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Abstract 

 
Carbon nanotube (CNT) interlayer intercalation is a popular way to improve the 

performance of thin-film composite (TFC) polyamide (PA)membrane by forming an 

interlayer between PA selective layer and substrate layer. However, this modification is 

still in its infancy and remains problems unsolved. To better understand the function of 

CNT in TFC membranes, this dissertation offers a comprehensive study into the 

influence of CNT interlayer intercalation on shaping the surface morphology and 

properties of TFC PA membrane, and enhancing the membrane performance in both 

aqueous and non-aqueous application.  

Firstly, through fabricating the interlayered TFC membrane with different CNT 

interlayer thickness (i.e., CNT loading amount), the transition of PA morphology and 

surface charges were fully investigated, and were confirmed as a result of enhanced 

monomer release during interfacial polymerization (IP), due to the hydrophobic nature 

of pristine CNT which reduced the interaction between polyketone (PK) substrate and 

IP monomer in aqueous phase. The cross-linking degree of PA layer was proved to be 

increased and highly correlated to its zeta potential value, demonstrating an interesting 

way to obtain a neutral PA surface by adjusting the CNT interlayer thickness. 

Consequently, the neutral CNT-interlayered TFC membrane was fabricated at a certain 

CNT loading amount, and demonstrated to have excellent desalination and antifouling 

performances in aqueous reverse osmosis (RO) system. This work gave a unique 

perspective on how the CNT interlayer works in the TFC membrane, which offered 

references to other interlayer materials on understanding their mechanisms. 

Secondly, after reaching a success in aqueous system, the CNT-interlayered TFC 

membrane was further applied to the non-aqueous system of organic solvent 

nanofiltration (OSN). The CNT-interlayered TFC membrane was able to selectively 

retain smaller molecules such as dyes and sugars, even in organic solvent environments. 

OSN tests revealed that the optimal membrane displayed a methanol permeance of 5.34 

L m-2 h-1/bar with an extremely low molecular weight cut-off (MWCO) of 170-180 



 

g/mol, which was much lower than the reported work using CNT interlayer. These 

results were attributed to the reduced PA intrusion, enlarged PA filtration area, and the 

gutter layer effect brought about by the CNT interlayer. Furthermore, the CNT 

interlayer was shown to have high tolerance against organic solvents. 

Finally, given that excellent performances were achieved during OSN application, 

further application expansion of CNT-interlayered TFC membrane to solvent-solvent 

separation was conducted in organic solvent reverse osmosis (OSRO) process. 

Considering that a highly cross-linked PA layer is required for solvent separation, a 

polydopamine (PDA)-modified CNT interlayer were applied to prepared the CNT-

interlayered TFC membrane for the purpose of increasing the IP monomer adsorption 

on the basis of CNT enhanced monomer release. The resultant CNT-interlayered TFC 

membrane demonstrated excellent performances in OSRO with membrane permeances 

enhanced three times higher with rejection remained at 99.2% when using 5 wt% 

methyl tertbutyl ether (MTBE) in methanol. By comparing the separation performances 

of three different kinds of solvent combinations (methanol/toluene, methanol/MTBE, 

and acetonitrile/toluene), the interactions between selective layer and different solvent 

mixtures were first considered as one of the factors affecting the rejection, and were 

analyzed based on Hansen solubility parameters (HSP) theory. Even if a huge polarity 

difference existed between two components, the mixture of the two could have a strong 

interaction with the membrane, resulting in a lower separation performance. This work 

provides insights into the high-performance OSRO membrane design and the solvent 

separation mechanism. 

In summary, this dissertation placed a high emphasis on the function of CNT 

intercalation on modifying the TFC PA membrane from the perspective of high-quality 

PA generation and PA surface property regulation. This study demonstrates the CNT-

dependent regulation to the property and performance of TFC membrane, such 

capabilities could aid in the development of next-generation TFC membranes. 
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Chapter 1 General Introduction 
 

 

1.1. Research background 

1.1.1. Water scarcity and industrial by-products 

With the development of society and economy, the world's population continues to 

grow, resulting in increasing resource shortages and serious environmental pollution. 

One of the typical examples is the global water scarcity and pollution [1]. Water is the 

most widespread substance found in the natural environment and organisms. Although 

71% of our planet surface is covered by water and current estimation shows that the 

Earth’s hydrosphere contains a huge amount of water about 1386 million cubic 

kilometres [2, 3], 97.5% of this amount are saline waters which cannot be consumed 

directly and only 2.5% is fresh water. Unfortunately, only 0.26% of the total amount of 

fresh waters are concentrated in lakes, reservoirs and river systems where they are most 

easily accessible for our economic needs and absolutely vital for water ecosystems [3, 

4]. The great renovation and self-purification of waters during the global water cycle 

gave a birth of illusion of immutability and inexhaustibility of water resources to human 

being who take this gift for granted from mother of nature. However, the truth is that 

the water cycle and renovation are determined not only by natural climate as previously, 

but now also by human’s economic activities. The ever-increasing pollution of natural 

waters has aggravated the qualitative depletion of water resources. Industrial and 

municipal wastewater as well as water returning from irrigated areas are the major 

sources of intensive pollution of waterways and water bodies, which leads to a severe 

situation of fresh water shortage. 

Another non-negligible issue is overuse of the fossil fuels which inevitably causes 

the pollution of environment and water bodies. For example, the rapid development of 

petrochemical, fine chemical and biopharmaceutical industries has met human society's 

needs for materials and chemicals. However, these industries involve many organic 
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synthesis reactions, target compound separation, catalyst recovery and other processes, 

which require a huge amount of organic solvent during the production of chemicals [5, 

6]. The processing of downstream products such as these solvent mixtures has become 

an issue that industry must concern. Most of the solvent mixtures are disposed by 

incineration and landfill [7, 8], causing serious environmental pollution and excessive 

carbon emissions. Therefore, whether it is wastewater or industrial solvent mixtures, if 

these waste resources can be recycled and reused, it will greatly alleviate the energy 

crisis and environmental problems of human society. 

1.1.2. Traditional thermal-based separation and purification technologies 

Separation and purification are important links in industrial production. By 

separating the various components in the mixture, products with higher purity can be 

obtained. Separation and purification processes, which involve the technologies of 

evaporation, distillation, crystallization, adsorption-based separation, and extraction, 

etc. [9, 10], constitute one of the standard configurations in modern industries including 

pharmaceutical, food processing, petrochemicals, and water treatment. Currently, the 

most widely used separation and purification method in industry is the thermal-based 

separation process, such as distillation, which uses heating and cooling to separate the 

mixture into different components based on the difference in saturated vapor pressure 

of each component in the mixture. Although high separation efficiency enables these 

thermal-based separation facilities into large-scale application, the extremely high 

energy consumption still poses a threat to environment with large carbon footprint. 

Researches have shown that these conventional energy-intensive separation approaches 

account for 10–15% of the world’s energy consumption, which could leave a large 

carbon footprint [6]. Distillation also faces a big challenge in separating azeotropes due 

to the similar boiling point of each component [11]. All these limitations motivate 

engineers and scientists to explore new environmentally-benign alternative separation 

technologies. 
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1.2. Membrane technologies and membranes 

Membrane separation technology, emerged in 1960s, is an established separation 

process for both gaseous and liquid feed streams, with demand for membranes ranging 

from pore sizes of several hundred nanometres down to <1 nm. Due to the advantages 

of small footprint, high efficiency and integration, and less energy consumption, the 

membrane technologies show great potential in replacing the traditional thermal-based 

separation processes and becoming the mainstream in the global separation and 

purification market [12-14]. By using a driving force, the membrane technology can 

selectively separate molecules from mixtures through pressing the mixture to pass 

through a thin film having specific pore size. Membrane technologies encompass the 

construction of membrane modules and membrane fabrication. According to the pore 

size of the separation membrane, the most interest membrane technologies can be 

roughly divided into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 

reverse osmosis (RO) and forward osmosis (FO) technology (Table 1.1). The MF 

technology can reject microorganisms or solid particle with a particle size of around 

0.1-10 μm. UF technology can reject particles with a particle size between 10-100 nm, 

such as high molecular polymers, proteins, polysaccharides and other macromolecules. 

NF technology can achieve the screening of monovalent and divalent salt ions. In RO 

technology, all substances except water molecules can be rejected including the 

monovalent salts. In addition to the above-mentioned pressure-driven membrane 

technologies, the FO technology uses the osmotic pressure difference of solutions on 

both sides of the membrane as the driving force to realize the spontaneous transport of 

water molecules across the membrane. There are many types of membrane separation 

technologies. Appropriate separation and purification solutions can be selected 

according to actual needs and application scenarios, which greatly improves the 

recycling efficiency of water or solvent resources, and brings convenience to 

production and life. At the same time, as the complexity of the application system 

increases, more and more problems are highlighted in practical applications, such as 

membrane fouling, membrane material solvent tolerance and other issues. Therefore, 
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membrane separation technology puts forward higher requirements for membranes. 

Table 1.1. Types of membrane technologies [12]. 

 
 

Membrane pore structure is one of the most important properties of a membrane, as 

it largely determines the selectivity as well as the permeability of a membrane. 

According to the uniformity of membrane structure, the membrane can be roughly 

divided into symmetric, asymmetric and composite membrane as shown in Figure 1.1 

[9]. For the symmetric membranes, it is fabricated by using one material through phase 

inversion, particle stretching and dry-stretching [14, 15], and electrospinning [16, 17]. 

The pore diameters do not vary over the entire cross section of the membrane, and the 

membrane flux is mainly determined by the thickness of the membrane [12]. Most of 

the MF and some of the UF membranes are symmetric-structured and have a relatively 

wide pore size distribution (PSD). However, this wide PSD has significant disadvantage 

of greater sensitivity to fouling because the largest pores initially take a 

disproportionate flux (flow ∝  dpore
4) making them susceptible to blocking [18]. 

Therefore, membrane scientists come up with the asymmetric membrane structure to 

shrink the pore size and obtain an isoporosity of membrane pores. The integrally 

skinned asymmetric (ISA) (also termed as asymmetric membranes) membranes are also 

composed of the same polymer but possess an asymmetric structure where the skin 

layer is present on top of the membrane. Most of the UF membranes and some loose 

NF membranes are asymmetric membranes which can also be fabricated through phase 

inversion method and have a much smaller pore size [19, 20]. To further enhance the 

flexibility on membrane structure tailoring to enhance the performance, composite 
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membranes were developed which contain a substrate layer and selective layer. 

Normally, composite membranes are made in a two-step process: (1) fabricating a 

microporous substrate and (2) depositing/casting a barrier/selective layer on the surface 

of the microporous substrate layer. This approach offers great flexibility for selecting 

different materials to tailor the membrane structure and properties, and greatly bring 

the membrane performance to the level that other symmetric and asymmetric membrane 

ever reached before. 

 

Figure 1.1. Types of membrane according to membrane structure [9]. 

 

Since the fabrication of selective layer can be quite flexible, this composite 

membrane structure has become a huge advantage for the membrane which requires a 

dense structure and high rejection rate, such as NF and RO membrane. Because of the 

higher density of the top selective layer, the membrane’s flux and selectivity are 

determined by this layer, while the porous sublayer has little impact on the membrane 

separation properties. There is an obvious trend that thinner and denser selective layer 

can ensure a higher membrane performance, and therefore a new concept of thin-film 

composite (TFC) membrane occurred. Numbers of methods, such as dip-coating, spin-

coating, casting a diluted volatile solution containing a polymer on the substrate [21], 

and interfacial polymerization (IP), have been developed to fabricate this thin selective 

layer with a thickness lower than 1 μm. Among them, the method of IP has achieved a 

great success in fabricating a polyamide (PA) selective layer for TFC membrane. Due 

to the standard fabrication routine, easy amplification and high separation efficiency, 

the TFC PA membranes have become one of the most widely used membrane for 

separation in various scenarios including aqueous and non-aqueous application, which 

are also the main research target of this study.  
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1.3. Overview of thin-film composite polyamide membranes 

Membrane technologies can acquire increasing popularity and widespread 

application, which is inseparable from the development and preparation of high-

performance separation membranes. Since 1965, Morgan proposed the first concept of 

using interfacial polycondensation reaction to prepare highly cross-linked and ultrathin 

polymer films [22, 23], the IP-prepared TFC PA membranes have been considered as 

one of the most important breakthroughs over the past decades. In this section, an 

overview of TFC PA membranes (hereinafter referred to TFC membrane) is given from 

the perspective of their unique structures and versatile applications. Later, unremitting 

endeavors on improving the TFC membrane performances are elaborately discussed in 

the following. 

1.3.1. Structure of TFC membranes 

Typical TFC membranes have an asymmetric structure and compose of a porous 

substrate layer and a dense PA selective layer which is prepared via IP, as shown in 

Figure 1.2. The IP technique begins with impregnating a microporous support 

membrane with an aqueous solution of a reactive diamine monomer such as m-

phenylenediamine (MPD). Then, the porous sublayer membrane charged with the 

monomer is immersed into a water-immiscible organic solution containing a second 

reactive monomer such as a di/tri-acid chloride (e.g., trimesoyl chloride (TMC)). The 

polymerization of these two monomers occurs at the interface of two immiscible 

solvents and is diffusion-limited due to the high reactivity of the monomers. This 

interfacial reaction leads to the rapid formation of a highly cross-linked thin film layer 

that remains attached to the substrate matrix. The fabricated PA film with excellent 

solvents and acid/alkali-tolerance and heat-resistance is the core part of the TFC 

membrane [24], which largely determines the perm-selectivity of the TFC membrane. 

The PA layer does not appear any visible pores under an electron microscope, and is 

believed to be nonporous material which relies on solution-diffusion, steric hindrance 

or Donnan effect to achieve the selective penetration of molecules [25, 26]. It is 
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precisely because of the decisive role of PA layer that many studies are devoted to 

regulating the TFC membrane performance through modifying the PA layer (see 

Section 1.4.1 for more detailed discussion). For example, for the TFC membranes used 

in RO or FO applications, TMC is generally used as the oil-phase monomer, and MPD 

is used as the water-phase monomer. The resulting PA usually exhibits a large specific 

surface area with high cross-linking degree which ensures a high rejection rate for 

monovalent salts. For TFC membranes used in NF applications, selectivity is the key 

indicator to evaluate a NF membrane performance. Therefore, piperazine (PIP) is 

generally used as the water-phase monomer to prepare a PA layer with smooth surface 

feature and lower cross-linking degree. The prepared TFC NF membranes have 

excellent selectivity towards divalent salts or macromolecules. 

 

Figure 1.2. Schematic diagram of a typical TFC membrane formed using IP method 

between MPD and TMC monomers [14]. 

 

The porous substrate layer of TFC membrane is generally MF or UF membranes 

prepared using polysulfone (PSF) [27], polyethersulfone (PES) [28, 29], poly 

acrylonitrile (PAN) [30], polyimide (PI) [31], or other kinds of inorganic materials [32]. 

For a very long time, these substrate layers were believed to solely provide good 

mechanical integrity and low mass transfer resistance to the TFC membranes. However, 

studies have shown that the surface properties of substrate layer, such as hydrophilicity, 

roughness and porosity, also affect the PA formation to a large extent [33, 34]. For 
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example, Ghosh [35] et al. studied the effects of pore size, porosity and hydrophilicity 

of the substrate on the PA formation. Their study found that the hydrophilic substrate 

membrane could lower the diffusion rate of IP monomer through forming hydrogen 

bonds, resulting in a PA layer with low cross-linking degree and poor selectivity. 

However, having a certain degree of hydrophilicity to the substrate is necessary for an 

integral PA generation, because it ensures a more uniform distribution and adsorption 

of IP monomer during IP reaction. Not only hydrophilicity, other properties such as 

porosity and pore size also play a role in affecting the IP reaction [34]. These pioneer 

works have successfully drawn peoples’ attention to the importance of substrate 

membrane, and give inspirations to versatile solutions for improving the TFC 

membrane performances (see Section 1.4.2 for more discussion). 

1.3.2. Classic transport and rejection mechanisms in TFC membranes 

The mass transport in the dense, nonporous PA film of TFC membranes is governed 

by the solution-diffusion model [36]. Taking aqueous application as an example, water 

and solute molecules first dissolve into the PA layer, then diffuse through the PA matrix 

under chemical potential gradient, and then desorb into the permeate side. The 

separation of fresh water from saline water is achieved because of the difference in the 

permeabilities of water and solutes in polymer matrix. The water flux, 𝐽𝑤, is described 

as  

𝐽𝑤 = 𝐴(∆𝑃 − ∆𝜋) 

where 𝐴 is the water permeability coefficient (or permeance), and ∆𝑃 and ∆𝜋 are the 

applied pressure and osmotic pressure differences across the PA layer, respectively. 

Similarly, the solute flux, 𝐽𝑠, is expressed by 

𝐽𝑠 = 𝐵∆𝐶 

where 𝐵 is the solute permeability coefficient and ∆𝐶 is the concentration difference 

across the PA layer. 

For a given membrane, the water and solute permeability coefficients of the active 

layer are determined by the intrinsic water permeability (𝑃𝑤) and solute permeability 

(𝑃𝑠), respectively:  
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𝐴 =
𝑃𝑤𝑉𝑤

𝛿𝑚𝑅𝑔𝑇
 

𝐵 =
𝑃𝑠

𝛿𝑚
 

where 𝑉𝑤  is the molar volume of water, 𝛿𝑚 is the film thickness, 𝑅𝑔 is the ideal gas 

constant, and 𝑇 is the absolute temperature. 

When plotting water-solute selectivity (Pw/Ps) versus water permeability (Pw) in 

Figure 1.3a, performance data of existing TFC membranes are mostly confined in the 

blue-box region, wherein the highest selectivity for a given permeability approaches 

the solid line. This line represents the trade-off relationship between permeability and 

selectivity, which is widely observed in membrane processes using synthetic polymer 

materials [25]. Ideal membranes are expected to have high values of both water 

permeability and water-salt perm-selectivity (i.e., the red-box region in Figure 1.3a). 

Nevertheless, such a combination is difficult to achieve, as most material properties that 

affect water permeability would in turn exert similar effects on solute permeability. 

 

Figure 1.3. (a) Permeability-selectivity trade-off relationship for TFC PA desalination 

membranes; (b) Correlation of crosslinking degree with salt rejection and perm-

selectivity of TFC membranes [36]. 

 

The permeability differences of water and solutes (water-solutes selectivity) in TFC 

PA membranes is determined by the combined mechanisms of steric hindrance, Donnan 

exclusion, and dielectric effect [26]. The steric hindrance is related to the pore size (or 
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free volume) of PA, which allows molecules with smaller sizes to permeate while 

keeping larger ones from doing so. The Donnan exclusion is governed by the fixed 

charge density on the membrane surface. For example, a negatively charged surface 

effectively rejects anions (e.g., SO4
2-). To maintain electroneutrality on both sides of 

the membranes, cations (e.g., Na+) are therefore also excluded by the membrane, 

leading to a good overall rejection of salts (e.g., Na2SO4). The dielectric effect is related 

to an energetic penalty that solutes have to pay while transferring from a solvent with a 

high dielectric constant (i.e., water) to a medium with a low dielectric constant (i.e., 

polymer membrane material). The presence of such an energetic penalty thus hampers 

the diffusion of solutes (e.g., salt ions) through the membrane [26]. 

