was prepared by vapor induced phase separation 

(VIPS) process, using the same procedure as reported in the casting solution was prepared by 

mixing 32 wt% NMP and 43.5 wt% TEG; then 12 wt% PVP was dissolved in this mixture. 

Thereafter 12.5 wt% PES was added to the solution. It was kept under continuous stirring (60 

r.p.m) at room temperature until a clear and homogeneous solution was obtained. The solution 

was then cast using the casting machine (Figure 3.2) with a casting knife with 300 µm gap 

width and a casting speed of 5 mm/s. The cast film was directly moved to a controlled humid 

air chamber (relative humidity RH ≈ 80% at about 23 °C) for 3 minutes. The semi-coagulated 

film was then moved to DI water coagulation bath (cf. Figure 3.2) and completely immersed 

for 12 h to completely removing the solvents.  

 

Figure 3.2: Image of (a) computer-controlled casting machine, and (b) coagulation bath 

3.3.2 Preparation of TFC and TFN membranes 

Both aromatic PA TFC and TFN membranes were prepared via IP of MPD and TMC on the 

surface of the support PES membrane, which prepared as described in (Section 3.3.1.). The 

MPD and TMC concentrations were selected based on many literature [81,95,197] In case of 

TFN membranes, an additional step to deposit the NPs on the monomer-soaked support 

membrane prior to the IP reaction had been proposed, and this was also used here. The detailed 

preparation procedures are presented in Figure 3.3. 
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Figure 3.3: Schematic diagram for PA TFN membrane preparation 

A circular shaped PES membrane (50 mm diameter) was cut from the big flat sheet. The 

PES membrane was immersed in DI water overnight, then removed and positioned on a glass 

plate. Another glass plate containing a hole with a diameter of 48 mm was placed on top of the 

membrane (Figure 3.4). Between the two glass plates, a Teflon sheet (1 mm thickness) with a 

hole diameter of 46 mm was used to fix the membrane. The membrane-glass plate-Teflon 

sandwich was hold together using two binder clips. 10 ml of 2 w/v% aqueous MPD solution 

were poured into the hole and allowed to contact the membrane for 10 min before draining the 

excess MPD solution. This time is essential to saturate the PES surface and near-surface pores 

with MPD solution. The excess MPD solution on the top surface of PES membrane was 

removed by rolling a rubber roller (cf. Figure 3.4) across the membrane surface for one time. 

Afterwards, 3.5 ml of MSN dispersed in n-hexane with different concentration ranging from 

0.003 to 0.05 w/v % was added. The n-hexane solution was left to completely evaporate without 

any external effect; that needed about 30 min. Subsequently 10 ml of 0.1 w/v% TMC in n-

hexane solution were gently added to contact with the membrane surface for 1 min. The excess 

solution was poured off. The obtained membranes were rinsed with n-hexane and allowed to 

dry at ambient conditions for 10 minutes before curing in the oven at 110 oC for 3 min [97]. 

Finally, the resulting membranes were immersed in DI water and kept in the fridge until use. 

TFC membranes were prepared using the same procedures used in preparation of TFN 

membranes just without addition of NPs. 
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Figure 3.4: Illustration of (a) the glass module, and (b) the rubber roller used in PA 

preparation 

3.3.3 Characterization of membranes  

3.3.3.1 The membrane surface chemistry  

The surface chemistry of TFC and TFN membranes was characterized using ATR-FTIR 

spectroscopy (cf. Section 3.2.4).  

3.3.3.2 The membrane surface charge 

In order to measure the surface charge of TFC and TFN membranes, zeta potential of the 

membranes was measured using SurPASS electro-kinetic analyzer (Anton-Paar). An adjustable 

gap cell, set at 100 μm, was used, and the measurements were conducted in a 1 mM KCl solution 

in Milli-Q water. 0.1 M HCl and 0.1 M NaOH solutions were used to adjust the pH values for 

potentiometric titrations. Prior to measurement, the membrane sample was rinsed twice with 

Milli-Q water for 480 s at pressure of 400 mbar, followed by rinsing in 1 mM KCl. Afterward, 

the streaming current was measured. The measurements started at around pH 10 and then the 

pH was decreased step-wise by the addition of HCl solution. The zeta potential data at different 

pH values were calculated according to Helmholtz–Smoluchowski equation (Equation 3.7) 

[198]. 

𝜁 =
𝑑𝑙

𝑑𝑝
 ×

𝜂

Ɛ0 × Ɛ
×

𝐿

𝐴
 

Equation 3.7: Helmholtz-Smoluchowski equation 

Where, ζ is zeta potential, dl/dp is slope of streaming current vs. differential pressure, η is the 

electrolyte viscosity, Ɛ0 is electrical permittivity vacuum, Ɛ is dielectric coefficient of the 

electrolyte, also known as “relative permittivity”, L is length of the streaming channel, and A 

is the cross section of the streaming channel. 
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3.3.3.3 The membrane surface hydrophilicity 

The hydrophilicity/hydrophobicity of the membranes was evaluated by measuring the 

contact angle (CA) of water using an optical goniometer (OCA 15 Plus; Dataphysics). The CA 

was measured by sessile drop method. The Milli-Q water drop volume was 5 µL and the Young-

Laplace fitting was used. The measurements were repeated at least six times at different sites 

of the membrane, and the average and standard deviation were taken to obtain the CA for each 

membrane sample. CA data were obtained for all membranes by extrapolating to time zero and 

for selected membranes the change of contact angle with time was recorded over longer time 

periods. 

3.3.3.4 The membrane surface and cross section morphology  

The membranes’ top surface and cross section morphologies were scanned using SEM (cf. 

Section 3.2.4). For cross section analysis, the membranes were broken in liquid nitrogen and 

both membranes’ outer surface and cross section were coated with platinum at 20 mA for 1 min 

using a sputter coater (K-550, Emitech Ltd., Kent, UK). 

3.4 Evaluation of membrane performance 

3.4.1 Evaluation of pure water and pure ethanol permeabilities 

The pure water permeability of all TFC and TFN membranes was determined using the dead-

end nanofiltration stainless steel cell (Figure 3.5). A circular membrane (48 mm) was put on 

the cell and the cell reservoir (100 ml) was filled with Milli-Q water and allowed to be filtrated 

through the membrane at an operating pressure of 12-15 bar and at room temperature. The 

permeate water was then collected and the pure water permeability was calculated according to 

Equation 3.8.  

Pure liquid permeability =
𝑚

ρ𝑡𝐴Δ𝑃
 

Equation 3.8: Pure liquid permeability 

Where, m is the permeate weight (g), ρ is the liquid density (g/L), A is the membrane area (m2), 

t is the filtration time (h), ΔP is the applied pressure difference across the membrane. The 

calculated data represent the average of three measurements from three different samples for 

the same membrane type. 

Pure ethanol permeability was measured also using the same dead-end filtration system. But 

first the membranes were immersed in ethanol for about 5 minutes then moved to the filtration 

cell and the pure ethanol permeability was measured at the same operation pressure. 
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Figure 3.5: Dead-end filtration cell 

3.4.2 Evaluation of initial separation performance 

The initial separation performance of all membranes was assessed in terms of water 

permeance and salt rejection using the same dead-end filtration cell described in the Section 

3.4.1. For that purpose, 2000 mg/L NaCl in Milli-Q water was used as feed solution that fill the 

cell and also tested under the operation pressure (12- 15 bar) at ambient temperature and stirring 

rate of 700 rpm. 

The solution permeability was measured and expressed as permeance according to Equation 

3.9: 

Permeance = 
𝑚

ρ𝑡𝐴(Δ𝑃−Δπ)
 

Equation 3.9: Calculation of permeance under RO conditions 

Where, ΔP is the applied pressure difference across the membrane and Δπ is the osmotic 

pressure difference across the membrane (bar). The osmotic pressure for a salt solution at 

moderate concentrations is described by the Van׳t Hoff׳s equation according to Equation 

2.4 (cf. Section 2.3.5.1). The salt rejection was calculated by measuring the conductivity of 

permeate and feed samples by using a conductometer (856 Conductivity Module, Metrohm) 

according to Equation 2.5 (cf. Section 2.3.5.1) 

3.4.3 Evaluation of long-term membrane stability 

The stability of desalination performance of all TFC and TFN membranes was evaluated via 

a long-term filtration experiment using a cross-flow lab-scale membrane testing unit (P-28; 

FOLEX AG, Seewen, Switzerland (Figure 3.6). The effective membrane area was 28 cm2. All 

membranes were first compacted with DI water for at least 5 h at 20 bars until they reached a 
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stable water permeance. The system was then operated with 2000 ppm NaCl feed solution at 

natural pH, and the initial permeance and salt rejection were checked under an applied pressure 

of 16 bars and the temperature of the feed was controlled at 25 °C. In order to study the influence 

of nanofillers dissolution on the membrane stability, the filtration was carried out at two 

different pH values, pH 5 and pH 9 using HCl and NaOH, respectively. First, the feed tank of 

the filtration cell was filled with feed solution at pH 5 and the filtration started. After 20 minutes, 

a specific volume of the permeate was collected for analysis in terms of permeance and salt 

rejection. The filtration was continued until collecting about 450 ml of permeate and the rest of 

feed solution was disposed of to avoid the filtration of the too high salty water. Then the 

filtration cell was cleaned with Milli-Q water adjusted at the same pH before recharging the 

feed tank again with the next 500 ml feed solution. The filtration at pH 5 was carried out over 

120 h, then the filtration of the feed solution at pH 9 was carried out for additional 120 h as 

described before.  

 

Figure 3.6: Cross-flow filtration cell 

3.4.4 Evaluation of barrier layer durability of the pre-tested membranes 

To evaluate the influence of nanofillers dissolution on the durability of the membrane barrier 

layer, five different dextran (4 kDa, 35 kDa, 100 kDa, 200 kDa and 2000 kDa) solutions (1 g/L 

for each) were allowed to be filtrated through the membrane after the desalination experiment 

for 240 h.  The filtration was started with the solution of dextran (4 kDa), then larger dextran 

solutions were filtrated next. Both feed and permeate were analyzed using total organic carbon 

analyzer (TOC-V CPH/CPN) and the rejection was determined using Equation 2.5. 
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4. Results and discussion 

4.1 Development of MSN nanofillers 

Optimizing the properties of the nanofillers has a great influence on the separation 

performance of the TFN membranes which specifies the application of the membrane. The 

downside of MSN nanofillers for preparation of TFN membranes is their tendency to 

aggregation in the organic solvent during membrane preparation (cf. Section 2.5.4.). 