 

Figure 1.4. (a) Fully aromatic polyamide based on TMC and MPD; (b) Semi-aromatic 

polyamide based on TMC and PIP. The symbol n denotes the degree of crosslinking (n 

has value in between 0-1; n=1 for fully cross-linked polyamide and n=0 for fully linear 

one) [37].  

 

The three solute rejection mechanisms discussed above are relevant to the material 

characteristics of the selective layer, which stems from the molecular structure of the 

PA materials. Taking cross-linking degree as an example, the PA forms a fully 

crosslinked structure (i.e., the “n” segment in Figure 1.4) with a monomer ratio of 3:2 

for MPD to TMC. In an actual IP process, some linear segments (i.e., the “1-n” segment 

in Figure 1.4) would also form under a monomer ratio of 1:1 for MPD to TMC. In this 

case, unreacted acyl chloride groups undergo hydrolysis to form carboxylic groups, 

thereby imparting a negative charge to the membrane surface. The crosslinked segments 
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more rigidly resist swelling due to the presence of chain linkages between polyamide 

backbones, thus impeding solute transport. In contrast, the linear segments are likely to 

undergo more severe swelling, which facilitates solute transport within the polymer 

matrix. As shown in Figure 1.3b, both NaCl rejection and perm-selectivity exhibit an 

overall good correlation with the crosslinking density, implying that increasing 

crosslinking segments is a feasible strategy toward the design of membrane with high 

water-salt selectivity. Noted that this is only one example of how material 

characteristics determine membrane transport properties. Efforts to elucidate the 

structure-property-performance relationship of the PA selective layer will be of 

paramount importance in guiding the future design of high-performance TFC 

membranes. 

1.4. Applications of TFC PA membranes 

1.4.1. Aqueous separations 

At first, the TFC membrane is mainly used in water treatment because these 

membranes were developed as a follow-up to the phase inversion asymmetric 

membranes to meet demand in the growing desalination industry in the 80’s [38]. The 

first commercialized IP-made TFC membrane was disclosed by Cadotte in 1985 [39, 

40]. The RO membranes produced by this technique exhibited a dramatically improved 

salt rejections performance and permeances in comparison to ISA membranes [41]. 

Today, most of the RO desalination plants use fully aromatic TFC membranes. The 

technology has further witnessed different membrane modules such as spiral wound, 

tubular and hollow fiber to enhance the separation with higher energy efficiency [12]. 

After decades of bursting development of TFC membrane in both scientific researches 

and commercialization, membrane manufactures are able to design the membrane for 

specific scenarios including seawater (SW) desalinations, brackish water (BW) 

desalinations, wastewater reuse, ultra-pure production for semiconductor, home-use 

water purifier, etc [9] (Table 1.2). For example, targeting to remove the trace 

contaminants of boron in seawater while maintaining a high seawater desalination 
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efficiency, the membrane manufacturer Toray recently released a fully cross-linked 

aromatic TFC membrane for SWRO coded TM820R. This membrane exhibited a water 

productivity of 35.6 m3/day with 99.8% of total dissolved solid (TDS) rejection, and 

95% of boron rejection which is a breakthrough among commercial SWRO membranes 

[42, 43]. For the BWRO, because of the much less salinity (1,500-10,000 mg/L) in BW 

than SW (average salinity of 35,000 mg/L), the operating condition for BWRO can be 

quite gentle than the SWRO system, which indicates the BWRO TFC membranes can 

be re-designed to adapt the BWRO system with high economic efficiency [44-47]. 

Some of the commercial BWRO membranes including BW30-365 from Dow™ 

Filmtec, BWRO TM720-370 from Toray Standard and ESPA3 from Nitto/Hydranautics, 

etc, have received great successes in dealing with the BW in real application [45]. 

Table 1.2. Commercial SWRO membrane material and configuration [43]. 

 
 

Different from the RO membranes which in principle require a high retention for all 

substances except water, the NF membranes lay more emphasis on selectivity. Thus, 

the TFC PA membranes used in NF application are more flexible in pore size and 
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selectivity which is a contribution of unique separation mechanism of NF membrane. 

Unlike the separation of TFC RO membrane is mainly governed by steric hindrance or 

size sieving (high density of selective layer to maintain a high retention for all 

molecules except water), the Donnan exclusion, which is a contribution of surface 

charge, plays a crucial role the separation using NF membranes. As discussed in 

previous section, the regulations of cross-linking degree and surface charges can be 

quite flexible though changing the ratio and species of IP monomer, which means the 

TFC membranes can meet the qualification for NF application through adjusting the 

properties of PA layer. Currently, several membrane manufacturers in the world have 

launched their TFC NF membrane products, such as NF 45 from Dow/Film Tec, NTR 

7450 from Nitto–Denko and UTC 20 form Toray Ind. Followed by the optimization of 

membrane configuration, these membrane products have been widely used in BW 

desalinations [48], mono-/di-valent ion separation [49], textile dye wastewater 

treatment [50] and other wastewater treatments. 

1.4.2. Non-aqueous separations 

Since the TFC membrane reached a huge success in aqueous applications, 

researchers start to exploit the feasibility of TFC membrane as an alternative of ISA 

membrane to use in non-aqueous separation such as solvent-solute separation or 

solvent-solvent separation. However, the application of TFC membrane in organic 

system lags behind at the beginning mainly owing to the poor solvent stability of 

conventional polymer substrate layer. Nevertheless, emerging solvent-resistant 

materials, such as polyimide (PI) [51-53], polyacrylonitrile (PAN) [54], polyvinylidene 

difluoride (PVDF) [55, 56], polytetrafluoroethylene (PTFE) [57, 58] and polyketone 

(PK) [59-61], etc., have been developed and utilized as substrate layer for TFC 

membranes, making the TFC membranes show great potential in non-aqueous 

application. One of the representative for non-aqueous separation is organic solvent 

nanofiltration (OSN) process, which uses external pressure as the driving force and 

allows to separate molecules with molecular weight around 200-1000 g/mol from 

organic solvents [62]. A pioneer work of OSN using TFC membrane was done by 
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Livingston and co-workers [31] where they prepared an ultrathin PA selective layer 

through controlled IP method to use for separating dyes from organic solvents. Due to 

the ultrathin PA layer thickness down to sub-10 nanometer, the TFC membrane with 

crumple micro-texture exhibited the excellent separation performance with methanol 

permeance up to 52 L m-2 h-1 bar-1, and rejection of dye molecule methyl orange (MO, 

327.3 g/mol) up to 98.9%.  

Another attempt of TFC membrane for non-aqueous separation is the solvent-solvent 

separation which is commonly represented by the organic solvent reverse osmosis 

(OSRO) process. In sharp contrast to OSN (solvent-solute) separation with distinct 

difference in size, the OSRO (solvent-solvent) separation places much greater demands 

on the structural regulation of membranes since the size difference of different solvents 

is very small. Shortly after cellulose acetate (CA) membranes were first used in water 

RO [63], attempts were taken to use this membrane to separate alcohol/hydrocarbon 

mixtures [64, 65]. Later, membranes made from polyacrylonitrile (PAN) [66], cellulose 

acetate butyrate (CAB) [67], polyethylene (PE) [68], perfluorodioxole copolymer [69-

71], silica-zirconia [72], organosilica [73], polyamide-imide Torlon® [74], 

polydimethylsiloxane (PDMS) [75], and metal oxides/polymer of intrinsic 

microporosity 1 (AlOx/PIM-1) [76] were developed. However, these membranes still 

suffer from insufficient separation performance or large-scale fabrication. Recently, 

with using of solvent-resistant materials as substrate, the TFC membranes have shown 

the potential in the OSRO process [61, 77, 78]. Liu et al. [61] reported a polyketone 

(PK)-based TFC PA membrane used in OSRO process for separating aliphatic alcohols, 

aliphatic alkanes, and aromatic compounds from methanol. Superior separation 

performances and long-term stability were achieved for methanol/toluene (9:1, weight 

percent) mixture with separation factor of 8.4 under operation pressure of 3 MPa. It is 

noteworthy that the permeance of the PK TFC membrane was 0.17 L m-2 h-1/bar, much 

higher compared to the permeance of the organosilica membrane (0.01 L m-2h-1/bar). 

This significant enhancement demonstrated the contribution of thin, dense, and 

crumpled structure of the PA separation layer. 

Over the past decades, the TFC membranes have fully proven their excellent 
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performance in both aqueous and non-aqueous separation. However, the TFC 

membranes are still in their infancy. Those brilliant research works give an impressive 

start on understanding not only the transport mechanism in PA layer, but also the 

structure-performance relationship, which open up a new prospect on pursuing 

modifications to improve the TFC membrane performances in both aqueous and non-

aqueous applications.  

1.5. Performance optimization of TFC PA membranes 

Given that the wide use of TFC membranes in both aqueous and non-aqueous 

application, extensive works have been done to improve the TFC membrane 

performances for different purposes, such as high separation performances, antifouling 

and chlorine-resistance in water RO process. However, regardless of the applications 

and purposes, modifications for TFC membranes can be essentially sorted from three 

aspects: modification of PA selective layer, modification of substrate layer and structure 

design: interlayer.  

1.5.1. Modification of PA selective layer 

Modifying the PA selective layer is, potentially, a direct strategy for fabricating a 

high-performance TFC membrane, and this strategy has been a topic of interest for quite 

some time. The PA modification roughly includes two ways: the bulk modification (e.g., 

introducing new IP monomers and embedding nanofillers/additives) and surface 

modification (e.g., grafting and coating after IP).  

Regardless for aqueous or non-aqueous applications, the objectives of introducing 

new IP monomers, nanofillers or additives, in essence, are to increase the transport 

channel and to regulate the PA properties. New monomers can regulate the PA chain 

structure on a molecular level through forming amide bond in the IP reaction. The 

monomers can be either amino functionalized or acyl chloride functionalized, 

differential in reactive activity and targeting dissolving phase. Compared to acyl 

chloride functionalized monomers which are highly reactive and easy to hydrolyze [79], 

the amine functionalized monomers are more developed because of the easy synthesis 
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and chemical stability. Planar molecules are initially used as co-/sole monomer to 

synthesize PA films with different cross-linking structures which highly correlate to 

separation performances. Jin et al. [80] reported a TFC NF membrane fabricated using 

2,2’-oxybis-ethylamine (2,2’-OEL) as the co-monomer with PIP. The prepared TFC 

membranes had a high flux at 35.6 L-1m-2/h despite the salt rejection slightly decreased 

(Figure 1.5). 

 

Figure 1.5. (a) IP reaction using 2,2’-OEL and PIP as monomers; Flux (b) and rejection  

(c) of TFC membranes with different 2,2’-OEL blending [80].  

 

Generally, incorporating new IP monomers often leads to a decrease on cross-linking 

degree of PA, further resulting in increased permeances but compromised rejections. 

However, this rejection compromise can be tolerated depending on the substances have 

to be rejected. Novel monomers having specific functional groups, such as zwitterion 

[81-83] and fluorine [78, 84], were further designed to provide additional contributions 

on regulating the surface properties of PA, since performances such as antifouling or 

solvent separation are surface charge-dependent or polarity-dependent [71]. Kushida et 
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al. [78] regulated the polarity of PA layer with using fluorine-content molecules (5-

Trifluoro-1,3-phenylenediamine (TFMPD)) as the IP monomer to reach with TMC 

(Figure 1.6). Due to the fluorine element, the PA layer turned to less polar and allowed 

the permeation of nonpolar solvents, such as aliphatic and aromatic hydrocarbons, 

which could not permeate through the conventional hydrophilic polyamide membranes 

using MPD as a diamine monomer. The membrane was used to separate toluene from 

toluene-containing solvent mixtures, with selective permeation of toluene and 93.9% 

rejection of 1,3,5-triisopropylbenzene (TIPB). 

 

Figure 1.6. IP reaction of TFMPD and TMC [78]. 

 

As investigations on understanding the free volume of selective layer going far, 

molecules with non-planar structure or intrinsic cavity, such as 3D dendritic 

poly(amidoamine) [85], contorted phenol and naphthol [51, 53, 86], acyl chloride-

functionalized triptycene  [79, 87], amine-functionalized porphyrins [88], pillar arene 

[52, 89], cyclodextrin (CD) or amino-cyclodextrin [90-93] and molecular water-wheel 

Noria [94-96], were applied as IP monomers to fabricate a selective layer with abundant 

interconnected micropores and high microporosity. Taking the advantage of 1,1’-Bi-2-

naphthol (BINOL) with unique contorted configuration with a rotatable axis linking 

two rigid naphthyl rings, Fu et al. [53] successfully synthesized a polyarylate (PAR) 

selective layer using a tetrafunctional BINOL-based monomer 7,7’-dihydroxy-2,2’-

binaphthol (7,7’-OH-BINOL) with a rotatable highly kinked unit, as the sole aqueous 

monomer to react with TMC. The unique molecular structure endows the membrane 

with ultrahigh fractional free volume (FFV) of 21%, and exhibits very high solvent 

permeability when applying in OSN application. Xiong et al. [93] reported a 

ethylenediamine (EDA)-functionalized β-cyclodextrin (β-CD) to be used as the IP 



18 

monomer to synthesize a selective layer with intrinsic CD cavity (Figure 1.7). This 

TFC membrane was tested in NF application, and showed water permeance of 13.5 Lm-

2h-1/bar and high rejections to common salts (e.g., Na2SO4, MgSO4) because of the pore 

size exclusion effect of β-CD and the negative charge of the membrane. 

 

Figure 1.7. (A) Reaction scheme of the interfacial polymerization between β-CD-EDA 

and TMC (B) possible pore structures in the selective layer of TFC_β-CD-EDA 

membrane [93]. 

 

Aside from using new IP monomers, blending nanofillers or additives into aqueous 

or organic IP phase can also be used to modified the PA layer. However, nanofillers 

often encounter bad compatibility with material body and easy agglomeration [97]. To 

fix this problem, functionalized nanofillers were synthesized to better combine with the 

material through chemical bonding. The most commonly used nanofillers include 

graphene quantum dots (GQDs) [98], graphene oxide (GO) nanosheets [99] and metal 

organic frameworks (MOF) nanoparticles [100]. With the help of nanofillers, enhanced 

membrane permeances could be achieved with slightly compromise on rejection. Thus, 

such nanofiller modifications are often reported for TFC NF or OSN membranes as less 

density of the selective layer is acceptable. Additives such as surfactant (e.g., Sodium 

dodecyl sulfate (SDS) [101]) and zwitterionic molecules (e.g., 1,3-propanesultone (1,3-
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PS) [102]) can regulate the PA formation through affecting the IP monomer diffusion. 

For example, Zhang et al. [102] used 1,3-PS as the additive to blend into the organic IP 

phase. The 1,3-PS molecules can interact with MPD by hydrogen bond and hinder MPD 

diffusing farther from the interface, further causing a mild and uniform reaction process. 

Thinner multilayer PA structure can be formed via a mild and uniform interfacial 

polymerization process, achieving larger surface area, which is responsible for the 

improved water flux.  

Due to the self-limitation of IP reaction and the multi-functionalities of IP monomer, 

active sites could be generated and remained on the PA surfaces. These active sites can 

be the unreacted acyl chloride groups from organic phase monomers, carboxyl groups 

hydrolyzed from acid chloride monomer, and the amide bond or amine groups in PA 

molecular chain, which provide abundant surface grafting or coating modification 

feasibilities. Moreover, compared with the introduction of new IP monomer, the surface 

modification has less impact on the cross-linking structure of PA, as the process are 

often conducted on an already-formed PA layer. The grafting method is more stable 

than the coating method since there are chemical bonds connected between molecules 

and the PA molecular chain. The grafting molecules can be specifically designed to 

impart the selective layer with desired surface properties such as hydrophilicity, polarity 

and chargeability [103]. For instance, hydrophilicity and neutral-charged property are 

matters when antifouling property is desired for the membrane used in water treatment. 

With this requirement, a great interest of grafting zwitterionic molecules onto the PA 

surface is catching attention due to the superior hydration capacity and electrostatic 

interaction shielding effect of zwitterionic molecules [104]. Aside from grafting or 

coating small molecules such as zwitterion [105, 106], polymers having linear or 

branched structure such as polyvinyl alcohol (PVA) [107, 108], poly(methacrylic acid) 

(PMA) [109, 110], polydopamine (PDA) [111-113], polyethylene glycol (PEG) [114-

116], hyperbranched polyethyleneimine (PEI) [117, 118], hyperbranched poly(amine 

ester) (PAE) [119], hyperbranched polyglycerol (hPG) [120] and poly(amidoamine) 

(PAMAM) [121, 122], have also been applied to surface grafting or coating. 
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1.5.2. Modification of substrate layer 

The formation of PA layer is significantly controlled by the diffusion rate of diamine 

monomer from the substrate pores to the organic phase. Thus, the growth of the PA 

layer is generally known as a self-limiting diffusion-controlled process [23, 123]. 

Considering the IP reaction take places in-situ on the surface of substrate, that gives the 

fact that the substrate inevitably plays a non-negligible role in the TFC membrane 

performance and PA formation. Prominent research works have given profound 

investigations on the substrate properties functioning in shaping the PA layer and 

membrane performances from the perspective of, for instance, hydrophilicity and pore 

size.  

The IP monomers in aqueous phase tend to absorb more on the substrate with 

hydrophilic surface and large pore size, which could result in a retarded release of 

aqueous monomer when triggering the IP reaction. In addition to influencing the 

absorption and distribution of IP monomer, the pore size is also highly related to the PA 

intrusion which show a great relation to the transport resistance of the TFC membrane 

[124]. In the light of the above, strategies such as hydrophilic modification or pore size 

tailoring were applied to the modification of substrate layer to further influence the PA 

formation [125].  

The commonly used hydrophilic modifications for substrate layer include plasma 

treatment, surface grating and coating, additive blending. The plasma treatment gained 

popularity for the hydrophilic modification, as it can generate oxygenated hydrophilic 

moieties with little affecting the pore size and porosity. This method has been proved 

to be prominent in enhancing the hydrophilicity of substrate made by polyvinylidene 

fluoride (PVDF) [126], polypropylene (PP) [127, 128], polyethylene (PE) [129] and etc. 

For example, Park [129] et al. reported a TFC PA membrane fabricated using a plasma-

treated PE membrane as the substrate layer. The water contact angle (WCA) of PE 

membrane can be dramatically reduced from ~120° to ~43° by increasing the plasma 

exposure time. The optimal TFC membrane prepared using a PE substrate with a WCA 

of 75° exhibited~30% higher water flux than a commercial RO membrane. Similar with 
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the surface grafting and coating modification of PA layer, these ingenious surface 

modifications are also applicable for substrate layer. Materials such as polydopamine 

(PDA), polyethylene glycol (PEG), zwitterionic molecules were induced onto the 

substrate surface to control the IP monomer release, further forming a PA layer with 

different properties [130]. 