In this section preparation of MSN with controlled particle diameter and controlled 

functionalization will be presented. 

4.1.1 Preparation of the base MSN 

The schematic representation for the preparation of MSN is provided in Figure 4.1. The 

CTAB surfactant, which forms micelles under the synthesis conditions was used as a template 

during the preparation of MSN via a sol-gel process with the TEOS as a silica source.  

 

Figure 4.1: Schematic preparation of MSN via sol-gel process 

4.1.1.1 Control of MSN particle size 

The particle size of MSN was controlled by optimizing the molar ratio (R) of surfactant and 

silica precursor (CTAB/TEOS) during the particles formation. The CTAB/TEOS molar ratio 
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was adjusted by selecting different concentrations of surfactant, ∼ 1 mM to ∼10 mM, and a 

fixed concentration of TEOS (∼28 mM). 

The SEM micrographs (Figure 4.2) show agglomeration of irregular shape particles which 

were synthesized at low molar ratio (R = 0.018), and the particles take spherical shapes with 

increasing the molar ratio (R = 0.035 - 0.18). Furthermore, a clear trend toward smaller particle 

size at higher CTAB/TEOS ratio is observed. The agglomeration of the particles at the low 

CTAB/TEOS molar ratio was also confirmed by TEM at Figure 4.3. As shown in the figure, 

hexagonal and ordered mesoporous structure of the synthesized NPs, which is distinctive for 

MSN, was clearly detected. 

 

Figure 4.2: SEM images of MSN obtained at different CTAB/TEOS molar ratios: a) 0.018, 

b) 0.035, c) 0.054, d) 0.1 and e) 0.18. 
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Figure 4.3: TEM micrograph of MSN prepared with different CTAB/TEOS molar ratio 

At low molar ratio of CTAB to TEOS, some of positively charged surfactant molecules 

interact with the high negative charge silicate ions formed after hydrolysis of TEOS, thus 

producing nuclei of the mesostructured material. However, because CTAB exists only in low 

quantity, it was consumed rapidly so that the mesoporous structure was formed, but the excess 

of TEOS could form nonporous silica on the surface of the resulting particles. This is because 

the surfactant concentration was very near to the critical micelle concentration (CMC) of CTAB 

in water which was reported to be 0.7 to 0.94 mM according to [199]. On the other hand, with 

increasing the CTAB concentration, (R = 0.035 - 0.18), the micelles concentration also 

increased which improved the dispersity of TEOS in the water. As a result, the hydrolysis of 

TEOS proceeded more rapidly leading to increasing nucleation rate. Therefore, the particle 

diameter of the obtained MSN decreased [171].  

The results of DLS measurements of MSN dispersions (Table 4.1) showed that the particle 

diameters of the different MSN samples were always larger than diameters calculated from 

SEM, due to the hydrated layer in aqueous solution. The MSN sample obtained at highest 

CTAB/TEOS molar ratio (R = 0.18) revealed the lowest particle diameter according to the 

previous explanations. However, the polydispersity index (PDI) measured by DLS is quite high 

indicating a wider particle size distribution, especially if compared with the sample obtained at 

R = 0.1. Consequently, according to both SEM and DLS results and with view on the intended 
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integration of as nanofiller in polyamide layers of about 100 nm thickness, MSN with R = 0.1 

with a diameter of about 80 nm were considered to be best suited for all further experiments. 

Table 4-1: Particle size of synthesized MSN from analysis of SEM images and DLS 

measurements of aqueous dispersions depending on the molar ratio of CTAB to TEOS 

The small-angle XRD patterns obtained for these spherical NPs are presented in Figure 4.4 

(a). The XRD data revealed four characteristic peaks at 2θ of 2.2o, 3.8o, 4.3o and 5.7o 

representing the (100), (110), (200) and (210) planes, respectively. This structure is consistent 

with the hexagonal lattice symmetry of MCM-41 [200,201]. The d-spacing at the reflection 

plane 100 appearing at 2θ = 2.2 o was calculated using Bragg’s equation (Equation 4.1): 

λ = 2d sinθ 

Equation 4.1: Bragg’s equation 

where λ is the wavelength of CuKα radiation (λ = 1.54 Å). Therefore, d100 was estimated to be 

4.0 nm. The unit cell (a0) which is the repeat distance between two pore centres in MSN was 

calculated from Equation 4.2. 

a0 = (2/√3) d100 

Equation 4.2: Caluclation of the unit cell 

It was estimated to be 4.6 nm. Finally, the pore diameter was then calculated by subtracting the 

thickness of pore wall (ca. 1 nm as discussed in [191]) from a0 and yielded a value of 3.6 nm.  

The nitrogen adsorption isotherm at 77 K and the corresponding DFT pore size distribution 

of MSN are shown in Figure 4.4 (b). The observed adsorption data for MSN displayed a typical 

“type IV” isotherm with a sharp capillary condensation step in the medium range of the relative 

pressure. The obtained isotherm is characteristic for mesoporous materials with uniform pore 

size distribution. Overall, the produced MSN had an average pore diameter of 3.3 nm (estimated 

by DFT as presented in Figure 4.4 (b) inset), a pore volume of 0.87 cm3 g-1 (up to relative 

pressure of 0.99) and a specific surface area of 920 m2 g-1 (BET).   

No CTAB/TEOS molar ratio 

(R) 

SEM DLS 

d (nm) PDI 

1 0.018 - 267 + 123 0.58 

2 0.035 152 + 18 350 + 70 0.33 

3 0.055 109 + 16 155 + 35 0.42 

4 0.1 80 + 14 116 + 20 0.24 

5 0.18 66 + 16 107 + 35 0.73 
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The results for MSN pore size using the two different methods are in a good agreement, and 

close to published data in literature (pore diameter calculated from XRD data was 3.85 nm [17] 

and the pore size estimated from nitrogen adsorption and DFT was 3.5 nm [202]. 

 

Figure 4.4: (a) small angle XRD for MSN and (b) nitrogen adsorption isotherm at 

standard temperature and pressure (STP) as well as estimated pore size distribution (inset) 

of MSN. 

4.1.1.2 Surfactant removal 

The surfactant was removed by two methods, i.e. calcination at high temperature or 

extraction in a mixture of methanol and hydrochloric acid (HCl). FTIR spectroscopy (Figure 

4.5 (a)) was used to confirm the complete removal of surfactant from the as-synthesized MSN. 

The results revealed that the peaks at 2922 cm−1 and 2854 cm−1, which are attributed to aliphatic 

C-H group stretching mode of CTAB [203], completely disappeared in case of calcination at 

600 °C. In case of solvent extracted MSN, on the other hand, small peaks were still observed 

in this region of the spectrum. This was probably due to the presence of some traces of 

surfactant molecules that were not removed by solvent extraction. This was also supported by 

TGA analysis, where the weight loss was measured in the range of 25 °C−1000 °C (Figure 4.5 

(b)). The weight loss before 200 °C was attributed to the removal of adsorbed water and any 

remaining organic solvents may exist on silica surface. The weight loss from 200 °C to 600 °C 

could be related to the decomposition of CTAB. Consequently, the residual amount of 

surfactant for both calcinated and solvent extracted prepared MSN could be estimated, which 

was found to be ≈ 4% and 1%, respectively (according to TGA, as synthesized MSN contained 

46.5% CTAB). Above 600 °C, there was ≈ 1% weight loss for both solvent extracted and 

calcinated MSN which could be due to the water loss as a result of condensation of silanol 

groups to form siloxane bonds [204]. Accordingly, because only a very minor CTAB residual 
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was left and the procedure was easier to perform, solvent extraction was employed to remove 

the surfactant instead of calcination in high temperature to control the OTS functionalization. 

 

Figure 4.5: (a) FTIR spectra and (b) TGA of as-synthesized, calcinated and solvent-

extracted MSN 

4.1.2 Surface functionalization of MSN 

Due to the hydrophilic nature of the silanol (Si-OH) terminated MSN, achieving a good 

dispersion of these NPs in organic solvents (such as n-hexane) during the membrane preparation 

is challenging. Accordingly, the functionalization process of the prepared MSN particles was 

necessary. OTS-functionalized MSN were found to show better dispersion in n-hexane than the 

unfunctionalized MSN even without any sonication as can be seen in Figure 4.6. 

 

Figure 4.6: Dispersibility of (a) unfunctionalized MSN and (b) OTS-functionalized MSN in 

n-hexane; left: Image just after shaking the bottles; right: image after 30 minutes of 

sonication 

4.1.2.1 Controlled OTS-functionalization of MSN 

Unlike nonporous silica, MSN have two different surfaces, the external surface and the 

internal pores surface. Lim and Stein reported that the external surface is more accessible and 

easy to be functionalized compared to the internal mesopores surface [189]. Nevertheless, the 

internal surface of the pores can also be functionalized due to the high chemical reactivity of 
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the trichloro silane. In addition, considering the MSN pore size (3.3 nm), such relatively large 

pore space could allow to be grafted with the linear aliphatic molecule OTS, as can be seen in 

the schematic illustration in Figure 4.7. 

 

Figure 4.7: Schematic representation for the surface functionalization of MSN (OTS 

grafting inside the pores leads to their water “hating” character: HMSN; preventing OTS 

grafting inside the pores leads to water “loving” character: LMSN) 

4.1.2.2 Characterization of the functionalized NPs 

The FTIR spectra of both LMSN and HMSN (Figure 4.8) showed two peaks at 2920 and 

2852 cm-1, which are assigned to the stretching vibration of C-H group. Since OTS is an 

organosilane coupling agent with a C18 chain, the C-H group stretching bands are reasonably 

due to the CH2 groups of the long alkyl chain. The results provide an evidence to support the 

successful OTS functionalization on the MSN surface. The intensity of the peaks in FTIR 

spectra is largely influenced by the grafted OTS amount on the NPs. First of all, in both series 

an influence of OTS concentration was observed, significantly lower intensities were observed 

after using an OTS/MSN ratio of 0.5 (w/w) compared to data for OTS/MSN ratio of 1 (w/w) or 

higher. In case of HMSN, both external and internal pores surfaces were prone to the OTS 

functionalization, therefore larger amounts of OTS could be grafted. On the other hand, in case 

of LMSN, the OTS functionalization occurred almost only on the external surface of the NPs 

because the pores of MSN were filled with surfactant during functionalization step which could 

restrict the incorporation of OTS inside the pores surface. As a result, the peak intensity 

observed after identical functionalization conditions is much lower in case of LMSN than 

HMSN. 
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Figure 4.8: FTIR spectra for a) LMSN, b) HMSN, each obtained at different concentration 

of OTS (OTS/MSN ratio = 0.5 - 5 w/w) during the functionalization 

Thermogravimetric analysis was additionally used to evaluate the thermal stability of the 

functionalized MSN and to estimate the amount of OTS grafted to MSN. As can be noticed in 

Figure 4.9, the weight loss for LMSN was always lower than the weight loss for HMSN, 

confirming that LMSN consumed lower quantity of OTS because the functionalization occurred 

only on the external surface and was not extended to the interior pores surfaces like for HMSN.  