Different from the surface modification only giving a difference in hydrophilicity on 

substrate surface, blending additives into substrate matrix is another way to tailor the 

hydrophilicity integrally. Due to the additive blending occurring before the membrane 

fabrication, such as nonsolvent-induced phase separation (NIPS) process, this method 

is sometime accompanied by changes in membrane structure and pore size. However, 

the overall hydrophilicity can not only influence the storage and release of IP monomer 

during PA formation, but also has an effect on reducing the transport resistance when 

molecules passing through the membrane. This is particularly important to reduce the 

internal concentration polarization (ICP) phenomenon of the forward osmosis 

membrane. Additives such as zwitterionic polymer, PEG and PDA are blended into the 

membrane matrix to improve the hydrophilicity of the substrate. Also, the additional 

functional groups induced by additives could interact with IP monomers by covalent 

bond, hydrogen bond and etc., further influencing the PA formation. 

 

Figure 1.8. Pore size regulation of PK (a, number after sample name represents the 

methanol concentration in coagulation bath [131]) and PSF (b, numbers after sample 

number represent the PSF concentration in casting solution: 20 wt%, 18 wt%, 16 wt%, 

14 wt% and 12 wt% correspond from S-1 to S-5). 
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For the pore size regulation, the commonly used method is tuning the pore size from 

the fabrication step, such as changing the fabrication condition. For example, Guan et 

al. [131] regulated the pore size of PK through changing the coagulation bath 

composition (Figure 1.8a), then compared the performance of corresponding TFC 

membranes in RO process. Yasukawa et al. [132] investigated the influence of PK 

substrate thickness on pore size and FO performance of resulting TFC membrane. 

Zhang et al. [133] studied the solid content of PSF substrate (Figure 1.8b) and the 

impact of support surface pore characteristics on the active layer formation process and 

the accordingly obtained active layer properties.  

1.5.3. Structure design: Interlayer 

Other than the modifications of PA layer and substrate layer mentioned here, a novel 

membrane structure design has gained interests among membrane communities to 

improve the TFC membrane performances. The traditional substrate membrane 

structure tailoring methods, such as adjusting the solid content, membrane thickness, 

and composition of the coagulation bath during the NIPS fabrication process allow 

control over pore size, surface morphology, and other membrane characteristics. 

However, problems also occur along with these methods. For example, decreasing 

membrane thickness and creating a denser structure may impact the mechanical 

strength and decrease permeance due to the increased mass transfer resistance.  

To achieve a balance between structural integrity and performance, the interlayer 

intercalation strategy intrigues membrane scientists due to its less substrate-dependence. 

The interlayer intercalation has been demonstrated as an effective way to enhance the 

membrane performance from the perspectives of gutter layer effect [134-136], substrate 

surface property regulation [137, 138], IP reaction facilitation [58] and PA intrusion 

prohibition [138, 139]. Tang et al. did a series of work on proving the gutter layer effect 

of interlayer from both experimental and modeling [135, 136]. Separately, the interlayer 

is reported to act as a “storage” for the aqueous diamine monomer and facilitate the 

following interfacial polymerization process by controlling the release of IP monomer 

[59, 130, 140]. Shen et al. [130] introduced a PDA interlayer onto PES substrate, and 
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tested the MPD storage and release rate during the IP reaction (Figure 1.9). Results 

show that the PDA can help to adsorb more MPD molecules and restricted the MPD 

release when IP reaction occurred, resulting in a PA selective layer with ultrathin 

thickness of ~26 nm, which is a sharply decrease compared with conventional PA layer.  

 

Figure 1.9. Schematic of the PDA decoration for an ultrathin and nanostriped PA 

membrane for high-performance RO [130]. 

 

Different from the blending method which always suffers from the agglomeration 

and compatibility problem, the interlayer working as an individual layer between 

selective layer and substrate layer can be less affected by these problems, providing 

substantial choices on interlayer materials. Upon the obvious significance of interlayer 

on membrane performances, abundant attempts were conducted with regards to 

different interlayer materials, which are detailly sorted in following section.  

1.6. Kinds of interlayer materials 

Membrane scientists have developed several materials that can be used to fabricate 

interlayers, such as three-dimensional (3D) nanoparticles (e.g., SiO2 [141], zeolite 

[142], ZIF-8 [123, 143]), two-dimensional (2D) nanosheets or nanoplates (e.g., 

graphene oxide (GO) [144, 145], MXene [146]) and one-dimensional (1D) nanotubes 

or nanowires (e.g., carbon nanotubes (CNTs) [137, 138, 147, 148], cellulose 

nanocrystals (CNCs) [149-151]). The specific chemistry of each interlayer material can 
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bring different influences on the as-prepared TFC membrane performances [134].  

1.6.1. Three-Dimensional nanoparticles 

ZIF-8 is a common MOF material which consists of metal ions/clusters coordinately 

linked by organic ligands [152]. The microporous structure of ZIF-8 demonstrates the 

feasibility of using ZIF-8 as a material of separation material [153]. In Wang’s work 

[154], a ZIF-8 interlayer were introduced between PA selective layer and PSF substrate 

layer. The as-prepared TFC membranes were optimized upon the thickness of ZIF-8 

interlayer which can be controlled by changing the quantity of ZIF-8 in in-situ growth 

procedure. The optimal interlayered ZIF-8/PA membrane achieved high water flux up 

to 27.1 kg m-2 h-1 and dye rejection rate of 99.8%. Both the permeance and selectivity 

of interlayered membrane are higher than those of conventional PA/ZIF-8 TFN 

membrane, thanks to more ZIF-8 with fewer aggregates in the interlayer as well as the 

regulated PA structure. Other kinds of MOF nanoparticles such as MIL-101(Cr) [155], 

ZIF-93 and HKUST-1 [156] were also be used for constructing interlayer by Langmuir-

Schaefer (LS) methodology and in-situ growth on substrate, respectively, which have 

been proved to be beneficial to the TFC PA membranes with improved performance for 

removing pharmaceutical compounds from both organic solvent and water. 

 

Figure 1.10. Some of 3D nanoparticles used to prepare interlayer. (a) ZIF-8&67 

nanoparticles [143]; (b) SiO2; (c) 32-amines terminated polyamide dendrimer. 

 

Nanoparticles such as SiO2 [141, 157], PDA [140], zeolite [142], polyamide 

dendrimer (PAMAM) [158] can also be used as interlayer materials (Figure 1.10). 

However, it should be aware that some interlayers of 3D nanoparticles are less uniform 

and even cannot be defined as a continuous layer due to steric configurations. Despite 
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this, researchers still distinguish them as interlayers because they are separately 

introduced or in-situ growth.  

1.6.2. Two-Dimensional nanosheets 

To prepare a true layer structure, researchers turn to using 2D nanomaterials to 

prepare the interlayer (Figure 1.11). The graphene oxide (GO) nanosheets have been 

widely studied as the right material to make novel separation membranes via layer-

stacking techniques, due to their great flexibility of controlling the spacing [159, 160]. 

The features of high-aspect-ratio geometry and easy stacking to form a continuous and 

uniform layer make GO a possible candidate as interlayer materials [144, 161, 162]. 

However, the swelling and unstable problem in liquid environment limit the use of pure 

GO nanosheets as the interlayer [163, 164]. Regarding the concern about stability, 

modification of GO nanosheets should be conducted prior to formation of a GO 

interlayer. Li et al. [165] crosslinked the GO nanosheets using ethylenediamine (EDA) 

before preparing the GO interlayer. The crosslinked GO interlayer was quite stable in 

solvent environment, and the optimized PA layer showed ultralow average roughness 

(only about 2 nm) and ultrathin average thickness (about 15 nm). The membrane 

exhibited a high rejection rate of >98% for rhodamine B after immersing in pure N, N-

Dimethylformamide (DMF) at 80 °C for more than 160 days. Other GO modification 

such as PDA [161] can also improve the stability of GO nanosheets when preparing the 

interlayer.  

As another type of 2D nanosheets, MXene has properties such as a large surface area, 

abundant nanochannels, hydrophilicity, and a good mechanical property [166, 167]. 

Recently, the MXene membrane have shown its great potential in being apply to 

molecular separation [168, 169], making it becoming a promising material for interlayer 

fabrication. Wu et al. [146] deposited an interlayer of MXene nanosheets on a nylon 

substrate to carry out the IP reaction. The fabricated MXene-interlayered TFC FO 

membrane demonstrated simultaneously improved water flux and reduced reverse salt 

flux, which breaks the trade-off phenomenon between the permeability and selectivity 

of TFC membranes. Further, the optimized TFC membrane demonstrated its potential 
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for organic solvent recovery with high ethanol fluxes of 8.0 L m-2 h-1 in the active layer 

faces to feed solution (AL-FS) mode and 9.5 L m-2 h-1 in the active layer faces draw 

solution (AL-DS) mode with low reserve salt fluxes. Besides the cases of using pure 

MXene as interlayer, a combination of MXene with other nanomaterials such as CNT 

[170, 171] and CNC [149] were also a smart choice for preparing the interlayer from 

the perspective of controlling the layer spacing of MXene and providing multiple water 

transport path. The resultant interlayered TFC membranes were examined in both FO 

and NF application, and enhanced performances were demonstrated.  

 

Figure 1.11. Some of 2D nanosheets used for preparing interlayer; GO [145], MXene 

[168], 2D MOF nanosheets Cu THQ [172] and Cu-TCPP [56]. 

 

The 2D MOF nanosheets such as Cu-TCPP is another good option for fabricating 

interlayer [55, 56], and the as-prepared MOF-interlayered TFC membrane exhibited 

excellent separation performance in OSN process. As researches on 2D interlayer 

deepening, problems with 2D interlayers become apparent, such as swelling, poor 

stability and high transfer resistance caused by tortuous transport pathway in such dense 

lamellar structures. The stability of the stacked layer is a common concern for the 

application of 2D membranes. Therefore, whether a TFC PA membrane with interlayer 

stacked by 2D nanosheets can exist stably between the substrate and PA layer is a crucial 

issue limiting its further application. 



27 

1.6.3. One-Dimensional nanotubes and nanowires 

To deal with the problem of stability and transport resistance of 2D interlayers, the 

1D nanotubes and nanowires were used as the interlayer materials as they have a high 

length-to-width aspect ratio (Figure 1.12), which is beneficial to form a porous network 

with less transport resistance in a 2D way. An earlier attempt on using 1D nanowires as 

an interlayer was released by Livingston et al. [31], where a Cd(OH)2 nanostrand was 

introduced onto the substrate and served as a reservoir for the aqueous solution of MPD 

and controlled the release of MPD further to tailor the structure of PA layer.  

 

Figure 1.12. SEM images of interlayers prepared using different 1D nanotubes and 

nanowires of CNC [149], CNT [148] and Cd(OH)2 nanostrand [31].  

 

Later, research works using carbon nanotubes (CNTs) [32, 58, 137-139, 148, 173, 

174], cellulose nanocrystals (CNCs) [150, 151] and halloysite nanotubes (HNTs) [175] 

as interlayer materials were released, and the resultant interlayered TFC membranes 

have demonstrated enhanced separation performances in both water treatment and 

organic solvent treatment. Wang et al. [150] fabricated a TFC membrane using CNC as 

an interlayer. The influence of CNC loading amount on PA properties and TFC 

membrane performances were investigated. Results show that the cross-linking degree 

of PA layer decreased with increasing the CNC loading amount, which could be 
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attributed to the regulation of CNC to the IP reaction. However, the hydrophilic CNC 

interlayer also facilitated the water permeation during the NF process, making the TFC 

membranes exhibiting an ultra-high water permeation flux of 204 L m-2 h-1 with a 

Na2SO4 rejection of 96.7%. 

Among these 1D interlayer materials, the CNT is the most widely used one due to its 

easy access, attractive smoothness, and hollow inner structure, which facilitate the rapid 

transport of water molecules inside and along the CNTs. The 1D steric configuration 

permits them to tightly stack into a continuous and homogeneous network and deposit 

onto porous substrates, which favors the formation of a defect-less overlying PA layer, 

thereby allowing for CNT-interlayered TFC membranes with high performance. 

Meanwhile, the specific functions of CNT interlayer are also under investigation to 

modulate the CNT interlayer from molecular level for better adapting to different 

application scenarios.  

1.7. Advantages of using CNTs as interlayer material 

With the use of CNT as the interlayer material, the CNT-interlayered TFC 

membranes are widely investigated in terms of the function of CNT interlayer and the 

different application. In this section, the regulation of CNT interlayer to the substrate 

layer and PA formation are summarized, and works on applying CNT-interlayered TFC 

membrane to different applications are reviewed.  

1.7.1. Regulation of CNT interlayer on substrate and PA formation 

As mentioned before, the 1D nanomaterials have more advantages than 2D and 3D 

nanomaterials in preparing the interlayer due to the formation of loose network with 

large specific surface area and less transport resistance. Similarly, the CNTs share their 

own advantages in comparison to CNCs and HNTs and other 1D nanomaterials from 

the following aspects: (1) CNT has much smaller diameter (e.g., <2 nm for single-

walled CNT) and is more line-shaped under a certain aspect ratio, making it more 

flexible in attaching on the rough surface than the rigid and rod-shaped CNC and HNT 

[150]; (2) the formed intertwined CNT network could exhibit much uniformed pore 
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size and smoother surface features which are believed to be beneficial to the following 

IP reaction; (3) the abundant functional groups around CNT surface give possibilities 

to chemical modifications for different purposes such as hydrophilic or hydrophobic 

modification.  

Given the advantages of CNT interlayer, it shows apparent effects on regulating the 

properties of substrate layer and PA formation. Shrinking the surface pore size, 

improving the surface porosity (depends on the structure of substrate), prohibiting the 

PA intrusion, and regulating the surface hydrophilicity and roughness is the main 

function that CNT interlayer can bring about [116, 117]. All these factors have been 

well demonstrated to be crucial factors for creating a detect-free PA layer. 

For TFC FO membrane, substrate with large pore size is necessary for facilitating the 

substance transport and reducing the ICP phenomenon in FO process. For this purpose, 

MF membranes are often chosen as the substrate due to the large pore size and less 

density. However, the PA formed on MF substrate is usually less integral with poor 

perm-selectivity, which is because the severe PA intrusion into the large inner pores of 

substrate. In this case, introducing a CNT interlayer becomes a facile way to shrink pore 

size with little influences on the overall structure of MF substrate. By introducing a 

CNT interlayer, Zhou et al. [138] successfully reduced the pore size of PES MF 

substrate from ~600 nm to ~20 nm before conducting the IP reaction on the CNT 

interlayer. Thanks to the formation of large leaf-like PA layer and inhibited PA intrusion, 

the resultant CNT-interlayered TFC FO membrane exhibited seven times higher water 

flux as well as comparable salt rejection compared to previously reported FO 

membranes. 

For expanding the application of TFC membrane to organic solvent separation, 

solvent-resistant substrate is an essential part for this purpose. Membranes such as 

PTFE and PVDF have become promising candidates for fabricating solvent-resistant 

TFC membrane. However, the hydrophobicity and large pore structures which are 

unpleasant features for IP reaction limit the further using of these membranes as the 

substrate of TFC membrane. Nevertheless, depositing a CNT interlayer can be a good 

way to solve the problem. Lu et al. [58] reported a fabrication of a high-permeance TFC 
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OSN membrane by the use of a PTFE MF substrate loaded with PDA-modified CNT 

network (PD/SWCNT/PTFE) as the support. A PA thin film has successfully grown on 

the surface of the CNT/PTFE composite membrane. The resulting PA TFC OSN 

membrane exhibits a high methanol permeance up to 13.2 L m-2 h-1 bar-1 with a rejection 

rate of 89.6% to 6-hydroxy-2-naphthalenesulfonic acid sodium salt (HNSA, 

Mw=246.21). 

Besides regulating the substrate properties, the CNT interlayer can also influence the 

PA formation through enhancing or reducing the storage and release of IP monomer 

[112], which could further lead to differences in PA shaping induced by the reaction 

heat and nanobubbles release [170, 176]. For example, Ye et al. [176] tested the PIP 

diffusion behavior on the tannic acid-Fe(III) (TA-Fe) functionalized CNT interlayer to 

verify the effect of interlayer on the storage and diffusion of PIP during IP reaction. 

Results show that the PIP diffusion was hindered by increasing the interlayer amount, 

which was a result of the CNT functionalization using TA-Fe who provided a superior 

affinity to PIP molecules [177]. 

1.7.2. CNT-interlayered TFC membranes used in aqueous and non-aqueous 

separation 

Over years, the CNT-interlayered TFC membrane have been widely investigated in 

NF [135, 147, 149, 176, 178], FO [171, 179] and RO [180, 181] applications. Gong et 

al. [139] reported a TFC NF membrane having a CNT interlayer. The structure and 

properties of PA active layer can be tuned by tailoring the properties of CNT interlayer. 

This TFC NF membrane exhibited a high divalent salt rejection (the rejection of Na2SO4 

and MgSO4 solution >98.3%) and dye rejection (the rejection of methyl violet 

(MV) >99.5%) with a high pure water flux around 21 L m-2 h-1 bar-1, which are quite 

competitive performances among the reported NF membranes. Song et al. [180] 

reported a CNT interlayer having oriented CNT embedding in the PA separation layer. 

These semi-oriented CNTs along the transmembrane direction were proved to play a 

function of artificial water channel. The final TFC RO membrane presented 

extraordinary separation performance with high water permeance of 3.88 L m-2h-1/bar 



31 

and NaCl rejection of 99.2%, which far surpasses that of the normal CNT-interlayered 

TFC RO membranes. 

After reaching success in aqueous separation, the CNT-interlayered TFC membranes 

are further applied to non-aqueous separation. One of the concerns of using CNT 

interlayers in organic solvent are their structural stability and the binding with 

substrates. Ye et al. [176] examined the structural stability of PTFE composite 

substrates coated with PDA-modified CNT layers (PD/SWCNT/PTFE) in various 

organic solvents by immersing the substrates in four organic solvents with different 

polarities, namely acetonitrile, methanol, DMF, and acetone. After 60-day soaking, the 

PD/SWCNT/PTFE composite substrates still maintain structural integrity, and no 

peeling phenomenon in the upper PD/SWCNT network film and no changes on their 

network structures were found, indicating that there is a strong binding force between 

the PD/SWCNT film and PTFE MF membrane. Zhou et al. [32] fabricated a CNT-

interlayered TFC membrane using α-Al2O3 inorganic membrane as the substrate. PA 

selective layer with enlarged surface area was formed on the CNT interlayer. Combined 

with the highly permeable inorganic support, this membrane resulted a significant high 

ethanol permeance of ~10.6 L m-2 h-1 bar-1 and a high rhodamine B rejection of ~99.8%, 

which was approximately 4-13 times higher than that of conventional TFC PA 

membranes fabricated on polymer supports. 

Due to the apparent performance enhancement of CNT-interlayered TFC membranes, 

more investigations on fabrication methods and structure optimization targeting 

specific applications are being conducted to further improve the membrane 

performances, which are imparting more potential in different processes.  