 

Figure 4.9: Thermogravimetric analysis of unfunctionalized MSN and functionalized 

LMSN and HMSN with different OTS content 

The weight loss between 200 and 1000 °C was utilized to calculate the number of OTS 

molecules grafted on the surface per square nanometers (N) which can be estimated from TGA 

measurement according to the Equation 3.2 in Section 3.2.4.7 and the results are presented in 

Table 4.2.  
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As one can see, in case of LMSN, NOTS was higher than in case of HMSN, under the 

assumption that grafting for LMSN is only possible on the outer particle surface while for 

HMSN the entire specific surface area is accessible. Tidswell et al.  [205] reported that the area 

per one molecule is 0.22 nm2 for OTS in a well-ordered monolayer on a flat SiO2 surface; NOTS 

can be estimated accordingly to be 4.5 molecules/nm2. In case of LMSN, the calculated NOTS 

after using higher OTS concentrations, i.e. 1 and 5 w/w, was 3.8 molecules/nm2 and 4.5 

molecules/nm2, respectively, suggesting the formation of well-ordered monolayers on the outer 

particle surface. The value of  NOTS = 1.45 molecules/nm2 for 0.5 (w/w) OTS indicated an 

incomplete, deformed monolayer on the silica surface. On the other hand, in case of HMSN, 

the data for NOTS were all below the value for a monolayer on both the external and the internal 

pore surface for all OTS concentrations. This can be explained by the fact that the MSN pore 

diameter of 3.3 nm imposed major hindrance for the formation of a well-ordered monolayer 

inside the pores because such layer (on a planar surface) has a thickness of 2.4 nm [205].  

Nevertheless, all data clearly indicate that also the interior of the pores is modified by OTS, but 

in a disordered fashion leading to a much thinner hydrophobic organic layer. 

Table 4-2: Organic content and estimated surface density of OTS for LMSN and HMSN 

Sample OTS concentration#  

(w/w) 

OC (wt%) NOTS  

(molecules /nm2) 

 

LMSN* 

 

0.5 8.3 1.45 

1 19.0 3.8 

5 21.5 4.5 

 

HMSN§ 

 

0.5 13.4 0.4 

1 32.5 1.35 

5 37.5 1.7 

# OTS/MSN ratio used for functionalization 

* The surface area which had been used to calculate NOTS of LMSN is the surface area of as-

synthesized MSN (before removing CTAB) = 149.5 m2/g. 

§ The surface area which had been used to calculate NOTS of HMSN is the surface area of MSN 

(after removing CTAB) = 920 m2/g. 

Nitrogen physisorption was employed to study the influence of OTS functionalization on the 

BET specific surface area, pore volume and pore size distribution of the MSN. Overall, OTS 

functionalization drastically affected the nitrogen adsorption isotherms (Figure 4.10 (a)).  
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According to the results summarized in Table 4.3, the specific surface area, pore volume and 

pore diameter of both LMSN and HMSN decreased with increasing of the grafted OTS amount, 

(cf. Table 4.2). In case of HMSN, both internal surface of the mesopores and external surface 

of the particle were accessible to be grafted with OTS molecules. The adsorbed nitrogen volume 

for HMSN decreased strongly with increasing OTS/MSN ratio during the functionalization, as 

shown in Figure 4.10 (b); except for “HMSN_0.5OTS” the adsorption isotherm followed “type 

II” which is characteristic for nonporous materials. The change of isotherm from “type IV” to 

“type II” (more clearly seen in the “zoom in” part provided in Figure 4.10 (c)) could be due to 

the loss of mesoporous structure of MSN. Most likely a fraction of internal pores was blocked 

by the long alkyl chain OTS at the high concentration. The pore blocking explains the sharp 

decrease of BET surface area, pore diameter and total pore volume for MSN samples grafted 

with 1, 3 and 5 w/w OTS. This behavior is not as clear in case of MSN grafted with 0.5 w/w 

OTS; the resulting materials still have high BET surface area, pore diameter and total pore 

volume. Probably, the OTS/MSN ratio was insufficient to block the pores. It should be noted 

that irrespective of the large efforts to prevent such side reaction by controlling the reaction 

solutions and conditions, traces of water present during functionalization could lead to 

polysiloxane condensation in parallel to the intended grafting and as a result block the 

mesopores more effectively than end-on grafted C18 chains. 
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Figure 4.10: Nitrogen adsorption isotherms of (a) LMSN, (b) HMSN, obtained by using 

different OTS concentration, along with the data for unmodified MSN, and (c) Detailed 

view on nitrogen adsorption isotherms for HMSN 

On the other hand, the adsorption data for all LMSN samples were identified as “type IV” 

isotherms, even at high concentration of OTS, suggesting that the external surface 

functionalization retains the mesoporous structure. However the slight decrease of BET surface 

area, pore diameter and total pore volume by increasing the efficiency of OTS functionalization 

(as presented in Table 4.3) could be interpreted by partially dissolving the surfactant (CTAB) 

in the organic solvent (toluene), thus allowing the OTS to enter mesopores and bind to the inner 

surface of MSN [206], but to a much lower extent than in case of HMSN preparation. 

There are two suggested scenarios to explain the way of pore blocking in case of HMSN during 

the silanization reaction according to the schematic decription in Figure 4.11. The first scenario 

is that the OTS molecules can truly enter the interior pores and fill them completely. Whereas 

the second scenario is that the OTS molecules can partially fill the internal pores and close the 

pore entrance by formation of a self assembled monolayer on the particle surface. According to 

Table 4.3, the BET C constant, which is related to the solid-adsorbate affinity [207], could be 

employed to account for the effects of OTS grafting inside the pores. The C constant decreased 

from 94 for the hydrophilic unfunctionalized MSN, that means high affinity for N2 

physisorption, to be in range of 44 - 55 for LMSN samples and 23 - 33 for HMSN samples. 

This decrease in the affinity toward N2 physisorption by converting the surface from 
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hydrophilic to hydrophobic, may imply that the self assembled monolayer of OTS is formed on 

the external surface of both LMSN and HMSN. It means that this layer might block the pore 

entrance before completing the internal pore grafting thus acting as a pore mask during the 

nitrogen adsorption experiment (cf. Figure 4.11). This could explain the produced type II 

isotherm. Moreover, due to the long alkyl OTS chain, the complete grafting of the internal pores 

surface could also be complicated due to the strong steric hindrance. Therefore, the second 

scenario of pore blocking could be more valid than the first one.  

  

Table 4-3: Overview on data for pore structure characterization for LMSN and HMSN 

obtained after functionalization at different OTS concentrations 

OTS 

concentration 

(w/w) 

BET surface 

area 

(m2/g) 

BET C  

constant 

Pore diameter 

(nm) 

Total pore 

volume 

(cm3/g) 

LMSN HMSN LMSN HMSN LMSN HMSN LMSN HMSN 

0 920 95 3.3 0.837 

0.5 895 490 56.5 33 2.85 2.4 0.758 0.33 

1 695 74 49 33 2.85 3.8 0.575 0.09 

3 680 57 44 25.5 2.65 0.73 0.51 0.067 

5 600 47 46 23.5 2.6 0.72 0.457 0.065 
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Figure 4.11: Scheme illustrating the two scenarios of pore blocking in HMSN in  

comparison with the opened pores in LMSN 

It was important to measure the density of the functionalized and unfunctionalized samples. 

For that purpose, mercury intrusion porosimetry was employed. The measured density was 1.1 

and 1.2 g/cm3 for LMSN and HMSN using 0.5 w/w OTS concentration, respectively, compared 

to 0.7 g/cm3 for the base MSN. The low density of all mesoporous silica samples, compared to 

the density of the amorphous silica (2.2 g/cm3), indicates to the high porosity because of the 

mesoporous structure which exceeded 68% for MSN. This value decreased after OTS 

functionalization to 50% for LMSN and 45% for HMSN, respectively. The small difference 

between the measured density of LMSN and HMSN is attributed to the low OTS concentration 

which was used for functionalization of the measured samples. The knowledge about the 

density was required not only for better understanding the influence of functionalization on the 

structure of MSN but also for estimating the deposited amount of the nanofillers onto the barrier 

layer of the TFN membranes as will be shown in Section 4.2.3. 
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4.2 TFN membrane preparation, characterization and initial performance 

evaluation 

TFN membranes were prepared as described in Section 3.3.2, using a method where the NPs 

had been individually dispersed in n-hexane and deposited on the PES support membrane which 

before had been impregnated with the aqueous MPD solution; after evaporation of n-hexane, 

the TMC solution in n-hexane had been applied to start the IP reaction. The evaluation had first 

focussed on the characterization of the nanofillers incorporation into the membrane matrix 

(Section 4.2.1), then the effects of the kind of MSN functionalization on the separation 

performance (Section 4.2.2), thereafter –with the most promising MSN nanofillers– the effect 

of particles loading had been investigated (Section 4.2.3).    

4.2.1 Characterization of TFN membranes  

The impact of LMSN loading on the TFN membranes surface chemistry was studied by ATR 

FT-IR spectroscopy (Figure 4.12). In the spectra, several characteristic signatures were 

observed such as the bands at 1660 cm-1 characteristic of amide I (C=O stretching), 1540 cm-1 

assigned to amide II (C-N stretching and N-H binding) and the vibrational band at 1610 cm-1 

assigned to N-H stretching. These bands clearly proved that the polymerization had occurred 

[208,209] . The FTIR spectra not only revealed the bands ascribed to polyamide, but also those 

which are characteristic to the PES support membrane, because in the ATR mode the IR beam 

penetration depth (about 2 µm) exceeds the thickness of the polyamide layer [138]. The typical 

bands which are characteristic for PES were clearly shown such as the vibrational bands at 1240 

cm-1 and 1485 cm-1 assigned to (C-O) stretching and (CH3-C-CH3) stretching, respectively. The 

incorporation of MSN into the polyamide layer was also confirmed by the ATR FT-IR spectra. 

The characteristic bands of MSN are located at 1070 cm-1 attributed to Si-O-Si stretching, while 

vibration band of the Si-O-Si bond appeared at 455 cm-1. Because LMSN with relatively low 

degree of OTS functionalization had been used (3.0 wt% organic content; cf. Table 4.2); the 

intensity of the characteristic bands for CH2 had been too low for identification within the 

membrane (cf. Figure 4.8 (a)). However, both of above mentioned MSN signatures became 

stronger due to increase of NPs loading in the polyamide layer [210]. 
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Figure 4.12: ATR FT-IR spectra of TFC and TFN membranes at different LMSN loading 

(functionalized with 0.5 w/w OTS) 

Water contact angle measurements of TFC and TFN membranes obtained with LMSN or 

HMSN with different degree of OTS functionalization at the same NPs loading (0.01 w/v% 

filler concentration revealed only minor differences (Figure 4.13). It could have been expected 

that increasing the OTS concentration during the functionalization may increase the membrane 

hydrophobicity. However, according to the obtained results, all TFN membranes with either 

LMSN or HMSN at the same nanoparticle loading revealed only a slight increase of contact 

angle (between 67° and 79°) compared to the reference TFC membrane (68°). This indicates 

that the OTS-based layer on the MSN surface has only a small effect on the wetting (surface 

energy) of the membranes. Therefore, it may conclude that most of the NPs are well covered 

with the polyamide layer; as the contact angle of TFN membranes was dominated by the surface 

properties of the polyamide. 
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Figure 4.13: Effect of OTS concentration during MSN functionalization on the water 

contact angle of TFN membranes: a) with LMSN and b) with HMSN. The NPs loading in 

TFN membranes is 0.01 w/v% 

The membrane surface charge for all TFC and LMSN_TFN and HMSN_TFN membranes 

functionalized with different amount of OTS are presented in Figure 4.14. In general all 

membranes revealed a negative charge due to presence of unreacted carboxylic groups on the 

surface of PA layer [12,68]. The nanofillers could affect the charge of PA layer if they are 

exposing the surface and not well covered with the PA, or they can reduce the degree of the 

polymer crosslinking which provide the membrane with the negative carboxylic groups and 

increase the overall surface negative charge. The NPs loading (0.01 w/V%), which was used 

for preparation of the characterized TFN membranes, produced PA layer containing well 

integrated nanofillers inside (as will be explained in Section 4.2.3). Therefore, the slight 

decrease in the isoelectric point of the TFN membranes (cf. Figure 4.14) could be attributed to 

the formation of low crosslinked PA layer because the insertion of the nanofillers. On the other 

hand, there is no significant change on the surface charge among the LMSN or HMSN 

functionalized with different OTS concentration. 
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Figure 4.14: Effect of OTS concentration during MSN functionalization on the zeta 

potential of TFN membranes: a) with LMSN and b) with HMSN. The NPs loading in TFN 

membranes is 0.01 w/v% 

4.2.2 Influence of OTS functionalization on the initial membrane performance 

The separation performance of TFN membranes containing LMSN and HMSN at fixed NPs 

loading (0.01 w/v% filler concentration used in deposition step) is shown in Figure 4.15. The 

NaCl rejection of all membranes was higher than 93 %, which reflects the good incorporation 

of the NPs into the polyamide matrix. This can be attributed to the functionalization of the outer 

particle surface with the organic OTS-based layer enabling a very good dispersion in the organic 

phase (cf. Section 4.1.2). On the other hand, the permeance was influenced by the type of 

nanofiller. For lower degree of OTS functionalization, permeance was significantly increased 

while further increase led to a systematic decrease of the permeance. A permeability-rejection 

trade-off was not observed with the increase of the OTS concentration. Therefore, any change 

in the permeability was attributed to the impact of OTS concentration in both LMSN and 

HMSN nanofillers. 
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Figure 4.15: Effect of OTS concentration during MSN functionalization on the 

permeability and NaCl rejection of TFN membranes prepared at NPs loading of 0.01 

w/v%: a) LMSN and b) HMSN 

There are two scenarios with respect to the role of porous NPs to enhance TFN membrane 

permeability. Firstly, entrenching the NPs could alter the cross-linking of the polyamide layer 

thus producing larger aggregate pores in the barrier layer and, consequently, the permeability 

will increase [84]. Secondly, the internal pores of NPs could enhance the permeability by 

creating additional channels for water to pass through the barrier layer [127]. Both scenarios 

could also occur simultaneously. In both cases, it is assumed that no (additional) non-selective 

defects, i.e. pathways spanning through the entire polyamide barrier, are created by the addition 

of the NPs and salt rejection would not be compromised. No reduction in salt rejection was 

observed in this study. This would be in line with the conclusion from water contact angle data 

that most of the NPs were well covered with the polyamide layer (cf. Section 4.2.1). 

Alternatively, particles may also be covered by polyamide on the support side of the barrier 

layer. According to the results of this study, it is suggested that the second scenario is much 

more effective, because it is reasonable to expect that the formation of larger aggregate pores 

in the polyamide is not influenced by blockage the internal pores of the nanofiller. Instead, the 

results imply that the permeability was significantly reduced due to blocking the internal pores 

of the nanofiller with the hydrophobic OTS reagent. This emphasizes the most important role 

of the internal pores of MSN on improving the water transport during the water desalination 

process. 

In order to further investigate the contribution of the mesoporous structure of MSN in 

improving the membrane permeability, the pure water and ethanol permeabilities were 

evaluated for TFC membranes with both, LMSN or HMSN as functional nanofillers. As 

depicted in Figure 4.16 (a), the pure water permeability for TFN membranes containing LMSN 
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is always higher than that of the membranes with HMSN. In LMSN, the pores are rich with 

hydroxyl groups attached on the wall surfaces making them hydrophilic; therefore, the water 

can pass through effectively. In contrast, the functionalization with hydrophobic OTS in case 

of HMSN hinders water passage through these pores. It can be noted that the increase of 

permeance for the best TFN compared with the reference TFC membrane is up to 56 % in case 

of water and much higher for ethanol (up to 220 %). It was found that the ethanol permeability 

even in case of HMSN, was kept at higher values (Figure 4.16 (b)) which could be because the 

OTS molecules were insufficient to form a packed monolayer inside the internal pores even at 

the highest OTS concentration (as mentioned in Section 4.1.2.1). Therefore, the high affinity 

of ethanol toward the hydrophobic surface and its lower viscosity might allow ethanol to 

transport through the deformed OTS layer inside the pores producing a higher ethanol flux than 

water at the same pressure difference. 

 

Figure 4.16: Effect of OTS concentration during MSN functionalization on: a) pure water 

permeability; b) pure ethanol permeability; for TFN membranes prepared at fixed NP 

loading (0.01 w/v%); data for TFC membranes prepared under identical conditions for 

comparison 

To further quantify the wetting of the TFC and TFN membranes with LMSN or HMSN, the 

water contact angle was measured as a function of time (Figure 4.17). All data extrapolated to 

time zero are very similar (around 70°; cf. Figure 4.13). The data for the reference TFC 

membrane indicate that the hydration of the polyamide upon contact with the liquid water probe 

changes its wetting properties; in parallel, water is also penetrating into the membrane. It is 

obvious that the TFN membrane containing LMSN can be wetted much faster than the one 

containing HMSN and faster than the reference membrane. Qualitatively, this illustrates the 

additional influence of porosity on the barrier layer introduced by the nanofiller (for LMSN) 
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and the large influence of less effective pore wetting by water due to intra-porous OTS 

functionalization of the nanofiller (for HMSN). 

 

Figure 4.17: Effect of MSN pores hydrophilicity on the rate of membrane wettability 

change; TFN membranes prepared using either LMSN or HMSN at fixed NP loading (0.01 

w/v%), OTS concentration during MSN functionalization was 0.5 w/w 

According to all results presented in this section, it is elucidated that the TFN membrane 

containing LMSN functionalized with 0.5 w/w OTS revealed the best results in terms of water 

permeability and hydrophilicity, at the same salt rejection compared to the reference TFC 

membrane. This can be attributed to the fact that this quantity of OTS can effectively 

functionalize the external surface and cause defect-free integration into the polyamide-based 

barrier layer, which preserves the hydrophilicity of the internal pores. Therefore, the additional 

benefit with respect to enhancing the transport of water (or liquid in general) can be best 

utilized. Consequently, LMSN functionalized with 0.5 w/w OTS was used for all further 

experiments. 

4.2.3 Influence of MSN loading on membrane performance 

The loading of nanofillers had been varied by using different MSN concentrations dispersed 

in n-hexane under identical conditions for membrane preparation by IP method. Differences 

with respect to the relative fraction of OTS-functionalized MSN in the polyamide layer could 

be observed in ATR FTIR spectra (see Figure 4.12). 

The zeta potential data of TFC and of TFN membranes with different LMSN loading are 

presented in Figure 4.18 (a). In general, all membranes revealed high negative surface charge 

density, because of the carboxyl groups which formed by the hydrolysis of acyl chloride groups 

[12]. It is reported that the isoelectric point (IEP) of MSN is at pH 3.7 ± 0.2 [211]. This is about 

the same value as reported for the IEP of polyamide obtained from MPD and TMC [212]. The 
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results demonstrate that there is no observed change in the IEP and only slight reduction in 

absolute zeta potential of TFC membrane by increasing fraction of OTS-functionalized silica. 

It is not expected that the functionalization of MSN with OTS would alter the IEP because only 

the fixed charge density will be decreased by covering the silica surface with neutral organic 

groups of OTS. The latter effect can explain the reduction in absolute zeta potential at high 

LMSN loading. Overall, the addition of LMSN has almost no influence on the membrane 

surface charge, and the net surface charge of the membranes is dominated by the properties of 

the polyamide layer. 

The water contact angle of TFC and TFN membranes at different LMSN loading is presented 

in Figure 4.18 (b). The contact angle of TFC membrane was (67° ± 3); contact angle for TFN 

membranes increased from (68° ± 4) to (84° ± 4) with increasing NPs loading from 0.003 to 

0.05 w/v%, respectively, demonstrating that the surface of TFN membranes becomes more 

hydrophobic with increase of the NPs loading. The incorporation of NPs into the polyamide 

thin layer depends upon their loading through the IP process. The contact angle increased only 

weakly in the range of low NPs loading and increased strongly with the higher NPs loading. 