1.8. Current problems of CNT-interlayered TFC membranes 

Despite the plenty of works using CNTs as interlayer material to fabricate TFC 

membranes, there still some problems remain to be solved.  

The first problem is lack of the understanding of CNT interlayer on controlling some 

certain surface properties of PA such as surface charges. Throughout the current works 

on CNT interlayers, most of them focus on the applicability of CNT interlayers to 
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different substrates and applications. However, the specific role of CNT interlayer on 

tailoring the PA surface properties is also important since part of the membrane 

performances are highly related to the membrane surface properties. Taking the 

property of surface charge as an example, the charge property of a membrane surface 

has been demonstrated as a decisive role affecting the membrane fouling in water 

treatment. The negatively charged foulants tend to deposit on a positively charged 

surface due to the electrostatic interaction and vice versa. Therefore, a neutral surface 

charge property is preferred to alleviate the charge-induced foulant adsorption 

indistinguishably. Apparently, this concept also works for the CNT-interlayered TFC 

membranes with satisfactory antifouling performances. Unfortunately, there are little 

investigations regarding to this aspect, which requiring further works in the future. 

The second problem is the capability of CNT-interlayered TFC membrane to separate 

molecules with molecular weight less than 200 g/mol. The molecular weight cut-off 

(MWCO) is an important indicator to describe the pore size or rejection capability of a 

membrane in NF or OSN process. It refers to the lowest molecular weight solute (in 

g/mol) in which 90% of the solute is retained by the membrane. Although the CNT-

interlayered TFC membrane can achieve a very high rejection of NaCl (99%~99.6%) 

in aqueous separation, this good retention capacity may not maintain in organic solvents 

due to the subsistent interactions between organic solvents and selective layers, 

resulting in a relatively high MWCO value. Currently, the reported CNT-interlayered 

TFC membranes share a MWCO range from 250 to 350 g/mol in OSN separation, 

which is lack of dominance in separating molecules with much lower molecular weight. 

However, the remarkable permeance enhancement brought by CNT interlayer still 

intrigues people to apply it for membrane modification. In the view of this situation, 

attempts on fabricating the CNT-interlayered TFC membrane with low MWCO is 

necessary to enlarge the application window of membrane to molecules with much 

smaller molecular size, for example, from solvent-solute separation (i.e., OSN) to 

solvent-solvent separation (i.e., OSRO). Moreover, the influence of CNT interlayer on 

forming a high-quality PA layer and its resultant effects on non-aqueous separations is 

also imperative to further investigate. 
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1.9. Research motivations and strategies 

As seen from the above discussion, the CNT intercalation modification for TFC 

membranes still have plenty of room for improvement, calling for further investigations 

on in particular: (1) investigating the mechanism of CNT interlayer on shaping the PA 

morphology and surface properties; (2) reducing the MWCO of CNT-interlayered TFC 

membrane used in non-aqueous systems (i.e., OSN and OSRO). These motivations are 

therefore broken down into three works of this study: 

(1) Intercalation of carbon nanotubes intermediate layer and its role in regulating the 

properties and performance of the polyamide selective layer  

To figure out how the CNT intercalation modification influences the PA surface, a 

series of CNT-interlayered TFC membranes with different CNT interlayer thicknesses 

and IP monomer concentrations were prepared. By adjusting the amount of CNT, the 

PK surface properties was tailored. The function of CNT interlayer on shaping the 

morphology and structure of PA selective layer was studied through comparing the 

release of IP monomers. The effect of CNT interlayer on the membrane surface charge 

was investigated in terms of CNT interlayer thickness and IP monomer concentration. 

Finally, the antifouling performances were evaluated using surfactant and protein as 

model foulants. 

(2) Organic solvent nanofiltration using carbon nanotube-interlayered thin film 

composite membrane 

To acquire a TFC membrane with low MWCO for OSN application, the CNT-

interlayered TFC membrane was further examined in OSN process for the removal of 

small molecules with molecular weight less than 200 g/mol. A series of triple-layered 

TFC membranes with CNT loading amount from 0 to 22.3 ug/cm2 were prepared. The 

OSN performance of CNT-interlayered TFC membrane was fully investigated using 

dyes and drug molecules. The surface properties and chemical structure of PK substrate, 

CNT interlayer and PA selective layer were fully characterized. The long-term 

operation and solvent activation were performed to demonstrate the excellent 

separation capacity of TFC membrane. 
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(3) Molecular separation of organic solvent mixtures using carbon nanotube-

interlayered thin film composite membrane 

To further enlarge the separation scope on smaller scales, the solvent-solvent 

separation capacity of CNT-interlayered TFC membrane was examined in OSRO 

process for the first time. Since the CNT-interlayered TFC membrane has been well 

investigated in previous two works with enhanced performances demonstrated. Thus, 

in this work, a highly cross-linked tripe-layered TFC membrane was fabricated with 

using polydopamine (PDA)-modified CNT as the interlayer. Moreover, to illustrate the 

separation mechanism, the interactions between selective layer and different solvent 

mixtures were considered as one of the factors affecting the rejection, and were 

analyzed based on Hansen solubility parameters (HSP) theory by comparing the 

separation performances of three different kinds of solvent combinations. This work 

could provide insights on the design and fabrication of high-performance OSRO 

membrane also the understanding of solvent separation mechanism. 
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Chapter 2 Intercalation of carbon nanotubes 

intermediate layer and its role in regulating the 

properties and performance of the polyamide selective 

layer 
 

 

2.1. Introduction 

The exponential growth of the world’s population and rapid economic development 

have led to a significant increase in the demand for clean and accessible water [182]. 

To address the water scarcity crisis, seawater desalination and wastewater reuse are 

increasingly being employed to provide a fresh and clean water supply [183, 184]. Due 

to the costly nature of conventional thermal-based desalination processes and the need 

for sustainable and efficient solutions in augmentation of water supply, alternative 

methods, such as membrane filtration, have been explored to mitigate water scarcity 

challenges while conserving energy [185]. 

Membrane applications have evolved to highly efficient processes not only for 

desalination [186, 187], as well as treatment of wastewater and industrial effluents 

[185]. Reverse osmosis (RO) is a pressure-driven membrane process that has gained 

extensive recognition and is considered the foremost technology for desalination and 

water treatment [188]. RO is now being widely employed in various applications, 

encompassing selective separation, purification, and concentration processes [189]. RO 

is able to separate dissolved solutes, which include monovalent ions like Na+ and Cl- 

and organic molecules with low molecular weights, from water through a 

semipermeable membrane that allows water to pass through while selectively blocking 

solutes.  

An excellent membrane material candidate for RO is the thin film composite (TFC) 

membrane, which typically consists of a porous substrate and an ultrathin selective 
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polyamide (PA) layer prepared using interfacial polymerization (IP) [190]. Both the 

substrate and selective layers can be modified and controlled separately to achieve the 

desired properties and performance.  

To fabricate high-performance TFC RO membranes, substantial works were 

conducted in terms of modifying the substrate and selective layer. Wherein, the 

interlayer intercalation strategy intrigues membrane scientists due to its less substrate-

dependent. Moreover, the interlayer working as an individual layer between selective 

layer and substrate layer can be less affected by the agglomeration and compatibility 

problem, providing substantial choices on interlayer materials. Membrane scientists 

have developed several materials that can be used to fabricate interlayers, such as 

zeolite, ZIF-8, graphene oxide (GO), carbon nanotubes (CNTs) and cellulose 

nanocrystals (CNCs). Among them, the CNTs gained more interest to researchers due 

to their easy access, attractive smoothness, and hollow inner structure. The one-

dimensional (1D) steric configuration permits them to tightly stack into a continuous 

and homogeneous network and deposit onto porous substrates, which favors the 

formation of a defect-less overlying PA layer, thereby allowing for CNT-interlayered 

TFC membranes with high performance.  

On the other hand, the surface characteristics of TFC membranes are very important 

to ensure the quality of treatment process and managing surface interactions and foulant 

deposition mechanisms [191]. Roughness, porosity, pore size, exposed membrane 

surface area, polarity, and charge density all play significant roles in determining the 

performance of the membranes [192]. The membrane’s selectivity and anti-fouling 

performance largely depend on the charge of its surface, which is consequently 

influenced by the polarizability of the functional groups at the liquid-solid interface 

[193]. Therefore, there is a pressing need for a straightforward method to control 

surface charge. Many researchers have attempted to customize the charge of the 

membrane surface to achieve efficient separation without sacrificing permeability, 

especially for treating solutions containing charged substances. Among the methods 

performed for membrane surface charge engineering in literature include layer-by-layer 

assembly [194, 195], specialized IP process [196], and surface grafting [193, 197]. 
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These methods have certain limitations, such as multi-step operation, cumbersome 

process, and uncontrollable degree and rate of reaction [196]. Other earlier work on 

surface charge control of TFC membranes involve the quenching of residual acyl 

chloride groups in nascent PA films by secondary IP [198, 199] and regulation of the IP 

process to influence hydrolysis and cross-linking [200, 201]. 

Previous studies have demonstrated that CNT interlayer is a competitive material to 

modify TFC membranes by influencing the PA formation. However, the specific 

function of CNT interlayer thickness on shaping the PA morphology through affecting 

the IP has not been fully investigated yet. Moreover, the morphology of PA layer 

influences the permeability and selectivity of the membrane; however, the specific role 

of CNT interlayer on tailoring other surface properties, such as surface charge, which 

influences the performances of the TFC membranes for certain applications, such as 

fouling resistance and wastewater treatment, still remain unclear. 

In this work, a network of CNT was applied as a coating on a polyketone (PK) 

substrate to control its surface characteristics and act as an interlayer for PA formation. 

The influence of the intercalation of CNT interlayer on PA morphology transition was 

investigated by determining the influence of CNT interlayer thickness on IP monomer 

release during PA generation. Aside from its influence on the structure of the PA 

selective layer, the effect of CNT interlayer on the membrane surface charge was 

investigated in terms of CNT interlayer thickness and IP monomer concentration. The 

membrane performance of the CNT-interlayered TFC membrane was investigated, 

including for ammonium separation, which was earlier found to be influenced by the 

cross-linking degree and surface charge of the PA selective layer [198, 202, 203]. 

Finally, the fouling control performance of the CNT-interlayered TFC membrane was 

investigated against model foulants, such as protein, surfactant, and bacteria. This work 

provides practical experimental observations and data on the mechanism of CNT to the 

PA formation, which offers a new perspective for understanding the role of interlayer 

on membrane fabrication. 
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2.2. Experimental 

2.2.1. Materials 

Polyketone (PK) polymer with a molecular weight of 200,000 g/mol was supplied 

by Asahi Kasei Co., Ltd. (Japan). Single-walled carbon nanotubes (CNTs, length range: 

5–30 μm, diameter: < 2 nm, 95%) was purchased from Aladdin Chemical Co., Ltd. 

(China). 1,3,5-benzenetricarbonyl trichloride (TMC, 99%) and m-phenylenediamine 

(MPD, 99%) were purchased from Sigma-Aldrich Co., Ltd. (Japan). Resorcinol, 

sodium dodecyl benzene sulfonate (SDBS), acetonitrile, methanol, acetone, ethanol, 

isopropanol and hexane were purchased from Fujifilm Wako Pure Chemical Co. Ltd. 

(Japan). Deionized (DI) water was obtained from a water purification system 

manufactured (Merck Millipore Co., Ltd., Germany). Membrane testing was conducted 

with NaCl and NH4Cl, both supplied by Wako Pure Chemical Co., Japan. Fouling 

control studies were performed using lysozyme (LYZ) (Wako Pure Chemical Co.), 

Escherichia coli (E. coli, NBRC 3301, Biological Resource Center, National Institute 

of Technology and Evaluation, Japan). Cetyltrimethylammonium bromide (CTAB, 

Sigma-Aldrich Co., Ltd.), tryptic soy broth (TSB, soybean casein digest medium, pH 

7.3, Oxoid, Thermo Fisher Scientific, Japan) was used as the medium for E. coli culture. 

SYTO™ 9 green fluorescent nucleic acid stain (Life Technologies, Thermo Fisher 

Scientific) and glutaraldehyde (25%, aqueous solution, Sigma-Aldrich) were used for 

staining and fixing E. coli on the membrane surface. All chemicals were used as 

received without further purification. 

2.2.2. PK membrane casting 

The PK membrane substrate was fabricated by nonsolvent-induced phase separation 

(NIPS) [204]. Firstly, 10 wt% PK powder was dissolved in the mixture of resorcinol 

and DI water (35:65, wt%). The mixture was stirred at 80℃ for at least 5 h to form a 

homogenous casting solution. After overnight degassing at 60℃, the PK solution was 

cast onto a clean glass plate with a casting gap of 400 μm. Then, the casting plate was 

immediately immersed into a precipitation bath of methanol/water (35:65, wt%) for 20 
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min before transferring into pure acetone and hexane and immersing for 20 min each 

to make sure the membrane was fully washed. Finally, the PK membrane was dried in 

the air and stored for further used. 

2.2.3. Fabrication of PK-CNT substrates and TFC membranes 

To ensure the even coverage of the CNT layer, a dispersion process using SDBS 

surfactant was employed before coating. 10 mg SWCNT and 100 mg SDBS were 

dispersed in 100 mL of DI water. The mixture underwent probe sonication (SFX 250, 

BRANSON, Mexico) for 8 h and was then centrifuged at 10,000 rpm for 1 h. The 

supernatant, with a concentration of 0.098±0.011 mg/mL, was collected and used as the 

final CNT dispersion. 

To create the PK-CNT substrate, a specific volume of the CNT dispersion (ranging 

from 0.1 to 3 mL CNT dispersion, diluted to 80 mL using DI water before filtration) 

was filtered onto the PK membrane (effective membrane area: 12.56 cm2) using 

vacuum filtration method. The PK-CNT substrate was subsequently dried in an oven at 

45℃ for a minimum of 4 h and then stored at room temperature until use. The PK-CNT 

substrates were labelled as PK-CNT-x, with x representing the corresponding volume 

of CNT dispersion used during filtration. The CNT loading amounts corresponding to 

different filtration volumes of CNT dispersion were summarized in Table 2.1.  

Table 2.1. Sample names, CNT filtration volumes and their corresponding loading 

amounts.  
Sample CNT filtration volume (mL) CNT loading amount (ug/cm2) 
PK 0 0 
PK-CNT-0.1 0.1 0.74 
PK-CNT-0.3 0.3 2.23 
PK-CNT-0.5 0.5 3.71 
PK-CNT-0.7 0.7 5.20 
PK-CNT-1 1 7.43 
PK-CNT-1.5 1.5 11.1 
PK-CNT-2 2 14.9 
PK-CNT-3 3 22.3 
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The TFC membranes used in this work were fabricated through interfacial 

polymerization (IP) using MPD and TMC following the reported method. Briefly, the 

PK-CNT substrate was fixed on a glass plate with CNT side face to the air. Then, 2 wt% 

MPD aqueous solution was induced onto the CNT side. After prewetted for 2 min, the 

excess MPD solution was poured out and the underlying PK-CNT substrate was gently 

dried using an air brush with a pressure below 0.1 MPa. Subsequently, 0.1 wt% TMC 

solution in hexane was poured onto the CNT side to react with the MPD molecules for 

1 min. After removing the excess TMC solution, the nascent TFC membrane was 

further cured at 60℃ for 10 min. The control sample was also fabricated following the 

same IP procedure except using the pristine PK membrane as substrate. The fabricated 

membranes having different CNT loading amount were labelled as TFC-y which y 

represents the CNT filtration amount during fabricating the CNT interlayer. Unless 

stated otherwise, all TFC membranes were fabricated with an MPD concentration of 2 

wt%. All TFC membranes were preserved in DI water at 4℃ for further use. The 

membrane fabrication process was shown in Figure 2.1. 

 

Figure 2.1. Schematic diagram of the fabrication of CNT-interlayered TFC membranes. 

2.2.4. Membrane characterization 

The membrane surface and cross-section morphologies were observed using field-

emission scanning electron microscopy (FE-SEM, JSF-750F, JEOL, Japan) and 

transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan). The Image J 

software was applied to analyze the surface pore size and porosity changes of PK 

membrane before and after CNT deposition based on SEM images. The element 

composition was detected using X-ray photoelectron spectroscopy (XPS, JPS-9010MC, 

JEOL, Japan) with monochromatic Mg Kα excitation. Fourier transform infrared 
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spectrometer (FTIR, Nicolet iS50, Thermo Fisher, USA) were applied to analyze the 

surface chemical composition. The overall pore size distribution was detected using a 

liquid-liquid displacement porometer (LLDP, LLP-1200A, Porous Material Inc, USA). 

The membrane was initially soaked in isopropanol prior to displaced by a specific 

testing liquid Galwick® (surface tension: 15.9 dynes/cm) in a pore size measurement. 

The membrane surface hydrophilicity was measured by a contact angle analyzer (WCA, 

DM-300, Kyowa, Japan) with a droplet volume of 2 μL. All samples were fully dried 

in an oven at 60℃ overnight before characterizations and all tests were performed at 

room temperature. The surface zeta potential of the TFC membranes was evaluated at 

different pH values of 3 to 10 using an electrokinetic solid surface analyzer (SurPASS 

3, Anton-Paar GmbH, Austria). 

2.2.5. Measurements of MPD storage capacity and release rate of PK and PK-CNT 

substrates 

The MPD storage capacity and release rate of different substrate were determined 

according to a reported method [141, 205] (Figure 2.2). Briefly, a certain amount of 

MPD solution (2 wt%) was poured onto the top surface of substrate (membrane area: 

1.017×10-3 m2). After prewetting for 2 min, the excess MPD solution was removed from 

the substrate using air brush. Subsequently, the MPD-impregnated substrate was 

immersed into pure hexane without TMC. The concentration of released MPD in 

hexane was detected by an ultraviolet-visible (UV-vis) spectrophotometer (V-650KE, 

JASCO, Japan) based on a calibration curve of MPD concentration versus UV 

absorption at 295 nm (Figure 2.3). 

 

Figure 2.2. Schematic diagram of MPD storage capacity and release rate evaluation. 
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The MPD concentration variation (∆𝐶𝑜𝑛𝑐.𝑀𝑃𝐷−𝑂, g/L) within a certain time duration 

of 1 min (∆𝑡, min) was recorded and the release rate was represented as 𝑆𝑀𝑃𝐷−𝑂 (g L-1 

min-1) calculated based on the following equation:  

𝑆𝑀𝑃𝐷−𝑂 =
∆𝐶𝑜𝑛𝑐.𝑀𝑃𝐷−𝑂

∆𝑡
                                                                                               (2-1) 

Similarly, based on the stabilized MPD concentration after at least 6-h immersion, 

the MPD storage capacity 𝐶𝑀𝑃𝐷  (g/m2) was calculated according to the following 

equation:  

𝐶𝑀𝑃𝐷 =
𝐶𝑜𝑛𝑐.𝑀𝑃𝐷−𝑂,𝑠𝑉𝑂

𝐴
                                                                                              (2-2) 

where 𝐶𝑜𝑛𝑐.𝑀𝑃𝐷−𝑂,𝑠 (g L-1) is the stabilized MPD concentration in organic phase; 𝑉𝑂 

(mL) is the volume of the organic phase (50 mL); 𝐴 (m2) is the membrane surface area 

which is 1.017×10-3 m2 in this work. 