This could be because at low loading, most of NPs are completely covered with the polyamide 

layer while at high loading, more and more NPs became exposed to the outer surface, increasing 

the water contact angle because of the very hydrophobic properties of OTS-based surface layer. 

This would also be in line with the observed reduction in surface charge density (cf. Figure 

4.18 (a)) due to the evoked dilution of carboxyl-containing polyamide for higher MSN loading 

(cf. above). This scenario is different from reports of many researches which used 

unfunctionalized hydrophilic inorganic NPs [18,141] or NPs functionalized with hydrophilic 

materials [178,213]. All observed that the contact angle of membrane surface decreased with 

increasing the NPs loading and attributed this to the hydrophilic property of the fillers. The 

difference in this study is that it had been attempted successfully to render the particle surface 

more hydrophobic.  
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Figure 4.18: Effect of LMSN (OTS concentration during MSN functionalization 0.5 w/w) 

loading in TFN membranes on: a) zeta potential as a function of pH; b) water contact 

angle 

The influence of NPs loading on permeability and salt rejection was also studied (Figure 

4.19). Improvement of flux at same salt rejection was observed for 0.003 and 0.005 w/v%. 

Using deposition from 0.005 w/v% LMSN dispersion (0.175 mg in 3.5 ml hexane on a 

membrane area of ~1660 mm2) resulted in ≈ 63% enhancement in the membranes’ water 

permeability compared to the control TFC membrane. Improvement of water permeability in 

this range is most likely attributed to the internal pores of MSN which provide short flow paths 

for water. The water permeability was again reduced by further increasing the LMSN loading 

beyond 0.005 w/v%. However, only at 0.015 w/v% the salt rejection started to decrease; this is 

exactly the concentration where contact angle started to increase (cf. Figure 4.18 (b)). Further 

increase of NPs loading, further increased membrane surface hydrophobicity, and both water 

flux and salt passage also increased to reach the highest values at the highest loading (0.05 

w/v%). This negative scenario with respect to separation performance beyond a critical NPs 

loading is most probably because of a too thick NPs layer deposited before IP reaction, leading 

to aggregation of the nanofiller and its exposure at the outer membrane surface along with 

increasing density of defects in the polyamide barrier layer. 
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Figure 4.19: Effect of LMSN (OTS concentration during MSN functionalization 0.5 w/w) 

loading in TFN membranes on permeability and NaCl rejection during desalination 

The effect of LMSN incorporation on membrane surface morphology was also investigated 

by SEM (Figure 4.20). The typical wrinkled morphology with nodular and leaf-like structure 

was observed for all membranes. The TFC membrane without NPs had a dense morphology 

with well distributed nodules throughout the membrane as a common structure for polyamide 

thin layer [84]. After the insertion of NPs, the surface morphology had less nodules and bigger 

leaf-like features. In the range of particle loading where a significant improvement of separation 

performance had been observed (0.003 and 0.005 w/v%), the overall surface topography was 

very regular. At higher NPs loadings (> 0.01 w/v%), the bigger heterogenous features which 

tentatively could be ascribed to nanofiller aggregates exposed on the outer surface became 

larger and more and more dominating. Therefore, a disconnected layer of polyamide might have 

been formed. Consequently, these membranes revealed an overall lower separation 

performance. Overall, these observations support qualitatively the argumentation based on 

complementary surface analysis (zeta potential and contact angle) and observed membrane 

performance (cf. above).    

 

 



 

82 
 

RESULTS AND DISCUSSION 

 

Figure 4.20: Top surface SEM images at different magnifications of TFC and TFN 

membranes with different LMSN loading (OTS concentration during functionalization 0.5 

w/w) 

As it was previously mentioned, the NPs were impregnated into the polyamide film in a 

separate step between MPD soaking of the porous support and TMC addition during the IP 

process (cf. Section 3.3.2). Hence, it is expected that after solvent evaporation a layer of NPs 

might be formed on the surface of the support membrane which is filled with the aqueous MPD 

solution. The thickness of this layer was estimated using the effective nanoparticle density 

which has been measured using mercury intrusion porosimetry (cf. Section 4.1.2). 

The average thickness of deposited silica layer depends on the NPs loading; 0.003, 0.005, 

0.01, 0.03 and 0.05 w/v% LMSN loading should yield a layer with a thickness of 56, 94, 188, 

564 and 940 nm respectively (Table 4.4). Of course, this is only an estimation; the thickness 

utilized for integration into the PA layer may be significantly lower when NPs will be re-

dispersed from the support membrane surface upon addition of the TMC solution in hexane. 

Nevertheless, this scenario is more likely for thicker layers.    

 



 

83 
 

RESULTS AND DISCUSSION 

Table 4-4: Maximum thickness of LMSN layer deposited on base PES membrane before 

IP, estimated from effective density of NPs powder measured by mercury porosimetry as 

well as concentration and volume of nanoparticle dispersion applied to the membrane 

sample area 

LMSN loading 

(w/v%) 

Thickness of LMSN layer 

(nm) 

0.003 56 

0.005 94 

0.01 188 

0.03 564 

0.05 940 

In the low NPs loading range (0.003 and 0.005 w/v%), the average thickness corresponds to 

less than or about a monolayer of NPs (diameter 80 nm) and less than the apparent thickness of 

the reference TFC membrane (140 ± 28 nm; estimated from the SEM image; Figure 4.21). The 

thickness of the PA layer of the TFN membranes obtained with these loadings is roughly similar 

to the thickness of the reference TFC membranes. For the higher loadings, the thick layer of 

silica produced a lose polyamide layer which surround the particles. It seems that the large 

thickness of silica prevented formation of robust polyamide layer which is obvious from SEM 

cross-section images (cf. Figure 4.21). 

 

Figure 4.21: SEM cross-section images of TFC and TFN membranes with different loading 

of LMSN (OTS concentration during MSN functionalization 0.5 w/v%) 

At the end of this section, to investigate the role of OTS functionalization, the filtration 

performance of the LMSN and HMSN based membranes should be compared to the TFN 

membranes containing the same loading of the native hydrophilic MSN. As can be observed in 

Figure 4.22, incorporation of the unfunctionalized MSN into the PA layer led to an increase of 

the permeability but significantly reduced the salt rejection. 
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This result was expected due to the hydrophilic nature of the native MSN which led to a poor 

integration within the PA layer. SEM was employed to study the surface morphology of this 

membranes as depicted in  Figure 4.23. It is very clear that the unfunctionalized MSN can be 

agglomerated; therefore a poor distribution inside the PA layer can be clearly observed. The 

resulted agglomeration of MSN caused uneven distribution inside the PA layer leading to a 

looser PA structure or defects, and therefore it impaired the overall separation performance as 

indicated by the lower salt rejection (cf. Figure 4.22).  

 

Figure 4.22: Permeance and NaCl rejection during RO experiments (2 g/L NaCl in water 

as feed) of TFC and TFN membranes. The NP loading for TFN membranes is 0.005 w/v% 

 

Figure 4.23: SEM of the top surface of MSN_TFN membrane at 0.005 w/v% loading 

It is meaningful to compare the performance of membranes prepared in this study with those 

TFN membranes with mesoporous silica NPs reported in the literature [17,18,123,127]. When 

considering that there is no loss of NPs used during the membrane formation, the quantity of 
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NPs in the unit area of membrane which achieved the optimal performance in this study is 0.18 

g/m2. As can be presented in Table 4.5, this quantity is the lowest among all literature data 

which used MSN as inorganic fillers for TFN membranes. 

Table 4.5: A performance comparison of TFN membranes in the literatures to this work 

Optimal MSN 

loading 

Wt/v% 

Water permeance 

(L.h.m2.bar-1) 

NaCl rejection 

( %) 

Reference 

0.005 2.45 96 This work 

0.1 2.3 98 [17] 

0.1 3.5 96 [127] 

0.14 2.6 95 [18] 

0.015 3 95 [123] 

4.3 Stability of MSN  

In this section we study the stability of the native and the OTS functionalized MSN at 

different pH values. The chemical stability of the nanofiller should affect the membrane 

performance during the filtration experiments. the higher the nanofiller stability, the higher also 

the membrane performance stability. 

4.3.1 Dissolution of MSN 

  The dissolution of the different silica NPs was investigated through well-mixed dispersion 

containing initially 2 g/L solid at two different pH values, pH 5 and pH 9, for 170 hours. The 

dissolved silica concentration was spectrophotometrically determined using molybdosilicate 

method and the results are presented in Figure 4.24. 

 

Figure 4.24: Dissolution of MSN, LMSN and HMSN at (a) pH 5 and (b) pH 9. The initial 

solid concentration was 2 g/L and the initial pH was adjusted using HCl and NaOH to pH 

5 and pH 9, respectively 

In general, the dissolved silica concentration in basic solution (pH 9) is much higher than in 

acidic solution (pH 5). The amounts of dissolved silica released in the first 24 hours in case of 
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pH 9 are similar to the amounts released along the whole 170 hours in case of pH 5. The 

dissolution curve of the samples in pH 9 (cf. Figure 4.24) is characterized by relatively fast rate 

up to 48 hours followed by much slower rate until the end of experiment. This behavior could 

be interpreted by the decrease of pH as a result of formation of silicic acid (pH decreased from 

9 to 8 after 170 h), and in addition to reaching the saturation level (120 mg/L) for amorphous 

silica [21,214]. 

In order to attain deeper knowledge about the impact of pH on the dissolution reaction kinetics, 

the initial rate, expressed as the initial rate constant, was determined in the first 12 hours, in 

which the dissolved silica concentration increases linearly with time. The silica dissolution 

showed first-order rate law, and the rate constant was calculated according to Equation 4.3 

[215]: 

𝑙𝑛 (
(𝐶𝑜 − 𝐶𝑡)

𝐶𝑜
) =  −𝑘𝑡 

Equation 4.3: First-order rate constant equation 

Where Co is the initial silica concentration and Ct is the concentration of dissolved silica 

measured at time (t).  

The rate constant (k) was determined using the slope of 𝑙𝑛 (
(𝐶𝑜−𝐶𝑡)

𝐶𝑜
) vs. time as presented in 

Figure 4.25. The obtained rate constants for both native and OTS-functionalized MSN at pH 5 

and pH 9 are presented in Figure 4.26 According to the results, at pH 9, the silica dissolved at 

a rate that was approximately 10 times faster than that at pH 5. The faster dissolution at the high 

pH could be explained by the more efficient deprotonation of silicic acid (H4SiO4) to H3SiO4
- 

and H2SiO4
2- in the alkali solutions (cf. Reactions 2.5 and 2.6). These results are in a general 

agreement with other reports [176,216]. Moreover, it can be observed that MSN dissolved at a 

rate which is moderately faster than LMSN or HMSN (cf. Figure 4.26). Because of the 

hydrophilic surface of MSN, it can be easily contacted with water and can be easily dissolved. 

The less efficient dissolution observed for functionalized samples is most likely because of the 

coverage by an organic layer due to OTS functionalization. This would diminish the efficiency 

of the water attack to the siloxane (Si-O) bonds.  
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Figure 4.25: Plots of ln (Co - Ct/Co ) vs. time to calculate the dissolution rate constant of 

MSN (a,b), LMSN (c,d) and HMSN (e,f) at pH 5 and pH 9, respectively 
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Figure 4.26: Rate constant of dissolution of MSN, LMSN and HMSN during the first 12 

hours of the experiments at pH 5 and pH 9 

4.3.2 Influence of the dissolution on the NPs structure 

The structure of unfunctionalized and OTS-functionalized MSN before and after partial 

dissolution has been investigated using small angle XRD, SEM and TEM.  

The XRD data for the native MSN, LMSN and HMSN, before and after dissolution 

experiment, are presented in Figure 4.27. The obtained patterns of the native MSN revealed 

four characteristic peaks at 2θ of 2.2°, 3.8°, 4.3° and 5.7° representing the (100), (110), (200) 

and (210) planes, respectively. This structure is consistent with the hexagonal lattice symmetry 

of MCM-41. The XRD patterns of both LMSN and HMSN showed a decrease in overall 

intensities of XRD reflections compared to the base MSN. This is probably due to the difference 

of scattering power between the silica wall and the organic moieties (OTS), which are located 

outside or inside the MSN pores [217,218]. On the other hand, the XRD results showed an 

intensity decrease in the main peak (100) and complete disappearance of the other peaks (110, 

200 and 210) for all partially dissolved samples. These results indicate that the mesoporous 

structure was strongly influenced by partial dissolution. Nevertheless, the presence of the peak 

(100) in the XRD pattern indicated that the mesoporous structure was not completely destroyed 

[219].  
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Figure 4.27_ Small angle XRD of the native MSN (a, b), LMSN (c,d) and HMSN (e,f) 

before and after the partially dissolved in water at pH 9 after 170 hours, respectively 

The porous structure and morphology of LMSN and HMSN before and after partial 

dissolution were also investigated by TEM and SEM, and the results also indicated that an 

improved stability compared to the native MSN could be achieved due to OTS 

functionalization. As can be seen in Figure 4.28, all SEM micrographs showed no significant 

change in the morphologies before and after partial dissolution. All revealed spherical particles. 

However, according to Table 4.6, the particle size estimated from SEM (Figure 4.28) and TEM 

(Figure 4.29) micrographs decreased after partial dissolution. The particles seem to be 

degraded (cf. Figure 4.29) which causes the reduction of the particle size. This decay is quite 
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obvious for the native hydrophilic MSN which is more prone to be dissolved in alkaline aqueous 

solution than the hydrophobic species. The later were more stable but revealed also somewhat 

decrease in the particle size which is most likely because the complete surface coverage was 

not achieved at the used OTS concentration during the silanization. The OTS-free sites on the 

surface can allow degradation of the particle’s walls [20].  

Table 4.6: Particle size analysis of the different silica NPs before and after partial 

dissolution in aqueous solution at pH 9 

Sample Particle size from TEM (nm) Particle size from SEM (nm) 

Before 

dissolution 

After 

dissolution 

Before 

dissolution 

After 

dissolution 

MSN 85±7 66.5±6 79 ± 9 70 ± 16 

LMSN 75±6 70±6 70± 10 71± 12 

HMSN 83±10 79±9 71± 8 66± 11 

Moreover, the hexagonal array of the mesoporous structure of all samples is clearly displayed 

for the native samples. In contrast, the ordered structure of the NPs after the dissolution 

experiment was less obvious, in particular for MSN compared to the functionalized NPs (LMSN 

and HMSN) as can be seen if Figure 4.29 inset. 
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Figure 4.28: SEM micrograph of the native MSN (a, b), LMSN (c,d) and HMSN (e,f) 

before and after the partial dissolution in water at pH 9 after 170 hours, respectively 
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Figure 4.29: SEM micrograph of the native MSN (a, b), LMSN (c,d) and HMSN (e,f) 

before and after the partial dissolution in water at pH 9 after 170 hours, respectively 

The nitrogen adsorption isotherms of all materials before and after partial dissolution can be 

described by “type IV”, as can be seen in Figure 4.30 (a, c and e). This was found even for the 

MSN with a strong dissolution tendency, indicating that the porous structure has not been 

completely decomposed. The main characteristic properties of MSN and OTS-functionalized 

MSN which can be derived from the nitrogen adsorption measurements are summarized in 

Table 4.7. After the partial dissolution at pH 9 for 170 hours, the specific surface area (SBET) 
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of the unfunctionalized MSN decreased from 920 m2/g to 650 m2/g (≈ 30% loss). Moreover, 

the average pore diameter (dp) (Figure 4.30 (b, d and f)) decreased from 3.3 nm to 2.9 nm, and 

the pore volume (Vp) also decreased from 0.83 cm3/g to 0.64 cm3/g. These findings agree with 

the observations from both XRD and TEM in Figure 4.27 and Figure 4.29, respectively. The 

relationship between the partial loss of the hexagonal order of MSN and the reduction of both 

dp and Vp was explained by Gouze et al. [220]. They attributed this result to the dissolution of 

silica walls and to the recondensation of hydrolyzed silica on the pore surface, leading to a 

partial pore clogging which could be the reason of reduction of dp from 3.3 to 2.9 nm and Vp 

from 0.84 to 0.63 cm3/g. The reduction of Vp is also in the line with the lower SBET.  

In contrast, LMSN and HMSN exhibited less pronounced decreases in SBET, dp and Vp than 

the unfunctionalized MSN. The lower drop in SBET, dp and Vp for LMSN and HMSN is most 

likely due to the fact that the mesoporous structure was better conserved, which is attributed to 

the hydrophobicity of the OTS layer on the particles surface which creates a resistance toward 

water and therefore higher resistance to the dissolution effect. These results are similar to the 

results in literature [180,221], which also reported the stabilization of mesoporous silica NPs 

by surface modification with organic layers. 

Table 4.7: Characteristic porosity data of unfunctionalized and OTS-functionalized MSN 

before and after 170 h exposure at room temperature in water at pH 9, obtained from 

nitrogen adsorption measurement 

Sample Before dissolution After partial dissolution 

SBET (m2/g) dp (nm) Vp (cm3/g) SBET (m2/g) dp (nm) Vp (cm3/g) 

MSN 920 3.3 0.84 650 2.9 0.63 

LMSN 895 2.8 0.75 750 2.7 0.68 

HMSN 490 2.4 0.33 450 2.5 0.30 
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Figure 4.30: Nitrogen adsorption isotherms (a, c and e) and derived pore size distributions 

(b, d and f) of native and partially dissolved MSN, LMSN and HMSN after 170 hours at pH 

9, respectively 

4.4 Stability of TFN membranes 

4.4.1 Influence of MSN nanofillers dissolution on TFN membrane separation performance 

and barrier layer structure 

The stability of separation performance of the TFC and the various TFN membranes was 

studied under cross-flow conditions at an operating pressure of 16 bars for a total of 120 h at 

each pH value. Table 4.8 shows the relative variation in both permeance and salt rejection after 
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completion of the desalination experiment. At pH 5, LMSN_TFN and HMSN_TFN membranes 

revealed more stable permeance and salt rejection than MSN_TFN membranes which showed 

a significant increase in permeance and decrease in salt rejection as can also be seen in Figure 

4.31 (a, b). The dissolution of LMSN and HMSN at pH 5 is relatively slow (cf. Figures 4.24 

and 4.26) which indicates their stability in that pH condition. This is probably the reason for 

the stability of the respective TFN membranes at pH 5. MSN dissolution rate at pH 5 is 

significantly higher than for OTS-functionalized NPs (cf. Figure 4.26) which explains the 

lower stability of MSN_TFN membranes.  

In case of pH 9, the variation in both permeance and salt rejection of all TFN membranes is 

larger than at pH 5 (cf. Table 4.8), indicating less stable performance compared to the reference 

TFC membrane. However, TFN membranes with either LMSN or HMSN achieved 

significantly better stability compared to MSN_TFN membranes, as can also be seen in Figure 

4.31 (c, d). The much stronger decline in the permeance of MSN_TFN membranes over time 

at pH 9 compared to pH 5 is most likely because the rate of dissolution of MSN at pH 9 is much 

higher (cf. Section 4.3). Because of the presence of OTS - based organic layer in case of LMSN 

and HMSN, on the other hand, their respective TFN membranes achieved better stability and 

obviously improved the separation performance. 

Table 4.8: Relative variations of permeance and salt rejection for all membranes during 

240 h filtration of NaCl solution at pH 5 and pH 9, (+) sign means parameter increase and 

(-) sign means parameter decrease. 

Membrane Permeance variation (%) Rejection variation (%) 

pH 5 pH 9 pH 5 pH 9 

TFC -5.5 -5.1 -0.8 +0.5 

MSN_TFN +20.5 +23.1 -4.2 -34.5 

LMSN_TFN +5.4 +15.0 -1.2 -6.1 

HMSN_TFN +7.2 +19.0 -2.9 -8.2 
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Figure 4.31: Long-term separation performance of TFC and TFN membranes for first 120 

h at pH 5 (a, b) and for second 120 h at pH 9 (c, d) using the same membrane. 

Figure 4.32 shows the SEM images of the top surfaces of TFC and TFN membranes with 

different MSN nanofillers before and after filtration experiments. The common “ridge and 

valley” structure of PA layer was observed for all membranes even for the tested membranes. 

Nevertheless, the top surface of the TFN membranes varies with the variation of the nanofiller, 

i.e. unfunctionalized or OTS functionalized MSN (cf. Figures 4.20 & 4.23).  