 

Figure 2.3. Calibration curve MPD concentration in hexane versus UV absorption at 

295 nm. 

2.2.6. Membrane performance evaluation 

Filtration tests were conducted using a laboratory-scale cross-flow reverse osmosis 

(RO) system equipped with a membrane cell with an effective membrane area of 7.065 

cm2. The TFC membranes were pre-compacted with DI water at 20 bar for 1 h before 

filtration to obtain a steady permeate flux under 15 bar. DI water, 2000 mg L-1 NaCl, 

and 400 mg L-1 NH4
+ (from NH4Cl) were used as feed solutions. Water permeance (P, 
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L m−2 h−1/bar, LMH/bar) and solute rejection (R, %) could be calculated based on the 

following equations:  

𝑃 =
𝑀

𝑆×𝑡×𝜌×𝑝
                                                                                                              (2-3) 

where M (g) is the weight gain of permeate within a certain testing period; S (m2) is the 

effective membrane area; t (h) represents the filtration time; 𝜌 (g/L) is the density of 

permeate; p (bar) is the operation pressure which is fixed at 5 bar during the testing. 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100%                                                                                             (2-4) 

where Cp and Cf are the solute concentrations of permeate and feed solution, 

respectively. NH4
+ concentrations in the feed and permeate solutions were measured 

using an ammonia test kit (Hach Co., Japan). 

2.2.7. Fouling control evaluation 

Fluorescent isothiocyanate-conjugated LYZ (isoelectric point: 10.5) was utilized as 

a model foulant to assess the membrane’s ability to mitigate organic fouling. The 

membrane samples were immersed in a phosphate buffered saline solution (PBS, pH 

7.4) containing 20 mg L-1 of the fluorescent protein. At pH 7.4, LYZ is positively-

charged. The membranes were kept in the dark under 100 rpm agitation at room 

temperature for 12 h. Subsequently, the samples were rinsed with PBS solution to 

remove loosely-attached proteins. Confocal laser scanning microscopy (CLSM, 

FV1000D, Olympus Corp., Japan) was employed to image the membrane samples, and 

the images were analyzed using ImageJ software (National Institute of Health, USA). 

The antibacterial properties of the prepared membranes were assessed by examining 

the adhesion of E. coli. Initially, a colony of E. coli from an agar dish was precultured 

in 20 mL of a 30 g L-1 fresh TSB medium for 12 h at 30 °C while shaking at 120 rpm, 

to reach a mid-exponential growth phase. The precultured bacterial suspension culture 

was diluted 50 times using TSB medium and cultured for 4 hours at 30°C under the 

same shaking conditions. Finally, the cultured bacterial suspension was diluted with 

TSB medium to an optical density of 0.05 at 450 nm (106 – 107 CFU mL−1). For testing 

the membrane's bacterial adhesion property, membranes samples were soaked in 2 mL 
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of the bacterial suspension (pH 7). The membranes were incubated in the bacterial 

suspension at 30°C while shaking at 120 rpm for 24 h. Following incubation, the 

samples were rinsed twice with a 0.85% (w/w) aqueous NaCl solution and stained using 

SYTO™ 9 green fluorescent nucleic acid stain. The stained bacteria were fixed by 

immersing the membranes in a 2.5% (v/v) aqueous glutaraldehyde solution for 10 

minutes and then placed in a 0.85% (w/w) aqueous NaCl solution. CLSM was 

employed for a qualitative assessment of the quantity of bacterial cells attached to the 

membranes. 

Dynamic filtration using two model positively-charged foulants, protein LYZ and 

surfactant CTAB, was also conducted using the cross-flow RO setup. 2000 mg L-1 NaCl 

was first used as the feed solution until 50 mL of permeate was collected, and afterwards, 

the feed was replaced with 200 mg L-1 LYZ solution, and the operation continued until 

400 mL of permeate was collected. On the other hand, the dynamic filtration using 200 

mg L-1 CTAB was conducted in two cycles. In one cycle, 200 mg L-1 was first used as 

the feed solution until 25 mL of permeate was collected, and the feed was replaced with 

CTAB solution until 100 mL of permeate was collected. After which, NaCl solution 

was used as the feed solution again. The feed solutions were kept at a constant pH of 

6.5 to 7.0 throughout the operation to maintain the charge of the model foulants and the 

membrane surface. The normalized water flux, or the ratio of the instantaneous and 

initial water flux values, were used to evaluate the fouling propensity and flux recovery. 

2.3. Results and discussions 

2.3.1. Structure and properties of PK-CNT substrates 

By using NIPS and filtration deposition method, the PK and PK-CNT substrates were 

successfully prepared. Figure 2.4 shows the surface morphologies of both pristine PK 

and PK-CNT substrates at various CNT loading amounts. To avoid any confusion, the 

filtration volume (0.1 to 3 mL) was used as the representative of loading amount. As 

the CNT loading increased, the PK surface became progressively covered by CNT, 

forming a continuous CNT network when the loading amount reached 0.5 (PK-CNT-
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0.5). The CNT network tightly integrated with the PK surface due to the flexible 

structure of CNT, making it difficult to distinguish a clear boundary between PK and 

CNT network in the cross-sectional SEM images. To determine the thickness of the 

CNT layer, TEM analysis was conducted (Figure 2.8), revealing a linear increase in 

thickness with increasing the CNT loading amount (Figure 2.7b). This indicates that 

the filtration method employed in this work was reliable and reproducible for 

fabricating the CNT layer. 

 

Figure 2.4. SEM surface morphology of PK and PK-CNT substrates. 

 

 

Figure 2.5. Large-scaled AFM images and corresponding surface roughness of PK and 

PK-CNT substrates with varying CNT loading amounts. 
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The AFM image in Figure 2.5 provides a clearer view of the CNT layer with varying 

CNT loading amounts. The root-mean-square (RMS) surface roughness of the PK-CNT 

substrates decreased as the CNT loading amount increased, as summarized in Table 2.2. 

This reduction in surface roughness was a result of the CNT gradually masking the 

original surface features of PK. 

One widely accepted concept is that, a moderate pore size of the substrate plays a 

positive role in PA formation and the TFC membrane performance [206]. This is due to 

its influence on IP monomer distribution [207] and the prevention of PA intrusion [139]. 

To further demonstrate the function of the CNT layer in regulating pore size, 

measurements of surface pore size distribution was conducted on PK after coating with 

CNT. Results depicted in Figure 2.6a reveal that as the CNT loading amount increased, 

the surface pore size shifted to a smaller range, with a central distribution reducing from 

approximately 150 nm for the pristine PK to about 20 nm for PK-CNT-0.5. This 

reduction in pore size for higher CNT loading amounts was consistent with previous 

literature [139, 176, 208]. However, when the CNT loading amount was increased to 

0.7 and 1, the surface pore size did not change significantly. This was attributed to the 

fact that at a loading amount of 0.5, the CNT network had already formed and covered 

the PK surface, and further increases in loading amount mainly affected the thickness 

of the CNT layer rather than the surface pore size.  

 

Figure 2.6. Surface (a) and overall (b) pore size of PK and PK-CNT substrate. 

 

Moreover, the overall pore size distribution of the membranes, evaluated using a 
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liquid-liquid displacement porometer (LLDP) (Figure 2.6b), also showed an obvious 

change in pore size. The overall pore sizes of each membrane were observed to be 

slightly larger than those of the corresponding surface pore sizes. This is quite 

understandable since the LLDP measures the size of all pores in the membrane bulk, 

while the other only measures the sizes of the pores on the surface. Moreover, the 

difference between two kinds of pore size values became smaller with increasing CNT 

loading amount. For example, the overall pore size of PK substrate (~292.5 nm) was 

around two times higher than its surface one (~150 nm), and for PK-CNT-3, both two 

kinds of pore size became quite close (~20 nm for the surface, and ~23.1 nm for the 

overall). This shows that as the CNT layer thickness increases, the proportion of CNT 

layer participating in the evaluation of the overall pore size also increases. All these 

results demonstrate the effectiveness of CNT in adjusting the substrate pore size. 

 

Figure 2.7. (a) Dynamic WCA of PK and PK-CNT substrate; (b) Linear increase in 

CNT interlayer thickness with increasing the CNT loading amount. 

 

The additional properties of PK and PK-CNT substrates were listed in Table 2.2. The 

pure water permeance (PWP) values of PK and PK-CNT substrates were measured 

using a cross-flow ultrafiltration setup. Pristine PK exhibited a PWP of 3390±303 L m-

2 h-1/bar, and the PWP gradually decreased with increasing the CNT loading amount. 

This trend of reduced water permeance aligned with the decreased pore size and 

increased thickness after coating with CNT. Regarding hydrophilicity changes brought 

about by the CNT layer, water contact angle (WCA) measurements were employed, 
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and results were listed in Table 2.2. Pristine PK demonstrated excellent water affinity, 

with water droplets quickly spreading out and penetrating into the membrane 

instantaneously (the dynamic WCA profiles of PK and PK-CNT substrates are shown 

in Figure 2.7a). However, after introducing the CNT layer, the substrate surface 

became slightly hydrophobic, and the WCA increased to 80~90° (Table 2.2). This 

hydrophobic property was attributed to the non-functionalized nature of the CNT used 

in this study, which retained their intrinsic hydrophobic characteristics. Additionally, 

the reduced pore size and surface roughness contributed to the increased WCA. The 

moderate hydrophobic surface property was believed to facilitate easier molecule 

release and potentially affect the PA formation, which will be discussed in detail in the 

following sections. 

Table 2.2. Properties of PK and PK-CNT substrates. 

Samples CNT 
loading 
amount 
(ug/cm2) 

CNT 
layer 
thickness 
(nm) a 

RMS 
roughness 
(nm) 

WCA 
(°) b 

Pure water 
permeance (PWP) 
(L m-2 h-1/bar) 

PK 0 0 90.5±9.8 N/A 3390±303 
PK-CNT-0.3 2.23 ~14 c 48.8±3.0 80.7±2.7 2840±284 
PK-CNT-0.5 3.71 28±5 41.5±3.4 93.0±5.1 1190±90 
PK-CNT-1 7.43 51±4 35.7±3.4 90.4±3.5 843±65 
PK-CNT-3 22.3 139±9 33.5±5.8 89.1±3.0 584±42 

a CNT interlayer thicknesses were estimated from the TEM images of TFC membranes 
shown in Figure 2.8. 
b WCA was measured after the water droplet was in contact with the membrane for 15s. 
The dynamic WCA profiles are shown in Figure 2.7a. 
c This value was calculated based on the fitted curve shown in Figure 2.7b. Due to the 
ultralow CNT loading amount, it is still difficult to distinguish the boundaries in TEM 
at this CNT loading amount. 

 

In summary, the CNT have successfully modified the surface properties of the PK 

membrane, resulting in smaller pore size, retained high surface porosity, and reduced 

hydrophilicity. These changes are believed to work together synergistically in the PA 

formation and influence the transport properties during separation, which will be further 

discussed in the following sections. 
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2.3.2. Effect of CNT interlayer on PA morphology and surface properties 

After coating the CNT layer on the PK substrate, significant changes occurred in the 

surface properties, which were believed to influence the formation and properties of the 

PA layer. In this study, a detailed characterization and comparison on morphology of 

PA layer were performed. 

Given that the membrane surface morphology plays an important role on the 

effective filtration area or fouling tendency during the filtration process, a detailed 

morphology comparison of the TFC membrane having different CNT interlayer was 

conducted (Figure 2.8). For the pristine TFC-C membrane (without CNT), the surface 

SEM image revealed two distinct structures: ridge-and-valley and nodular structures 

(Figure 2.8a). However, upon introducing a CNT intermediate layer with loading 

amount of 0.3, the ridge-and-valley structures transformed into larger leaf-like 

structures, and the nodular structures gradually transitioned into ridge-and-valley 

structures (Figure 2.8e). This change in structure was also evident in the cross-sectional 

SEM and TEM images, confirming an increase of apparent thickness of the PA layer 

due to the formation of leaf-like structures (Figure 2.8b-d and Figure 2.8f-h for TFC-

C and TFC-0.3, respectively). This observation suggested that the IP reaction was 

somehow promoted by the presence of the CNT interlayer. Further increasing the CNT 

loading amount to 0.5 at which the CNT network covered the PK surface, the PA layer 

resulted in the appearance of large PA leaves covering the membrane surface (Figure 

2.8i). The cross-sectional SEM and TEM images clearly displayed the multi-layered 

structure of PA, where the PA leaves overlapping with the PA parts formed at the base 

of the PA layer, thereby resulting in a multilayer structure (Figure 2.8j-l). However, 

when the CNT loading amount was increased to 1 and 3, a retreat of the overlapping 

tendency of PA was observed, accompanied by a reduction in leaf-like structures and 

even a re-appearance of nodular structures on the TFC-3 membrane (Figure 2.8q-t). 

This distinct transition in PA morphology indicates that there exists an upper limit for 

the CNT layer’s facilitation to the PA formation, which is believed to be related to the 

CNT interlayer thickness and its influence on the IP reaction. The possible formation 
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mechanism will be discussed in detail in Section 2.3.3 of this work. 

 

Figure 2.8. Surface and cross-sectional morphologies of TFC-C (a, b, c and d), TFC-

0.3 (e, f, g and h), TFC-0.5 (i, j, k and l), TFC-1 (m, n, o and p) and TFC-3 (q, r, s and 

t). The CNT interlayer thicknesses were estimated based on the scale bar of TEM 

images except for the TFC-0.3 membrane for which the thickness was calculated based 

on the fitted curve given in Figure 2.7b. 

 

Additional surface properties of TFC membranes were summarized in Table 2.3. The 

WCA values for all TFC membranes were around 70°.The surface roughness initially 

increased from ~94.5 nm to ~171 nm as the CNT loading amount increased from 0 to 

0.5, and then gradually decreased to ~85.8 nm due to the retreat of the leaf-like structure. 
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This trend was consistent with the observed transition in PA morphology seen in the 

SEM images (Figure 2.8). 

Table 2.3. Surface properties of the fabricated TFC membranes. 
Samples RMS roughness (nm) WCA (°) a 

TFC-C 94.5±1.8 72.1±2.2 
TFC-0.1 130±1 69.8±2.5 
TFC-0.3 147±9 67.4±1.6 
TFC-0.5 171±7 66.8±1.0 
TFC-0.7 153±12 69.6±1.4 
TFC-1 133±4 70.8±2.2 
TFC-3 85.8±9.8 74.6±3.1 

a WCA was measured after the water droplet was in contact with the membrane for 15s.  

 

The chemical composition of the pristine and CNT intermediate layer-intercalated 

TFC membranes were analyzed using XPS. The XPS wide spectra was given in Figure 

2.9. 

 

Figure 2.9. Wide-scan XPS spectra of TFC membranes with different CNT interlayers. 

 

The cross-linking degree of the PA selective layers of the TFC membranes are shown 

in Figure 2.10. The pristine TFC membrane has a cross-linking degree of 0.48, and the 

cross-linking degree of the PA selective layer was observed to increase with the 

intercalation of the CNT intermediate layer. As the CNT dispersion coating amount 

increased, the cross-linking degree was observed to increase as well, with the highest 
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cross-linking degree of 0.67 for TFC-1 (TFC membrane prepared using PK substrate 

coated with 1 mL CNT dispersion). Further increasing the amount of CNT coating on 

the membrane substrate resulted in lower cross-linking degree values within the range 

of 0.57 (TFC-2) to 0.63 (TFC-1.5), which were all still higher than that of the pristine 

TFC membrane. 

 

Figure 2.10. Cross-linking degree of the pristine TFC-C membrane and CNT-

interlayered TFC membranes (TFC-x, where x is the amount [mL] of the CNT 

dispersion used for coating the PK substrate). The cross-linking degree was calculated 

based on the equation [209]: 𝑁
𝑂

=
3𝑛+2(1−𝑛)

3𝑛+4(1−𝑛)
. Element compositions are shown in Table 

2.4. 

 

Table 2.4. Elemental compositions of the fabricated TFC membrane detected by XPS. 

Membrane 
Element content (%) Element ratio 

N/O 
Cross-linking 

degree C N O 

TFC-C 73.1±1.2 11.1±0.9 15.8±0.8 0.71±0.07 0.48±0.15 
TFC-0.3 72.4±0.4 12.1±0.7 15.5±0.5 0.78±0.07 0.63±0.12 

TFC-0.5 72.6±0.2 12.2±0.1 15.3±0.3 0.80±0.02 0.66±0.03 

TFC-1 73.4±0.1 11.4±0.7 15.3±0.6 0.80±0.02 0.67±0.04 

TFC-3 72.9±0.3 11.7±0.1 15.4±0.3 0.76±0.02 0.60±0.04 
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Figure 2.11 shows the narrow scan spectra corresponding to oxygen (O1s) and 

carbon (C1s). The reduced percentage of O-C=O in Figure 2.11a also consisted with 

the increased cross-linking degree, indicating the validation of CNT interlayer on 

affecting the cross-linking degree of PA layer.  

 

Figure 2.11. Narrow scan spectra of the TFC membranes obtained using XPS analysis. 

High-resolution deconvolution peaks of (a) oxygen (O1s) and (b) carbon (C1s) are 

provided. Legend: (1) Pristine (TFC-C), (2-4) TFC membrane prepared with substrate 

coated with 0.5, 1, and 3 mL of carbon nanotube dispersion. 

 

The zeta potential of the pristine and CNT intermediate layer-intercalated membranes 

over a pH range of 3 to 10 was measured to analyze the influence of the presence of 

CNT intermediate layer on the TFC membrane's surface charge, and the curves are 

shown in Figure 2.12. The isoelectric points, or the pH at which the zeta potential is 

zero, of the TFC membranes are also highlighted. These isoelectric points were 

observed due to the protonation of amine groups and the dissociation of carboxyl groups 

at certain pH conditions. In comparison to the pristine TFC membrane, the TFC 

membranes with CNT intermediate layer exhibited less negative charge across almost 

all pH values, and the isoelectric points were observed at a higher pH value.  

Comparing the TFC membranes with CNT intermediate layer, there was a clear 

change in the surface zeta potential as the CNT dispersion coating volume increased. 

As shown in Figure 2.12a, with an increase of CNT dispersion coating volume from 
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0.1 mL to 1 mL, the surface of the TFC membrane became less negative, with TFC-1 

membrane exhibiting generally neutral to positive charges at all pH values. Further 

increasing the CNT dispersion volume during membrane substrate coating did not result 

in any significant change in the membrane surface zeta potential (Figure 2.12b). 

 

 

Figure 2.12. Zeta potential of the pristine TFC-C membrane and CNT-interlayered TFC 

membranes (TFC-x, where x is the amount [mL] of the CNT dispersion used for coating 

the PK substrate). 