The instability of the nanofiller might lead to their removal from the PA layer [177] or creation 

of voids around partially dissolved NPs in the PA layer.  

Because the quantity of the nanofillers used for fabrication of these membranes is quite low 

(0.005 w/v%), it was assumed that they are completely covered with the PA layer (cf. Figure 

4.20). Therefore, leaching of the entire NP is essentially avoided in case of LMSN and HMSN 

due to the very good integration in the PA film, thanks to their hydrophobic outer surface 

properties. However, in case of unfunctionalized MSN, the hydrophilic surface of NPs 

obviously leads to their aggregation in the organic solvent and thus to an uneven distribution in 

the PA layer (cf. Figure 4.32), and therefore they could be dissolved and/or removed, leading 

to voids or defects. 
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Figure 4.32: SEM images of TFC and TFN membranes before and after filtration of NaCl 

solution for 120 hours at pH 5 and thereafter 120 hours at pH 9 
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In order to clarify the role of different nanofiller instability on the properties of TFN 

membranes, the impact of NPs dissolution on the durability of the PA barrier layer was 

investigated in an additional experiment. Toward this aim, solutions of dextran with different 

molecular weight (4 kDa to 2000 kDa) were filtrated through the membranes which had 

previously been tested with NaCl solutions for 240 h (120 h for each pH). The average 

hydrodynamic diameter for each dextran fraction was estimated based on the correlation 

between Stokes diameter and molecular weight of dextran according to Equation 4.9 [222]. 

𝑑𝑠(𝑛𝑚) = 0.066 ×  𝑀𝑀0.46     (Equation 4.9) 

Where MM is the molecular weight (kg/mol).  

The average diameter values are summarized in Table 4.9. Analogous dextran feed solutions 

were filtered through the native membranes (before desalination experiments), and the obtained 

results (Figure 4.33 (a)) showed that all membranes were able to reject > 99% of all dextrans 

(this may correspond to quantitative rejection considering the detection limit of the used method 

based on TOC), indicating that the membranes had no defects with sizes in the lowest nm range.  

The results after long-time desalination experiments (Figure 4.33 (b)) demonstrate that the 

rejection of the reference TFC membrane and of the LMSN_TFN membrane was still higher 

than 99% for all dextrans, indicating no micro-/mesoporous defects. For the HMSN_TFN 

membrane, the rejection of dextran 4 kDa (3 nm) was less than 99% while the data for the other 

dextrans were above 99%. This may confirm again the lower stability against dissolution for 

HMSN than for LMSN, due to the less well assembled OTS layer on the external surface (cf. 

Section 4.1.2), which could be the reason of the slight decline in the 4 kDa dextran for the 

HMSN_TFN membranes after long-time tests. Rejection of all dextrans was lower than 99% 

for MSN_TFN membranes; the lowest value (92%) was observed for dextran 4 kDa. This 

observation could suggest that the dissolution of MSN created some defects in the barrier layer 

which is sufficient to make it no longer able to reject the large dextran molecules.  

In comparison, LMSN_TFN and HMSN_TFN membranes had largely improved stability as 

a result of not percolated and well dispersed nanofillers inside the PA layer as well as their 

higher resistance toward dissolution in aqueous solutions. The unchanged surface morphology 

of the TFN membranes after desalination experiments compared to the native membranes (cf. 

Figure 4.32) could also support this interpretation, but detailed statements are not possible due 

to resolution limitations of the SEM analyses. 
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 Table 4.9: Average hydrodynamic diameter of different dextrans used in filtration 

experiments 

 

 

 

 

Figure 4.33: Rejection of dextran with different average molecular weight (4 kDa - 2000 

kDa; feed concentration 1 g/L in water) for a) the native membranes and b) the previously 

tested membranes for desalination performance for 120 h at pH 5 and 120 h at pH 9 (cf. 

4.5 Influence of silane molecule size used for MSN functionalization 

In this section, we studied the characterization of both MSN and the respective TFN 

membranes in case of using a smaller silane molecule such as methyltrichlorosilane (MTS) 

instead of OTS for MSN functionalization. In addition, the influence of the shorter alkyl chain 

on the stability of the particles and membranes was studied. The results of this section were 

compared to the obtained result with OTS as organic functionalization agent. 

4.5.1 Influence of MTS functionalization on MSN properties: 

The nitrogen adsorption was measured for MSN functionalized with different MTS 

concentration (0.5 -5 w/w). The specific surface areas and the corresponding pore diameters are 

shown in Table 4.10. 

 

Molecular weight (kg/mol) diameter (nm) 

4 3 

35 8 

100 13 

200 18 

2000 52 
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Table 4.10: BET surface area and pore diameter of LMSN and HMSN obtained after 

functionalization at different MTS concentrations 

MTS concentration 

(w/w) 

BET surface area 

(m2/g) 

Pore diameter 

(nm) 

0 1095 3.0 

LMSN HMSN LMSN HMSN 

0.5 1074 929 2.8 2.9 

1 1058 826 2.8 2.8 

3 1005 818 2.8 2.9 

5 984 648 2.7 2.9 

According to the table, the decrease in the surface area of HMSN is more significant than 

for LMSN, which indicates the internal pores have been functionalized with the MTS 

molecules. Nevertheless, the change in pore diameter is insignificant in both LMSN and 

HMSN. These results are quite dissimilar to OTS results. The decline in surface area because 

MTS and OTS grafting was calculated and summarized in Table 4.11. As can be seen, the 

decline in surface area for MTS functionalized NPs is always lower than the OTS case, even in 

case of HMSN with high MTS concentration. This is mainly attributed to the very small size of 

MTS molecule which can functionalize the wall of the interior pores without filling the whole 

pore or closing the pore entrance as in case of the big OTS molecule. This is also supported by 

the insignificant change in the pore diameter of HMSN in case of MTS compared to the large 

decrease in case of OTS (cf. Table 4.3) 

Table 4.11: Decline of surface area for functionalized MSN with MTS and OTS 

 

 

 

 

 

 

 

 

The TGA was also measured for MSN functionalized with different MTS concentration as 

presented in Figure 4.34. As can be observed, the weight loss increased with increasing MTS 

concentration and is higher for HMSN than for LMSN at the same MTS concentration. This 

was expected, due to the large surface accessible for silanization in case of HMSN. Similar 

results were obtained for the OTS functionalized NPs. Nevertheless, the latter showed much 

OTS concentration 

(w/w) 

Decline of surface area 

(%) 
 

MTS_HMSN MTS_LMSN OTS_HMSN OTS_LMSN 

0.5 15.0  2.0 47.0 2.7 

1 25.5 3.0 92.0  24.5 

3 25.0 8.0 94.0 26.0 

5 41.0 10.0 95.0 35.0 
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higher weight loss at the same concentrations, due to the big difference of alkyl chain length 

(cf. Figure 4.9). The number of methylsilanes per area was also estimated (Table 4.12) using 

the same assumptions which are previously explained in Section 4.1.2.1. 

According to the results in Table 4.12, the covering (number of MTS molecules/nm2) increases 

with increasing the MTS concentration for both LMSN and HMSN, because increasing the 

organic content. 

 

Figure 4.34: TGA of unfunctionalized MSN and functionalized LMSN and HMSN with 

different MTS content 

 

Table 4.12: Organic content and estimated surface density of MTS for LMSN and HMSN 

 

 

 

 

 

 

 

 

 

4.5.2 Influence of MTS functionalization on the TFN membrane performance 

In order to investigate the influence of silane molecule size on the membrane performance, 

the separation performance of the MSN_TFN membranes was determined at different MTS 

concentrations and the results were compared to the performance of the corresponding 

MSN_TFN membranes with OTS – functionalized nanofillers.  
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LMSN 

 

0.5 1.78 0.96 

1 2.54 1.45 

5 5.44 3.53 

 

HMSN 

 

0.5 2.36 0.10 

1 3.64 0.16 

5 5.68 0.27 
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As can be seen in Figure 4.35, in case of LMSN_TFN membranes, the permeance increased 

at low MTS concentration and then decreased at MTS concentrations higher than 1w/w. The 

salt rejection more than 90% is still observed even at higher MTS concentrations. The 

membrane performance at 1 w/w MTS concentration is abnormal and not obey the general 

trend, which could be due to an experimental error. In case of HMSN, the permeance improved 

compared to the reference TFC membrane but is lower than the permeance of LMSN_TFN 

membranes. This was expected because the mesopore channels in LMSN are more hydrophilic 

than in HMSN. What was unexpected is the low rejection of HMSN_TFN membranes, which 

couldn’t be explained. Nevertheless, the deprotonated silanol groups (≡Si-OH ↔ SiO-+H+) 

inside the mesopores may play a role in such performance. The number of unfunctionalized 

silanol groups in the mesopores of LMSN is much higher than in HMSN, which could provide 

the interior pores with a negative charge [223,224]. This may achieve better retention of the 

charged ions by a Donnan-like effect, which is not existing in HMSN_TFN membranes (with MTS 

functional group). 

It is interesting to note that the permeance of the MSN_TFN membranes was significantly 

improved in case of MTS rather than the corresponding membranes with OTS (cf. Figure 4.15). 

It was attributed that the OTS molecules can block the pore entrance due to the large size of 

OTS molecule compared to the MTS molecules. As a result, MTS functionalization could allow 

water transport through the pore channels of MSN even at the high concentration level.  

The lowest MTS concentration in case of LMSN_TFN membranes produced the highest 

separation performance, 94.5% salt rejection and 3.6 L/h∙m2∙bar. This result confirms again that 

the lowest amount of hydrophobic functional groups is quite desired to increase the integrity of 

MSN inside the PA matrix. On the other hand, the permeance decreased at the higher 

concentration of MTS (cf. Figure 4.35). The reason could be attributed to the increased 

hydrophobicity of the nanofillers internal pores which couldn’t be tested.  
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Figure 4.35: Effect of MTS concentration during MSN functionalization on the 

permeability and NaCl rejection of TFN membranes prepared at NPs loading of 0.01 

w/v%: a) LMSN and b) HMSN 

The separation performance of the LMSN_TFN membranes at 0.5 w/w MTS was studied at 

different LMSN loading. The result, in Figure 4.36, shows that both permeance and salt 

rejection are higher at the low NPs loading, the maximum at 0.005 w/v%, then the membranes 

revealed lower performance at higher loading. This is very similar to the performance in case 

of LMSN_TFN with OTS (cf. Figure 4.19).  The low separation performance beyond 0.005 

w/v% NPs loading, was attributed to the aggregation of the nanofiller which led to more 

exposure at the outer membrane surface along with increasing density of defects in the PA layer 

(see Section 4.2.3). 