 

To further investigate the influence of the intercalation of CNT intermediate layer 

and discount the influence of the IP reaction conditions on the PA formation, the 

membrane substrate coated with 1 mL of the CNT dispersion (PK-CNT-1) was used as 

the substrate for IP reactions using different combinations of MPD and TMC 

concentrations. It is widely known that the negative surface charge of PA TFC 

membranes is mainly attributed to the unreacted carboxyl groups of TMC, thus, four 

new membranes were prepared with the PK-CNT-1 and different combinations of MPD 

and TMC concentrations during the IP process: (1) 0.4 wt% MPD and 0.02 wt% TMC 

(TFC-1 (0.4, (2) 1 wt% MPD and 0.05 wt% TMC, (3) 2 wt% MPD and 0.1 wt% TMC, 

and (4) 4 wt% MPD and 0.2 wt% TMC. The surface morphologies of these TFC 

membranes are exhibited in Figure 2.13a. When both MPD and TMC concentrations 

were divided by 5 (TFC-1 (0.4/0.02)) and 2 (TFC-1 (1/0.05)), the surface structure was 

observed to be similar with the TFC membrane prepared with the normal IP conditions 

(TFC-1 (2/0.1)). When both monomers were doubled in concentration (TFC-1 (4/0.2)), 
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there was an observed denser nodular PA structure different from the other TFC 

membranes. Despite the differences in the PA morphology of the TFC membranes, all 

membranes exhibited similar surface zeta potential measurements across the 

measurement pH range (Figure 2.13b). Despite in differences in the MPD and TMC 

monomer concentrations during the IP process, generally neutral to slightly positive 

surfaces were obtained when IP was conducted atop a PK membrane substrate coated 

with a CNT intermediate layer. Figure 2.13c shows the cross-linking degree of the TFC 

membranes. The TFC-1 (0.4/0.02), TFC-1 (1/0.05), and TFC-1 (2/0.1) membranes all 

showed similar cross-linking degrees of 0.60 to 0.67. Comparing these three, there was 

a noticeable increase as the amount of IP monomers, but the changes were only 

marginal. TFC-1 (4/0.2), on the other hand, exhibited the highest cross-linking degree 

of 0.79, which could be attributed to the facilitation of more PA formation when there 

were more reactants present during the reaction. 

 

Figure 2.13. Characterization of TFC membranes prepared using PK membrane 

support coated with 1 mL CNT dispersion and different MPD and TMC concentrations 

during IP. (1) 0.4 wt% MPD and 0.02 wt% TMC, (2) 1 wt% MPD and 0.05 wt% TMC, 

(3) 2 wt% MPD and 0.1 wt% TMC (normal IP conditions), and (4) 4 wt% MPD and 

0.2 wt% TMC; (a) Surface morphology, (b) zeta potential measurements over a pH 

range of 3 to 10, and (c) cross-linking degree. Other conditions during the IP process 

were held constant as the rest of this work. 
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All the membranes with CNT intermediate layer displayed less negative surface 

charges than the pristine membrane, as shown by zeta potential measurements (Figure 

2.12 and Figure 2.13b). Earlier studies which involved amine grafting on top of TFC 

membranes and secondary interfacial polymerization attributed the generally less 

negative charges of TFC membranes to the consumption of the carboxyl (−COO−) 

groups during the reaction with amine groups that occurred during the grafting and 

successive interfacial polymerization processes [198, 202, 203]. However, in the case 

of this work, no further modification was conducted on the PA layer, except for the 

intercalation of the CNT intermediate layer. 

 

Figure 2.14. Correlation of the zeta potential at pH 7 and the cross-linking degree of 

the thin film composite membranes prepared in this work. 

 

Figure 2.14 shows the correlation of the surface zeta potential measurements at pH 

7 of the TFC membranes prepared in this work and the membranes’ corresponding 

cross-linking degree values. It was observed that there was a clear correlation between 

the membranes’ cross-linking degree and their charge densities. The pristine TFC 

membrane (TFC-C) was observed to have the lowest cross-linking and the most 

negatively-charged membrane surface, as well. When the CNT intermediate layer was 

introduced, there was an observed increase in cross-linking degree and decrease in 

negative surface charge, but only until the TFC membranes prepared with PK substrate 

coated with 1 mL CNT dispersion (TFC-1, TFC-1 (0.4/0.02), TFC-1 (1/0.05), and TFC 
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-1 (4/0.2)). For the membranes prepared with higher CNT coating amounts, lower 

cross-linking degrees were observed but the surface zeta potential of the membranes 

were all observed to be positive. It can be said that during the IP process, the CNT 

intermediate layer influenced the MPD storage and release, thus MPD’s interaction with 

TMC, whose carboxyl groups provide the PA its characteristic negative charge upon 

hydrolysis, was also affected. Granted that the CNT intermediate layer could 

detrimentally affect the MPD absorption and storage, the heightened MPD release rate 

could allow more interaction between MPD and TMC, resulting in higher cross-linking 

degree and less presence of hydrolyzable carboxyl groups, effectively lowering the 

negative surface charge of the membrane.  

Based on the aforementioned results, it is evident that the transition of PA 

morphology caused by the CNT interlayer significantly influences the PA structure and 

surface properties, as also demonstrated by earlier studies [138, 208]. Understanding 

the role of CNT interlayer in PA formation is of vital importance for achieving precise 

modulation of PA morphology, and this aspect will be thoroughly discussed in the 

following section. 

2.3.3. New insights into the PA morphology transition 

As disclosed in previous section, an interesting transition of the rough structures on 

PA was observed for the TFC membranes having different amount of CNT interlayers, 

which means that the CNT interlayer might have induced some competitive effects 

among several factors in shaping those rough features, which do not show a 

proportional change in PA morphology with increasing the CNT loading amount. 

Earlier studies have shown that IP process used in this work is MPD-diffusion 

controlled [210, 211]. It has also been shown that the PA morphology can be effectively 

regulated by manipulating the sustained supply or release rate of IP monomer [212-

214]. Therefore, understanding the way of MPD storage and the release rate on various 

substrates is of vital importance to interpret the transition of PA morphology. 

Based on this, the MPD storage capacity and release rate on different substrates were 

determined using a UV method widely reported in literature [141, 205, 215], and results 
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are shown in Figure 2.15a. The pristine PK substrate exhibited the highest MPD 

storage capacity of ~1.57 g/m2 and the lowest MPD release rate of ~0.59 g L-1 min-1 

(Figure 2.15a). This is because the pristine PK substrate exhibited an excellent surface 

hydrophilicity with surface pore size around 150 nm, the MPD solution could easy 

penetrate into a deeper position of PK, leading to a high storage capacity of MPD 

(Figure 2.15b). Similarly, due to the hydrogen bonding between the repeated carbonyl 

groups of the PK polymer and MPD molecules, the MPD molecules were less easy to 

release [207], resulting in a low MPD release rate. For the corresponding PA 

morphology, the control PA layer (TFC-C) showed a surface feature of nodular and 

ridge-and-valley structure which are typical characteristics for low MPD release case. 

Moreover, the TFC-C membrane exhibited a similar overall profile with the underlying 

PK substrate, suggesting that the PA formed along the fibrous structure of PK. This 

observation agreed with the earlier reported work attributing it to the deep PA intrusion 

in a microfiltration substrate with large pore size [138]. Although the PK substrate could 

provide sufficient MPD supply for the PA formation, the IP reaction was still forced to 

occur inside of the PK due to the reduced release tendency, resulting in a similar overall 

profile of PA with PK. 

 

Figure 2.15 (a) MPD storage capacity (CMPD) and release rate (SMPD-O) on PK and PK-

CNT substrates; (b) Mechanism of PA formation based on the MPD storage and release 

influenced by the CNT loading amount. 

 

For the growing nodular and leaf-like structure on TFC-0.3 and TFC-0.5 membrane, 

it could be attributed to a reduced but still sufficient MPD supply and increased MPD 
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release rate during IP reaction which were shown in Figure 2.15a. As increasing the 

CNT loading amount up to 0.5, the MPD storage capacity decreased to around 1.38 

g/m2 and the release rate increased to ~2.60 g L-1 min-1. During the CNT coating stage, 

the membrane surface became hydrophobic with reduced surface pore size, resulting in 

less penetration of MPD solution. Additionally, the increased CNT layer thickness 

weakened the influence of underlaying PK on the diffusion of MPD molecules, leading 

to a decrease in MPD storage capacity and an increase in MPD release rate (Figure 

2.15b). From the point of view of IP reaction, although the MPD supply reduced, the 

higher release rate increased the encounter between MPD and TMC molecules, leading 

to a promotion of PA growth with the nodular and ridge-and-valley structure gradually 

becoming larger to ridge-and-valley and leaf-like structure. In particular, when the CNT 

loading amount reached 0.5, the multi-layered PA structure appeared (Figure 2.8k). 

The appearance of this multi-layered PA is mainly due to the sufficient MPD supply 

and the continuous growth of PA due to the penetration of MPD through the nascent PA 

film [212, 216]. This result also suggests that although a certain amount of CNT can 

lead to a decrease in MPD storage, it is still enough to sustain the IP reaction in a given 

time, generating a PA layer with abundant rough structures. 

Conversely, further increasing the CNT loading amount, a retreat of leaf-like 

structure was observed for TFC-1 and TFC-3 with the reduction of surface roughness. 

Correspondingly, an increased MPD storage capacity and a decreased MPD release rate 

were obtained, as shown in Figure 2.15a. The reason for the turning points in MPD 

storage capacity and release rate is that the excessive CNT loading amount led to an 

over stacking between multiple CNT layers, which increased the specific surface area 

of the overall CNT interlayer and subsequently enhanced the adsorption of MPD 

aqueous solution (Figure 2.15b). It is because of the changes in MPD storage and 

release rate that the surface roughness values and structure of the PA were observed to 

vary with CNT loading amount in the intermediate layer. 

It is worth noting that other classic explanations, such as confined nanobubbles 

foaming and heat-intensified interface instability, are also considered to play a part in 

shaping the rough feature of PA. However, the PA structure and morphology can never 
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be fully explained by only one of these conceptions, but instead as a synergy or 

competition of several factors. For example, ingenious experiments had confirmed the 

contribution of confined nanobubbles release on shaping the rough structure of PA with 

proposing a positive correlation between the nanobubbles release and the roughness. 

However, this explanation cannot match well with the changes of PA morphology 

caused by CNT interlayer in this work, because the nanobubbles release should be more 

confined at a thicker CNT interlayer and should result in rougher PA morphology. 

Hence, the initial stage of how MPD and TMC molecules encountered with each other 

before the nanobubbles forming was valued, a stage that must happen and cannot be 

ignored in any explanations. In summary, there are various methods for PA morphology 

regulation, but understanding the underlying mechanism still remains as a challenge 

2.3.4. RO Performances of CNT-interlayered TFC membranes 

The performance of the pristine and CNT-interlayered TFC membranes were tested 

in RO operation. Only TFC-0.5, TFC-1, and TFC-3 were compared with the pristine 

TFC-C membrane. Figure 2.16 shows the pure water permeability (A) and NaCl 

rejection of the TFC membranes. All TFC membranes with CNT intermediate layer 

exhibited increased water permeability, in comparison with the pristine TFC membrane 

(TFC-C). The pristine TFC membrane demonstrated pure water permeability of 1.31 L 

m-2 h-1/bar, and as an effect of the intercalation of the CNT intermediate layer, the A 

value became 1.60 (TFC-0.5), 2.43 (TFC-1), 1.56 (TFC-3) L m-2 h-1/bar (Figure 2.16a). 

The increase in permeability is mainly attributed to the role of the CNT intermediate 

layer as a gutter layer, which shortens the transport distance within the PA selective 

layer, as well as a facilitator of the PA formation during IP, which resulted in PA 

selective layers with larger filtration area [60]. However, the higher CNT coating 

thickness of the TFC-3 membrane also resulted in higher transport resistance, which 

retarded water permeability. All TFC membranes exhibited outstanding NaCl rejection 

of over 97%, regardless of the presence or absence of the CNT intermediate layer 

(Figure 2.16a). 

An application of less negatively-charged or positively-charged membranes is its 
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ability to retain and concentrate NH4
+ in solution. It was previously established that, for 

NH4
+ rejection and concentration, the surface charge and cross-linking degree of the 

membrane could play a crucial role [198]. Specifically, a less negatively-charged or 

positively-charged TFC membrane with less unreacted carboxyl groups might be more 

effective at rejecting NH4
+ compared to the conventionally negatively charged pristine 

TFC membrane. Thus, the RO performance of the TFC membranes using 400 mg L-1 

NH4
+ from NH4Cl as feed solution was evaluated and shown in Figure 2.16b. All TFC 

membranes exhibited similar permeance with the pure water permeability values. It is 

noticeable, however, that the TFC membranes with CNT intermediate layer have 

increased NH4
+ rejection, particularly the neutral charged TFC-1 (95.2%) and 

positively-charged TFC-3 (96.0%). 

 

 

Figure 2.16. RO filtration performance of TFC membranes. (a) Pure water permeability 

(A) and NaCl rejection (RNaCl) determined using deionized water and 2000 mg L-1 NaCl 

as feed solutions, respectively; (b) permeance (P) and NH4
+ rejection (RNH4+) 

determined using 400 mg L-1 NH4
+ from NH4Cl as feed solution. 

 

2.3.5. Antifouling performances of CNT-interlayered TFC membranes 

Regulation of the membrane surface charge has also been found as a useful method 

to improve the fouling resistance of membranes [197]. Previously, development of 

fouling-resistant membranes mainly focused on the surface hydrophilization of 

membranes [217-219]; however, fouling is regulated by other factors aside from the 

membrane surface hydrophilicity, such as surface charge and roughness. Thus, in this 
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work, the fouling propensity of the TFC membranes prepared in this work were 

evaluated using static adsorption and dynamic filtration. 

 

Figure 2.17. Confocal laser scanning microscope images of the TFC membranes after 

incubation in (a) fluorescently labeled isothiocyanate-conjugated lysozyme (FTIC LYZ) 

and (b) E. coli; (c) Fluorescent intensity values calculated using ImageJ software. 

 

Static adsorption of positively-charged model protein foulant LYZ, was first 

conducted to demonstrate the fouling resistance of the TFC membranes. Figure 

2.17a.1-3 show the confocal laser scanning microscope (CLSM) images of the TFC, 

TFC-0.5, and TFC-1 membranes, respectively, after immersion in a PBS solution (pH 

7.4) containing 20 mg L-1 fluorescent LYZ (FTIC LYZ). At pH 7.4, LYZ is positively-

charged, thus it was somehow expected that the pristine TFC-C membrane suffered 

from the highest attachment of the fluorescent protein, compared with the TFC 

membranes with CNT intermediate layer (TFC-0.5 and TFC-1). The lower FTIC LYZ 

attachment on both TFC-0.5 (0.56 a.u.) and TFC-1 (0.30 a.u.) compared to TFC-C (4.98 

a.u.) could be attributed to the less negative membrane surface charge (Figure 2.17c), 

resulting in weaker electrostatic attraction between the membrane surface and the 

positively-charged protein. Similar static adsorption behavior was observed for E. coli. 

Figure 2.17b.1-3 show the CLSM images of the membranes after incubation in E. coli, 

and the corresponding fluorescent intensity values are shown in Figure 2.17c. The 

pristine TFC membrane showed the highest bacterial adhesion among all membranes 

(3.66 a.u.), while the neutral charged TFC-1 membrane (0.13 a.u.) hardly showed any 
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bacterial adhesion. The surface charge of the TFC-1 membrane is close to zero, thus 

there was no electrostatic attraction between the membrane and the charge-bearing E. 

coli.  

 

Figure 2.18. Dynamic filtration results of TFC-C and TFC-1 using model foulants (a) 

LYZ and (b) CTAB. 200 mg L-1 solutions of the model foulants were used as the feed 

solutions. 

 

Dynamic fouling filtration was performed in this study using two positively-charged 

organic model foulants LYZ and surfactant CTAB to provide confirmation of the 

fouling control of the TFC membranes. The data shown in Figure 2.18a and 2.18b 

correspond to the filtration results using feed solutions containing 200 mg L-1 of LYZ 

and CTAB, respectively. In Figure 2.18a, there was no discernable difference in the 

filtration performances of TFC-C and TFC-1 membranes. Both membranes 

experienced flux decline of around 20% until the end of the operation. This was 

different from the results of the static protein foulant adsorption results discussed earlier 

(Figure 2.17a). This could be attributed to the similar hydrophilic property of both 
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membranes, and the increased roughness of the TFC-1 (Table 2.3), which offset the 

absence of electrostatic attractions between the TFC-1 membrane surface and the 

protein brought about by the membrane’s neutral charge [220]. Using a smaller 

positively charged surfactant molecule, CTAB, as the model foulant, dynamic filtration 

results with two filtration cycles were shown in Figure 2.18b. After replacing the feed 

solution from 2000 mg L-1 NaCl to 200 mg L-1 CTAB, both TFC-C and TFC-1 

membranes experienced severe flux decline of 35% and 20% from the initial flux, 

respectively. Membrane performance further decreased to approximately 30% (TFC-1) 

and 20% (TFC-C) of their respective initial performances. Replacing the feed solution 

back to 2000 mg L-1 NaCl resulted in flux recovery to 75% and 60% of the initial flux 

of the TFC-C and TFC-1 membranes, respectively. Similar performance was observed 

during the second filtration cycle (Figure 2.18b). 

2.4. Summary 

In this work, CNT were successfully introduced to tailor the surface properties of PK 

substrate by forming a coating layer atop. Compared to other traditional modification 

methods, the coating of CNT layer is more flexible in adjusting the surface pore size 

from ~150 nm to ~20 nm. The hydrophilicity of PK surface changed from hydrophilic 

to slightly hydrophobic after coating CNT layer due to the reduced surface pore size 

and the hydrophobic nature of CNT. The CNT interlayer facilitated the PA formation 

by expediting the release of IP monomers, reducing the interaction between PK and the 

monomers. Nevertheless, excessive CNT loading could lead to the retreat of large leaf-

like structures, which are essential for achieving high performance. 

Moreover, the CNT interlayer was demonstrated to effectively regulate the surface 

charge of PA as it influenced the PA cross-linking. With a certain CNT interlayer 

thickness, the intercalated TFC membrane exhibited a neutral property under all pH 

condition, and this neutral characteristic did not change with changing the IP monomer 

concentrations. A correlation between the PA cross-linking degree and surface zeta 

potential measurement was drawn, proving that the CNT intermediate layer could not 

only regulate PA formation, but also the surface charge.  
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The performance of the membranes was tested in RO operation. The CNT-

interlayered TFC membrane exhibited increased water permeability, while maintaining 

the NaCl selectivity, and increased selectivity and retention ability for NH4
+, whose 

selectivity is typically influenced by surface charge and PA cross-linking degree. Static 

adhesion and dynamic filtration tests were performed to evaluate the TFC membranes’ 

fouling control. After intercalation of the CNT intermediate layer, the TFC membrane 

showed less attachment of model foulants LYZ and E. coli due to less electrostatic 

attractions. Dynamic fouling filtration revealed that in actual RO operation, fouling is 

inevitable, but the CNT-interlayered TFC membrane exhibited better fouling resistance 

and performance recovery than the pristine TFC membrane. 
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Chapter 3 Organic solvent separation using carbon 

nanotube-interlayered thin film composite membrane 
 

 

3.1. Introduction 

Organic solvents are vital in industries like food processing, pharmaceuticals, and 

petrochemicals [78, 221-223]. They serve various purposes such as extraction, reactions, 

and separation processes. However, purifying the desired product and recovering the 

solvents present challenges for industries [5].  

To improve efficiency, reduce waste, and minimize environmental impact, methods 

including distillation, extraction, adsorption, and membrane processes have been 

developed for solvent recovery and purification [224]. Among them, the pressure-

driven membrane separation is an energy-efficient and environmentally-friendly 

approach with small footprint that enables substance separation without phase changes 

[225, 226]. It has shown promise for macromolecular product purification and solvent 

recovery. 

Organic solvent nanofiltration (OSN) selectively separates larger solutes from 

organic solvents based on the size or other properties using membranes with specific 

pore sizes. As its use with organic solvents grows, there is a need for high-performance 

solvent-resistant membranes [227]. Conventional polymeric membranes used in water 

treatment are not suitable for organic solvent separation, creating a demand for the 

development of solvent-resistant membranes [75, 228, 229]. Thin-film composite (TFC) 

polyamide (PA) membrane, consisting of a substrate and PA selective layer, is one of 

the most popular membrane type used in membrane separation processes [62]. With 

using the solvent-resistant materials, the TFC membranes are possible to apply to OSN 

application.  

Research works have been done to improve the TFC membrane performances. The 

carbon nanotube (CNT)-interlayered TFC membrane is one of the novel membrane 
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types that have been previously applied to OSN application [32, 58, 230]. However, 

these reported CNT-interlayered TFC membranes share a high molecular weight cut-

off (MWCO) range from 250 to 300 g/mol, which limits their further application in 

separating molecules with molecular weight less than 200 g/mol. Thus, reducing the 

MWCO of CNT-interlayered TFC membrane in OSN is high needed for better 

functioning the CNT interlayer in permeance enhancement.  

Previous work (Chapter 1) in this study has well investigated the function of CNT in 

facilitating the PA formation with high cross-linking degree. Thus, based on the 

previous work, the CNT-interlayered TFC membrane was further examined in OSN 

process for the removal of small molecules with molecular weight less than 200 g/mol. 

A series of triple-layered TFC membranes with CNT loading amount from 0 to 22.3 

ug/cm2 were prepared. The OSN performance of CNT-interlayered TFC membrane was 

fully investigated using dyes and drug molecules. The surface properties and chemical 

structure of PK substrate, CNT interlayer and PA selective layer were fully 

characterized. The long-term operation and solvent activation were performed to 

demonstrate the excellent separation capacity of TFC membrane. 

3.2. Experimental 

3.2.1. Materials 

Polyketone (PK) polymer with a molecular weight of 200,000 g/mol was kindly 

supplied by Asahi Kasei Co., Ltd. (Japan). Single-walled carbon nanotubes (CNTs, 

length range: 5–30 μm, diameter: < 2 nm, 95%) was received from Aladdin Chemical 

Co., Ltd. (China). 1,3,5-benzenetricarbonyl trichloride (TMC, 99%) and M-

phenylenediamine (MPD, 99%) were purchased from Sigma-Aldrich Co., Ltd. (Japan). 

Resorcinol, sodium dodecyl benzene sulfonate (SDBS), acetonitrile, methanol, acetone, 

ethanol, isopropanol and hexane were supplied by Fujifilm Wako Pure Chemical Co. 

Ltd. (Japan). Deionized (DI) water was obtained from water purification system 

manufactured by Merck Millipore Co., Ltd. (Germany). Ethylene glycol, 1,2-

propanediol, glycerol (99.0%), D-(+)-glucose (＞ 98.0%), D-(+)- sucrose (＞ 99.0%) 
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were provided by Tokyo Chemical Industry (TCI) Co., Ltd. (Japan). The manufacture 

information and properties of the dyes used in this work were described in Table 3.1. 

All chemicals were used as received without further purification. 

Table 3.1. Manufacture, molecular weight, chemical structure and charge property of 

the dyes and drug molecules used in this work.  
Name Manufacture Mw 

(g/mol) 
Chemical 
structure 

Charge 

4-Nitroaniline (4N) Tokyo Chemical 
Industry (TCI) 

138.1 

 

0 

4-Hydroxyacetanilide 
(APAP) 

Tokyo Chemical 
Industry (TCI) 

151.2 

 

0 

Sudan Orange G 
(SOG) 

MP Biomedicals 214.2 

 
0 

Chrysoidine G (CSG) Sigma-Aldrich 248.7 

 

+ 

Acridine Orange (AO) Fujifilm Wako 
Pure Chemical 

265.4 

 

+ 

Basic Blue 17 (BB17) Tokyo Chemical 
Industry (TCI) 

305.8 

 
+ 

Methyl Orange (MO) Tokyo Chemical 
Industry (TCI) 

327.3 

 

- 

New Fuchsin (NF) Tokyo Chemical 
Industry (TCI) 

366.0 

 

- 

Curcumin (CCM) Fujifilm Wako 
Pure Chemical 

368.4 
 

0 

 

3.2.2. PK membrane casting 

The home-made PK membrane fabricated by nonsolvent-induced phase separation 

(NIPS) [204] was used as the substrate in the work. Firstly, 10 wt% PK powder was 

dissolved in the mixture of resorcinol and DI water (35:65, wt%). The mixture was 
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stirred at 80℃ for at least 5 h to form a homogenous casting solution. After overnight 

degassing at 60℃, the PK solution was cast onto a clean glass plate with a casting gap 

of 400 μm. Then, the casting plate was immediately immersed into a precipitation bath 

of methanol/water (35:65, wt%) for 20 min before transferring into pure acetone and 

hexane and immersing for 20 min each to make sure the membrane was fully washed. 

Finally, the PK membrane was dried in the air and stored for further used.  

3.2.3. Fabrication of the PK-CNT substrates and TFC membranes 

To ensure the uniformity coverage of CNT layer, the CNT used in this work was 

dispersed in DI water with the help of SDBS surfactant before coating. Generally, 10 

mg SWCNT and 100 mg SDBS were dispersed in 100 mL DI water. The mixture was 

dispersed using prob-sonication (SFX 250, BRANSON, Mexico) for 8 h before 

centrifuged at 10,000 rpm for 1 h. The supernatant with a concentration of 0.098±0.011 

mg/mL was collected and used as the final CNT dispersion. The PK-CNT substrate was 

fabricated by filtrating a certain amount of CNT dispersion (0.1 ~ 3 mL CNT dispersion 

diluted to 80 mL using DI water before filtration) onto the PK membrane (effective 

membrane area: 12.56 cm2) using vacuum filtration method. After filtration, the PK-

CNT substrate was dried under 45℃ in an oven for at least 4 h before stored under 

room temperature for further use. The PK-CNT substrates were labelled as PK-CNT-x 

which x represents the corresponding volume of CNT dispersion during filtration. The 

corresponding loading amounts of CNT on the membrane surface can be checked in 

Table 2.1 in Chapter 2. 

The TFC membranes used in this work were fabricated through IP using MPD and 

TMC following the reported method. Briefly, the PK-CNT substrate was fixed on a 

glass plate with CNT side face to the air. Then, 2 wt% MPD aqueous solution was 

induced onto the CNT side. After prewetted for 2 min, the excess MPD solution was 

poured out and the underlying PK-CNT substrate was gently dried using an air brush 

with a pressure below 0.1 MPa. Subsequently, 0.1 wt% TMC solution in hexane was 

poured onto the CNT side to react with the MPD molecules for 1 min. After removing 

the excess TMC solution, the nascent TFC membrane was further cured at 60℃ for 10 
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min. The control sample was also fabricated following the same IP procedure except 

using the pristine PK membrane as substrate. The fabricated membranes having 

different CNT loading amount were labelled as TFC-y which y represents the CNT 

filtration amount during fabricating the CNT interlayer. Unless stated otherwise, all 

TFC membranes were fabricated with an MPD concentration of 2 wt%. All TFC 

membranes were preserved in DI water at 4℃ for further use.  

3.2.4. Membrane characterization 

The membrane surface morphologies were observed using field-emission scanning 

electron microscopy (FE-SEM, JSF-750F, JEOL, Japan) and atomic force microscopy 

(AFM, SPA-400, Hitachi, Japan). The Image J software was applied to analyze the 

surface pore size and porosity changes of PK membrane before and after CNT 

deposition based on SEM images, and the membrane surface roughness was analyzed 

by Spisel software based on AFM images. The cross-sectional structure of TFC 

membrane was observed using transmission electron microscopy (TEM, JEM-2100F, 

JEOL, Japan). The element composition was detected using X-ray photoelectron 

spectroscopy (XPS, JPS-9010MC, JEOL, Japan) with monochromatic Mg Kα 

excitation. Fourier transform infrared spectrometer (FTIR, Nicolet iS50, Thermo Fisher, 

USA) were applied to analyze the surface chemical composition. The overall pore size 

distribution was detected using a liquid-liquid displacement porometer (LLDP, LLP-

1200A, Porous Material Inc, USA). The membrane was initially soaked in isopropanol 

prior to displaced by a specific testing liquid Galwick® (surface tension: 15.9 dynes/cm) 

in a pore size measurement. The membrane surface hydrophilicity was measured by a 

contact angle analyzer (WCA, DM-300; Kyowa, Japan) with a droplet volume of 2 μL. 

All samples were fully dried in an oven at 60℃ overnight before characterizations and 

all tests were performed at room temperature. 

3.2.5. Evaluation of molecular weight cut-off (MWCO) of TFC membranes 

The MWCO of TFC membranes were measured in two ways: one was tested in water 

phase with using sugar and other neutral molecules as solute, and the other was 
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evaluated in methanol solvent with dyes as solute. For the sugar one, according to the 

reported method [159, 225], ethanol (46.1g/mol), ethylene glycol (62.1 g/mol), 1,2-

propanediol (76.1 g/mol), glycerol (92.1 g/mol), glucose (180.2 g/mol) and sucrose 

(342 g/mol) with feed concentration of 1000 mg/L in water were filtrated through the 

membrane at 5 bar. The concentration of solute in permeate was determined using a 

total organic carbon analyzer. (TOC, TOC-VCSH, Shimadzu, Japan). For the MWCO 

measured using dyes, several dye solutions with concentration of 50 mg/L in methanol 

were used as the feed, and were filtrated through membrane at 5 bar. The dye 

concentration was calculated based on the calibration curve of dye concentration versus 

absorbance determined by the UV-vis spectrophotometer. The physic-chemical 

properties of dyes used in this work were listed in Table 3.1. 

3.2.6. OSN performance evaluation 

The OSN test was performed in a cross-flow NF setup with an effective membrane 

filtration area of 7.065 cm2 [60]. An equilibrium time of 1h under 6 bar was allowed 

before reaching to a stable permeance. The pure organic solvent permeance was tested 

for 1h with a cross-flow rate of 10 mL/min before switching the pure organic solvent 

to the corresponding dye solution with a concentration of 50 mg/L as the feed. The 

permeate was collected and its weight gain was recorded by an electronic balance 

interfaced with a laptop. The solvent permeance (P, L m−2 h−1/bar, LMH/bar) and dye 

rejection (R, %) could be calculated based on the following equations:  

𝑃 =
𝑀

𝑆×𝑡×𝜌×𝑝
                                                                                                               (3-1) 

where M (g) is the weight gain of permeate within a certain testing period; S (m2) is the 

effective membrane area; t (h) represents the filtration time; 𝜌 (g/L) is the density of 

permeate; p (bar) is the operation pressure which is fixed at 5 bar during the testing. 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100%                                                                                              (3-2) 

where Cp and Cf are the dye concentrations of permeate and feed solution, respectively.  

3.2.7. Dimethylformamide (DFM) activiation 

To evaluate the chemical stability of the TFC membranes, solvent activation was 
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conducted in this work. Due to the polar nature of the PA layer, dimethylformamide 

(DMF), a polar aprotic solvent widely used in pharmaceutical and chemical industries, 

was chosen as the activating solvent. The pristine (TFC-C) and CNT-interlayered (TFC-

0.5) TFC membranes were immersed in DMF for 10 min at room temperature. After 

the DMF exposure, the membrane performance was evaluated and compared with non-

solvent activated membranes. 

3.2.8. Long-term stability evaluation 

The stability of the best-performing TFC membrane was also evaluated during a 

long-term filtration. 50 mg/L curcumin (CCM) in methanol was used as the feed, and 

the testing conditions were similar as the earlier tests. 

3.3. Results and discussions 

3.3.1. Characterization of PK and PK-CNT substrates 

The PK and PK-CNT substrates were successfully prepared using nonsolvent-

induced phase separation and filtration deposition methods, as shown by the 

morphology of the PK-based membrane substrates imaged using FE-SEM, as shown in 

Figure 3.1.  

 

Figure 3.1. SEM surface morphology of PK and PK-CNT substrates.  

 

It could be seen from these figures that as the amount of the CNT coating solution 
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increased, the coverage of the CNT layer on top of the PK substrate increased as well. 

The increased coverage was characterized by the decrease in the number of visible 

pores on the membrane substrate surface, with the PK substrate coated with 3 mL of 

CNT dispersion (PK-CNT-3) having no distinguishable pores. It is quite noticeable 

from the FE-SEM images that a continuous CNT network was visible atop the PK 

substrate when the loading amount was at least 0.5 mL (PK-CNT-0.5). 

Table 3.2. Properties of PK and PK-CNT substrates.  
Membrane 
substrate 

CNT loading 
amount (μg cm-2) 

Root-mean-
square roughness 
(nm) 

Water 
contact 
angle (°) a 

Surface 
porosity (%) b 

PK 0 89.6±12.4 N/A 21.9±0.8 
PK-CNT-0.3 2.23 49.5±3.3 83.7±2.1 23.1±1.5 
PK-CNT-0.5 3.71 41.4±3.9 93.0±4.1 24.1±1.2 
PK-CNT-1 7.43 34.4±2.7 88.4±5.5 18.4±2.8 
PK-CNT-3 22.3 32.3±6.5 87.4±4.1 7.5±2.2 

a Water contact was measured after the water droplet was in contact with membrane for 
15 s. 
b Surface porosity values were determined by using ImageJ software based on SEM 

images. 

 

Other properties such as amount CNT loading amount (μg cm-2), root mean square 

roughness, water contact angle, and surface porosity are shown in Table 3.2. The 

surface porosity analyses were conducted using computerized quantitative image 

analysis of SEM images. Interestingly, both PK and PK-CNT substrates exhibited very 

similar surface porosity percentages, ranging from 21.9 to 24.1%, except the PK-CNT-

3. This suggests that the CNT layer effectively reduced the pore size without 

compromising the surface porosity. Unlike the intercalation of intermediate layers using 

nanoparticles or 2D nanosheets which might lead to pore clogging, CNT, with their 

large aspect ratio, were able to form a porous network through disordered stacking, 

preserving the high surface porosity of the substrate. However, too much loading 

amount also led to a sharp decrease in surface porosity (~7.5% for PK-CNT-3) because 

of the stacking between multiple CNT layers. It is worthy to mention that the surface 

characteristics of small pores and high porosity have been shown to be advantageous 



75 

for the IP reaction by storing and releasing IP monomers uniformly. Hence, it is 

reasonable to assume that these surface features continue to positively influence the 

subsequent IP reaction. 

The chemical composition of PK and PK-CNT substrates were analyzed by using 

XPS, and spectra were shown in Figure 3.2. In the wide-scan XPS spectra (Figure 

3.2a), all samples gave rise to strong peaks at 284.5 and 533.5 eV, corresponding to the 

binding energy of C 1s and O 1s respectively. Besides, the intensity of C 1s peak 

increased with increasing the CNT loading amount, while the O 1s peak decreased 

accordingly (Figure 3.2f shows the C/O ratio values). Considering PK is the main 

source for providing oxygen element, this tendency indicates that the PK surface was 

gradually covered by CNT layer, turning its surface property closer to the property of 

CNT. 

 

Figure 3.2. (a) Wide-scan XPS spectra of PK and PK-CNT substrates; High-resolution 

deconvolution peaks of C 1s spectra of PK (b), PK-CNT-0.5 (c), PK-CNT-1 (d) and 

PK-CNT-3 (e); (f) C/O ratio of PK and PK-CNT substrates. 

 

To further figure out the chemical composition of the membrane surface, high-

resolution deconvolution of C 1s peaks was conducted for PK and PK-CNT substrates 

(Figure 3.2b-e). All the deconvoluted spectra showed a main peak at 284.5 eV which 

is attributed to the sp3-hybridized carbon in C-C bond and the sp2-hybridized carbon in 
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graphitic structure [231, 232]. Peak at 287.1 eV in PK spectra (Figure 3.2b) is attributed 

to the carbonyl (C=O) bond in the PK molecular chain. After depositing CNT layer atop, 

peaks at binding energy of 285.6, 288.5 eV attributed to the sp3-hybridized carbon 

atoms at the CNT surface occurred (Figure 3.2c-e). These carbon atoms directly bond 

to functional groups such as hydroxyl groups (C-OH at 285.6 eV) and carboxylic acid 

(O-C=O at 288.5 eV, overlapped with C=O) groups [231-233], whose existence is 

attributed to CNT defects. With increasing CNT loading amount, the thickness of CNT 

layer became large, making the C=O bond in PK hard to detect, resulting in a decreased 

area of C=O bond. Similarly, the amount of defects on CNT surface lessened with 

increasing CNT loading amount, leading to a reduced area of C-O bond for the case of 

PK-CNT substrates. The XPS results confirm that the coated CNT layer gradually 

changed the chemical composition of PK surface, making it closer to the property of 

CNT surface. 

 

Figure 3.3. FTIR spectra of PK and PK-CNT substrates with CNT loading amount 

varied from 0.3 to 3. Variation types are reported in parentheses: v: stretching; δ: 

bending; w: wagging; p: rocking; asym: antisymmetric mode; sym: symmetric. 

 

The FTIR characterization were performed and results are shown in Figure 3.3. In 

the spectra of PK, a strong characteristic peak was found at 1689 cm-1 which 
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corresponds to the stretching of carbonyl (C=O) bond [234]. Other characteristic peaks 

appeared at 1406, 1331, 1259 and 1055 cm-1 correspond to the stretching, bending, 

wagging, and rocking attributed to CH2 group, respectively. The peaks at 2914 and 3390 

cm-1 respectively corresponded to the stretching of CH2 and the stretching of OH 

because of keto–enol tautomerism. This result indicates that the PK substrate was 

successfully prepared through NIPS method without changing its original chemical 

structure. 