 

Figure 4.36: Effect of LMSN (MTS concentration during MSN functionalization 0.5 w/w) 

loading in TFN membranes on permeability and NaCl rejection during desalination 

In order to know the influence of the MSN functionalization with smaller size silane (MTS) 

on the respective TFN membranes, the long-term separation performance was studied (for 240 

h). As can be seen in Figure 4.37, the permeance increased in the first 120 h in aqueous NaCl 
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solution at pH 5 by 0.55 L/h∙m2∙bar. Then the solution with a pH 9 was used and a more 

pronounced increase was visible in the next 120 h. The increase in permeance here is 1.5 

L/h∙m2∙bar. At the same time a decrease of the retention is visible. In the acidic feed solution, 

the decrease is rather small (-1.8%), while the alkaline solution has a stronger influence on the 

retention of the membrane (-7.5%) which could be explained by the dissolution of the particles. 

This slightly less stability of the LMSN_TFN membranes with MTS than the same membrane 

with OTS could be because of the long alkyl chain of OTS which can provide MSN with higher 

hydrophobic properties than the only CH3 in MTS. The more hydrophobic nanofillers, the better 

distribution and integration inside the PA layer. This is observed along the rejection values of 

MSN_TFN membranes with OTS are always better than the corresponding membranes with 

MTS. 

 

Figure 4.37: Long-term separation performance of LMSN_ TFN membranes with 0.5 w/w 

MTS for 120 h at pH 5 and 120 h at pH 9 using the same membrane 
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5. Conclusions 

The thin film nanocomposite (TFN) membranes received increasing attention over the last 

decade. The main purpose of these membranes is to obtain more enhanced solvent permeability 

than TFC membranes, without compromising solute rejection. This improved permeance is 

achieved by imbedding NPs (mostly porous) in the selective layer. 

Throughout this project, MSN was used as nanofillers for the PA TFN membranes because 

their highly ordered structure and due to their simple synthesis and modification. MSN were 

synthesized using sol-gel method in presence of TEOS as a silica precursor and CTAB as a 

template surfactant. The particle diameter was controlled by optimizing the CTAB/TEOS molar 

ratio. MSN sample prepared at CTAB/TEOS = 0.1 was selected to be the optimum which had 

a particle diameter of ≈ 80 nm and pore diameter ≈ 3.3 nm. MSN were then functionalized with 

OTS. The functionalization was successfully controlled to modify only the external surface of 

NPs (LMSN) or both external and internal pores surfaces (HMSN).  

Nitrogen adsorption measurement was utilized to investigate the influence of OTS 

functionalization on the SBET, dp and Vp of MSN. It was found that all of them decrease by 

increasing the OTS concentration, especially in case of HMSN, because the grafting occurred 

in absence of surfactant which led to functionalizing the internal pores causing pore blocking. 

This blocking was explained through two scenarios; first OTS can truly fill the pores completely 

or second, it just closes the pore entrance. Both scenarios can result in decreasing the nitrogen 

adsorption. TGA was also carried out to evaluate the thermal stability of the synthesized MSN 

and to estimate the amount of OTS grafted. It was found that, at high concentration of OTS, a 

self assembled monolayer can be formed on the surface of MSN. However, the number of OTS 

molecule/nm2 for LMSN is always higher than HMSN at the same OTS concentration because 

the lower surface area exposed to the functionalization in case of LMSN compared to the higher 

surface area in case of HMSN. Other characterization methods were employed such as SEM, 

TEM and XRD to study the morphology and porous structure of the obtained particles and FTIR 

to qualitatively confirm the occurrence of functionalization. 

The functionalized NPs were used thereafter as nanofillers to prepare TFN membranes. The 

nanofillers were impregnated into the polyamide film in a separate step between MPD soaking 

of the PES support and TMC addition during the IP process. 

Physicochemical properties of TFC and TFN membranes were characterized with SEM, 

ATR-FTIR, zeta potential and contact angle measurements. The initial performance of the TFN 

membranes was characterized using RO filtration of pure water, pure ethanol and 2000 ppm 

NaCl solution. 
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Overall, because the hydrophobic nature of OTS, it was found that, the more OTS 

concentration in the functionalized nanofillers, the more decline in water permeability. 

Consequently, the pure water permeability of LMSN_TFN membranes was always higher than 

HMSN_TFN membranes at the same OTS concentration and NPs loading. In case of LMSN, 

the hydrophilicity of the internal pores was preserved which facilitate the transport of water or 

ethanol. Due to the internal pore functionalization in HMSN, the pure water permeability was 

declined, and ethanol permeability was improved compared to the reference TFC membrane. 

This is most likely due to the hydrophobic properties of OTS inside the pores, creating 

resistance toward the flow of water, but not to the flow of ethanol. The influence of NPs loading 

on the separation performance was also studied, the results showed an improvement of 

permeance and salt rejection was observed at lower loading while at higher loading the 

performance deteriorated. This was attributed to the good integration of nanofillers and better 

coverage with the PA layer was achieved at the low loading, that was also confirmed by SEM, 

zeta potential and contact angle measurements. LMSN_TFN membranes at LMSN loading of 

0.005 w/v% and OTS concentration 0.5 w/w produced about 65% higher permeance than the 

reference TFC membrane without sacrificing the membrane selectivity (NaCl rejection > 95%). 

The effect of OTS functionalization on the dissolution of MSN in aqueous solution at 

different pH values was also studied. The dissolved silica concentration was 

spectrophotometrically determined using molybdosilicate method. The dissolution of the 

unfunctionalized MSN was observed at both pH values. Nevertheless, the dissolution rate was 

higher at pH 9 due to the more effective deprotonation of silicic acid to highly soluble silicate 

ions. OTS functionalization significantly improved the stability of MSN against dissolution in 

aqueous phase, particularly at pH 5. It was observed from XRD and TEM data that the 

mesoporous structure was strongly influenced by the dissolution of the unfunctionalized MSN; 

the mesopore content was reduced which was also confirmed by results from nitrogen 

adsorption isotherms, revealing reduction of SBET, dp and Vp values after partial dissolution. In 

contrast, nitrogen adsorption data for LMSN and HMSN revealed only minor changes, 

confirming the effect of the protective organic layer on the particle surface in terms of 

significantly improving nanofiller stability against dissolution effects.  

Furthermore, the influence of nanofiller dissolution on the stability of the corresponding 

TFN membranes was investigated. Overall, LMSN_TFN and HMSN_TFN membranes 

revealed a noteworthy improved performance stability compared to the MSN_TFN membranes. 

In the latter membranes, the agglomeration of hydrophilic MSN in the PA barrier layer did not 

only lead to reducing the overall separation performance as indicated by lower salt rejection, 
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but also apparently promoted the dissolution of the embedded nanofiller. This created 

mesoporous defects in the barrier layer which had been identified by filtration of dextran 

solutions.  

Differences between the two types of OTS-functionalized nanofillers had also been 

identified and explained based on results of structure analyses. LMSN_TFN membranes 

showed the largest improvement in the initial separation performance among the all tested 

membranes (higher permeance at the same salt rejection compared to the reference TFC 

membrane without nanofiller), and the best long-term stability compared to the HMSN_TFN 

and MSN_TFN membranes. 

It has been also shown that using MTS as a very small silane molecule in the 

functionalization of MSN instead of the large OTS molecule has a positive impact on the 

permeance of the respective TFN membranes. The small size of MTS did not show any pore 

blocking during functionalization of the interior pores even at the high MTS concentration, 

which could explain why the permeance is always higher compared to the membranes with 

OTS. On the other hand, the rejection values of LMSN_TFN or HMSN_TFN membranes with 

OTS are always higher than the corresponding membranes with MTS. This could be attributed 

to the long alkyl chain of OTS, which can provide MSN with higher hydrophobic properties 

than the only CH3 in MTS. The more hydrophobic nanofillers, the better distribution and 

integration inside the PA layer. Therefore, more robust PA layer.  

To conclude, the obtained results from this PhD thesis imply that, the well-designed organic 

protective layers on such porous nanofillers can simultaneously enhance the intrinsic separation 

performance, as well as the stability of MSN-containing TFN membranes, in particular at pH 

5. However, it is not recommended to utilize these membranes for long-term filtration of the 

feed solution at higher pH to avoid the instability of the nanofillers which affect the separation 

performance.  
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6. Outlook 

Based on the conclusions of this work and challenges faced during the course of this research 

and experiments, the following suggestions can be taken into account: 

• Further experiments with other alkyltrichlorosilanes with different alkylchain length 

may provide better understanding for the relation between the kind of used silane and 

the stability of both nanofillers and TFN membranes. 

• The influence of other filler properties includes the pore size, the particle size, and the 

shape, on the membrane permeability and selectivity need to be studied to get a more 

comprehensive picture about the role of nanofillers on separation. 

• As a direct method to understand the separation mechanism of the TFN membranes and 

investigate the role of the porous nanofillers on water transport, positron annihilation 

spectroscopy can also offer additional understanding in the layered structure and 

providing some information about the voids which could be created between the PA and 

the inserted nanofillers [63,225]. This can be achieved by comparing three different 

membranes, the TFC membrane without any nanofillers inside, one TFN membrane 

containing nonporous silica functionalized with the same silane molecules and one TFN 

membranes containing LMSN.  

• Additionally, it would be interesting to quantify the amount of incorporated fillers. It 

could be possible to use a highly sensitive analytical inductively coupled plasma (ICP) 

to determine the nanofillers concentration. To do this, the TFN membrane is allowed to 

be thermally treated until ignite the organic matrix and the inorganic residue is analyzed 

using ICP. This inorganic residue is an indicator of how much fillers were truly 

incorporated in the barrier layer. 

• The high pure ethanol permeability obtained by the LMSN_TFN and HMSN_TFN 

membranes is quite impressive and indicate that these membranes may be attractive in 

organic solvent nanofiltration (OSN). However, using PES as a support could limit this 

application because it is not tolerant to many solvents and can be dissolve or swill in 

their presence. Using ceramic membrane as a support for TFN membranes is very new 

idea and it is expected to provide the membranes with the required chemical stability 

toward the various organic solvents [226]. 
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