The deposition of CNT layer led to lower intensities of the C=O bond at 1689 cm-1 

and the CH2 group at 2914, 1406, 1331, 1259 and 1055 cm-1, while new peaks occurred 

in the series of PK-CNT spectra at 1191 and 1115 cm-1, corresponding to the stretching 

of C-O bond (XPS data provided strong evidences) and the blending of the C-H bond 

on benzene ring. This result leads to conclude that the chemical structure of CNT was 

well-maintained during the deposition process. 

3.3.2. Characterization of CNT-interlayered TFC membrane 

First, to verify the occurrence of IP reaction, and to understand the chemical structure 

of the as-prepared PA layer, FTIR analyses were conducted and peaks were assigned 

referring to the possible molecular structure of polyamide [37]. In Figure 3.4, several 

characteristic peaks of polyamide were identified and labeled accordingly. A 

comparison of the spectra of substrate (refer to Figure 3.3) with those of TFC 

membranes revealed four unique peaks of PA layer appeared at 3309, 1608, 1539 and 

1489 cm-1. The peak at 3309 cm-1 was attributed to the stretching (v) of N-H bond [235]. 

The peak at 1608 cm-1 was associated with aromatic amide, and had been previously 

attributed to the deformation (d) vibration of N-H bond [236] and the ring stretching of 

C=C bond [37, 237, 238]. The peak at 1539 cm-1 was identified as the amide II bond in 

the amide group (-CONH-), which was an overlap of the bending (δ) of N-H bond and 

the stretching of C-N bond [239-241]. The amide I band (stretching of N-C=O) was 

identified at 1663 cm-1 [237, 239, 241] where an enhanced intensity was observed. The 

peak at 1489 cm-1 was assigned to the bending of -OH from the carboxylic acid groups 

(-COOH) which hydrolyzed from the unreacted acid chloride groups [35]. The 
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enhanced intensity of the stretching of C-O bond at 1190 cm-1 (overlapped with the C-

O bond on CNT surface, refer to Figure 3.3) also confirmed the existence of -COOH 

group on the membrane surface. The FTIR results indicate that despite the surface 

properties of substrates have changed, a PA layer can smoothly generate. However, due 

to the complex overlapping between peaks, further quantitative analysis was still 

difficult. 

 

Figure 3.4. FTIR spectra of TFC PA membranes with CNT loading amount varied from 

0.3 to 3. Variation types are reported in parentheses: v: stretching; δ: bending; asym: 

antisymmetric; sym: symmetric. 

 

The influence of the CNT intermediate layer on the surface morphology of the PA 

selective layer of the TFC membranes are shown in Figure 3.5. The pristine TFC 

membrane (TFC-C) showed the typical ridge-and-valley and nodular structures 

characteristic of the PA layer (Figure 3.5a). However, upon the introduction of the CNT 

intermediate layer, it could be noticed that the ridge-and-valley structures evolved into 

larger leaf-like structures, and the nodular structures gradually turned into ridge-and-

valley structures. The PA leaf-like structures could also be observed to overlap with 

each other, resulting in an apparent multi-layered structure. This change in PA structure 

was further corroborated by the cross-sectional FE-SEM and TEM images (Figure 3.5f-
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o), which showed an increase in the apparent thickness of the PA layer due to the 

formation of multi-layered leaf-like structures. This phenomenon was observed from 

the morphological images of the membranes whose intermediate layers were prepared 

with CNT dispersion volumes lower than 1 mL. The membranes whose intermediate 

layers were prepared using higher CNT dispersion amounts (TFC-1 and TFC-3) showed 

a reduction in leaf-like structures and another emergence of nodular structures (Figure 

3.5e, j and o). The formation mechanism of these PA structural phenomena was 

explained in detail in Chapter 2. 

 

Figure 3.5. Surface and cross-sectional SEM images of pristine TFC-C membrane (a, 

f, and k) and CNT-interlayered TFC membranes (b, g and l for TFC-0.3; c, h and m for 

TFC-0.5; d, i and n for TFC-1; e, j and o for TFC-3). 

 

Other surface properties of TFC membranes were listed in Table 3.3. The WCA 

values for all TFC membranes were around 70°. However, upon closer examination, a 

trend of first decreasing and then increasing WCA was observed at the turning point of 

the TFC-0.7 membrane. It has been demonstrated that the hydrophilicity of PA is highly 

related to its chemical composition and cross-linking degree. Thus, XPS 

characterizations was conducted to analysis the element composition and cross-linking 

degree of the PA layer. The cross-linking degree was calculated according to a reported 
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method [242], and results were listed in Table 3.3. The initial increase in the cross-

linking degree from ~0.48 (TFC-C membrane) to ~0.68 (TFC-0.7 membrane) indicated 

that fewer carboxyl groups remained on the surface, theoretically leading to an increase 

in WCA. However, according to the Wenzel model, an increase in roughness for 

hydrophilic surface can result in a more hydrophilic property [243], and this effect could 

counteract the increase in WCA. As a result, the two opposite tendencies eventually led 

to little change in the WCA. Similar situations were also observed for the TFC-1 and 

TFC-3 membranes, where the decreased surface roughness and cross-linking degree 

resulted in a relatively stable WCA. 

Table 3.3. Surface properties of the fabricated TFC membranes. 

Membrane 
Root-mean-square 

roughness (nm) 
Water contact 

angle (°) a 
Cross-linking 

degree 
TFC-C 93.2±1.2 73.0±2.4 0.48±0.15 
TFC-0.3 150±9 66.0±1.5 0.63±0.12 
TFC-0.5 172±8 67.3±2.2 0.66±0.03 
TFC-0.7 145±9 70.6±2.4 0.68±0.01 
TFC-1 135±4 72.1±1.8 0.67±0.04 
TFC-3 80.2±14 76.6±2.1 0.60±0.04 

a Water contact was measured after the water droplet was in contact with membrane for 

15 s. 

3.3.3. OSN performances of the TFC membranes 

To demonstrate the influence of the CNT interlayer and PA structure on the separation 

performance, The OSN performances of the TFC membranes were investigated. 

Methanol permeance values and rejections of several dyes were plotted against different 

CNT loading amounts (Figure 3.6a). The methanol permeance gradually increased 

from 1.61 L m-2 h-1/bar to 5.34 L m-2 h-1/bar as the CNT loading amount increased from 

0 to 0.5, and then slightly decreased with further increases in loading amount. Notably, 

this significant increase in permeance did not come at the expense of rejection loss, as 

demonstrated by the MO and SOG rejection remained above 99.5% and 96.5%, 

respectively. According to the typical solvent transport model for PA films reported in 

Livingston’s work [31], the relationship between the solvent permeances and the 
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solvent property combinations ( 𝛿

𝜂 𝑑2, where δ is the Hansen solubility parameter of polar 

portion, η is solvent viscosity, and d is the molecular diameter) of the TFC-C and the 

optimal sample TFC-0.5 was linear (Figure 3.6b), indicating that the membranes are 

defect-free, and their transport properties fit well with the typical transport model. 

 

Figure 3.6. (a) Dye rejection performances of the TFC membranes having different 

CNT loading amount; (b) Plot of the solvent permeances against solvent properties. 

 

The enhanced membrane performance can be attributed to both the CNT interlayer 

effect and the optimized PA structure resulting from the CNT layer. The gutter layer 

effect of the CNT interlayer, well-documented in the literature [135, 136], is one of the 

effective reasons for the permeance enhancement, as it facilitates solvent transport 

horizontally and shortens the transport distance within the less permeable PA layer. 

Additionally, the presence of the CNT interlayer alleviates PA intrusion into the 

substrate, leading to reduced resistance during solvent transport [138-140]. However, 

the extent of permeance enhancement is limited by the thickness of CNT layer, as an 

increase in the interlayer thickness leads to monotonic increase in transport resistance 

in the vertical direction. For example, in this study, the CNT layer reached its thinnest 

thickness and lowest transport resistance at a CNT loading amount of 0.5, resulting in 

the maximum gutter effect on permeance enhancement for the TFC-0.5 membrane. 

Beyond this point, further increases in the CNT loading amount led to decreased 

permeance due to the trade-off between the transport resistance in horizontal versus 

vertical direction [135]. The solvent permeance of the TFC-3 membrane was 
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approximately 50% lower than that of TFC-0.5, although it was still nearly 1.6 times 

more permeable than the control TFC-C membrane. Another reason for the increased 

permeance is the larger filtration area of PA layer resulting from the transition of PA 

morphology. As discussed earlier, the surface roughness of the PA layer increased 

during the transition from nodular to ridge-and-valley, and then to large leaf-like 

characteristics, providing a higher filtration area and resulting in a higher permeance of 

the TFC membrane. However, the excessive loading amount of CNT led to a large loss 

of large leaf-like PA structures and a relatively lower permeance for TFC-1 and TFC-3 

compared to TFC-0.5. 

 

Figure 3.7. (a-e) Surface morphologies of TFC-0.5 samples prepared using different 

MPD/TMC combinations (The number after TFC-0.5 represents the MPD 

concentration used); (f) Effect of MPD concentration on performance of TFC-0.5 

membrane. 

 

The membrane performance of the TFC membrane with a CNT loading amount of 

0.5 was further optimized by varying the MPD concentrations (from 0.2 to 4 wt%, with 

a fixed concentration ratio of MPD/TMC at 2/0.1). Figure 3.7f illustrates the influence 

of MPD and TMC concentration on membrane performance. A low MPD concentration 

of 0.2 wt% did not provide enough monomer content to ensure sufficient MPD supply 

during the IP reaction, resulting in defects in the generated PA film and unfavorable dye 

rejection values (less than 10% for positively-charged CSG dye). Increasing the MPD 
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concentration led to an enhanced IP reaction, forming a cross-linked PA film and 

increasing the rejections from ~90.5% to ~98.0%. Additionally, the increase in 

membrane permeance was attributed to the formation of large leaf-like PA structures, 

providing more filtration area during solvent transport (Figure 3.7a-e shows the 

morphologies of TFC-0.5 samples prepared using different MPD concentrations). 

However, excessive MPD concentration resulted in a PA layer with a much higher 

cross-linking degree (0.80±0.08), leading to reduced membrane permeance at the MPD 

concentration of 4 wt%. Therefore, the optimal TFC membrane fabrication condition 

was determined with using 2 wt% MPD and 0.1 wt% TMC.  

 

Figure 3.8 MWCO profile of TFC-C, TFC-0.5 and TFC-1 detected using sugar and 

other molecules in water phase (1000 mg/L) (a), and using dyes in methanol (50 mg/L) 

(b). 

 

The molecular weight cut-off (MWCO) of the TFC-C, TFC-0.5, and TFC-1 

membranes were estimated from the rejection of neutral sugar and other molecules in 

water phase (Figure 3.8a). Another MWCO evaluation was conducted using dyes with 

different charge properties in methanol solvent, as sugars are known to be insoluble in 

methanol, and the results are given in Figure 3.8b. The rejection values increased with 

the increase of molecular weight (Figure 3.8a), indicating that the TFC membranes are 

quite dense. From the rejection values, the MWCO of three TFC membranes varied in 

a narrow range from 98 to 138 g/mol, with the MWCO of TFC-0.5 (~98 g/mol) being 

slightly lower than the other two TFC membranes (~138 g/mol). However, all TFC 

membranes had low rejection (~30%) of 4-nitroaniline (4N) molecule in methanol 
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(Figure 3.6a), even though its molecular weight (4N: 138.1 g/mol) was quite close to 

the membrane's MWCO. This disagreement in MWCO values could be attributed to the 

use of different solvents during the two MWCO measurements (Figure 3.6b), and the 

different behaviors of the membrane surface when in contact with different solvents, 

i.e., methanol and water [60]. Despite this, all results demonstrate that the TFC 

membranes owned dense PA layers, and the advantage of having a dense PA layer and 

a small MWCO is particularly beneficial for OSN applications, especially for large-

scale applications such as Max-Dewax process [229]. 

 

Figure 3.9. (a) Dye rejection performances and (b) MWCO profile of TFC-C and TFC-

0.5 detected using dyes in methanol (50 mg/L) after 10-min DMF activation. See Table 

3.1 for the detail information of dyes and drug molecules used in this work. 

 

The methanol permeance and rejection against MO and SOG of TFC-C and TFC-0.5 

membranes before and after solvent activation were presented in Figure 3.9. As shown 

in Figure 3.9a, after exposure to DMF, there was a significant (approximately 3 to 4 

times) increase in the methanol permeance for both membranes. Comparing the dye 

rejection values of the membranes before and after solvent activation, it was observed 

that the SOG rejection decreased from approximately 95% to approximately 80% for 

both membranes. While SOG rejection decreased, the rejection of both TFC-C and 

TFC-0.5 membranes against MO was maintained close to 99%, similar with the MO 

rejection values before DMF activation. To further illustrate this observed change 

limited to SOG rejection only, the MWCO values of the two membranes were 
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determined by using dyes in methanol, and results were shown in Figure 3.9b. Prior to 

DMF activation, the TFC-C and TFC-0.5 membranes had MWCO values between 170-

180 g/mol (Figure 3.8b); after DMF activation, the MWCO increased to 310 and 265 

g/mol for TFC-C and TFC-0.5, respectively (Figure 3.9b). As reported in earlier 

solvent activation studies for PA membranes, solvent activation bring about changes in 

the PA microstructure which would more likely impact the rejection of smaller chemical 

species [244], such as SOG in this case. The notable changes in MWCO values could 

be attributed to the solvent-induced swelling, enlarged pore volume, and irreversible 

structure change of the PA matrix after solvent activation [245]. 

 

Figure 3.10. Long-term stability of the optimal TFC-0.5 membrane over a 7-day 

operation. Feed solution: 50 mg/L curcumin (CCM) in methanol. Flow rate: 10 mL/min. 

 

The long-term stability of the optimal TFC-0.5 membrane was tested over a 160-h 

(approximately 7-d) operation using 50 mg/L curcumin (CCM) in methanol as the feed 

(Figure 3.10). CCM is chosen as a model solute for OSN in this work since it is widely 

used as an ingredient in dietary supplements, as well as an additive for cosmetics, food 

flavoring, and coloring. After the initial permeance decline observed at the onset of the 

operation attributed to membrane compaction, stable permeance at 2.01 L m-2 h-1/ bar 

was observed until the end of the filtration. The rejection of CCM was observed to be 

stable at over 99.2% throughout the operation. These data show the stability of the 
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membrane during filtration with organic solvents over an extended period of time, as 

well as the applicability of the optimal CNT-interlayered TFC membrane (TFC-0.5) for 

separation of bioactive substances, such as CCM, from organic solvent solutions. 

3.4. Summary 

In this work, CNTs were coated on top of PK membrane substrates prior to PA 

selective layer formation via IP. The CNT coating amount was varied, and the effects 

of the CNT coating amount were investigated. The presence of the CNT intermediate 

layer brought about changes in the PA structure, depending on the CNT coating amount. 

At lower CNT coating amounts (> 1 mL CNT dispersion volume), multi-layered, large 

leaf-like structures of PA were observed, as opposed to the typical ridge-and-valley and 

nodular structures of the pristine TFC membrane. Moreover, the CNT-interlayered TFC 

membrane was successfully applied for OSN application. The presence of the CNT 

interlayer was able to regulate the MWCO of the TFC membrane, allowing it to 

selectively retain smaller molecules such as dyes and sugars, even in organic solvent 

environments. OSN tests revealed that the optimal membrane displayed a methanol 

permeance of 5.34 L m-2 h-1/bar with an extremely MWCO of 170-180 g/mol. These 

results were attributed to the reduced PA intrusion, enlarged PA filtration area, and the 

gutter layer effect brought about by the CNT interlayer. Furthermore, the CNT 

interlayer was shown to have high tolerance against selected organic solvents



87 

Chapter 4 Molecular separation of organic solvent 

mixtures using carbon nanotube-interlayered thin film 

composite membrane 
 

 

4.1. Introduction 

Organic solvents are widely used as raw materials or reaction media for chemical 

synthesis, and a huge amount of organic solvent mixtures is generated during the 

production of chemicals. Compared with the non-environmentally friendly solvent 

incineration [7, 8], separating these solvent mixtures is of great importance for product 

purification, solvent recovery, and sustainable production [5]. Therefore, facilities for 

chemical separation of organic liquids have become one of the standard configurations 

in modern industries, such as petrochemical, pharmaceutical, and food processing 

industries.  

Currently, industries rely heavily on evaporation and distillation for separating 

solvent mixtures [6, 246]. However, these conventional energy-intensive separation 

approaches account for 10–15% of the world’s energy consumption [6], which could 

leave a large carbon footprint. Distillation also faces a big challenge in separating 

azeotropes due to the similar boiling point of each component. All these limitations 

motivate engineers and scientists to explore new environmentally-benign alternative 

separation technologies. 

Membrane separation technology has exhibited advantages like small footprint, high 

integration, and less energy consumption, thus making it a potential alternative 

technology for solvent separation and recovery [226]. Considering the small molecular 

dimension (less than 1 nm) and the inconspicuous differences between solvent 

molecules, organic solvent reverse osmosis (OSRO) can separate these compounds as 

it equips a highly dense membrane for sieving without any phase change during the 

separation process. However, the OSRO membrane development is still in its infancy 
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because of the rigorous requirements on chemical-resistance and separation capability. 

Thus, the development of high-performance OSRO membrane with precise molecule 

distinguishing capability and permeability has become a particularly attractive topic of 

interest in recent. 

Great efforts have been done on the fabrication of OSRO membranes. The cellulose 

acetate (CA) membrane was first applied in OSRO process for separating the 

alcohol/aromatic hydrocarbon mixtures [64, 65]. During the last decade, membranes 

made from polyacrylonitrile (PAN) [66], cellulose acetate butyrate (CAB) [67], 

polyethylene (PE) [68], perfluorodioxole copolymer [69-71], silica-zirconia [72], 

organosilica [73], polyamide-imide Torlon® [74], polydimethylsiloxane (PDMS) [75], 

and metal oxides/polymer of intrinsic microporosity 1 (AlOx/PIM-1) [76] were 

developed. There has been an advent of new materials and fabrication methods for 

OSRO membrane development to allow applications for harsher solvent environments. 

However, these membranes still suffer from insufficient separation performance or 

large-scale fabrication. For example, the thermoplastic polyamide-imide Torlon®-

based membrane [74] has a molecular weight cut-off (MWCO) of 185 g/mol which 

means there is a limitation on separating the solvents with smaller molecular size, such 

as alcohol/alkane mixtures. The organosilica membrane [73] showed an excellent 

separation performance to 10 wt% toluene in methanol (M90T10) with a separation 

factor of 9 (toluene rejection: ~89%) and a permeance of 0.01 L m-2 h-1/bar under the 

operation pressure of 3MPa, thanks to its thick and compact separation layer. However, 

the reported fabrication process of organosilica membrane is quite complex, since it 

requires repeated coating of α-Al2O3, SiO2-ZrO2 sol and bis(triethoxysilyl)acetylene 

(BTESA) polymer for several times and curing under 200~500℃. Thus, novel and 

easy-to-fabricate OSRO membranes are highly desired.  

Recently, with the use of solvent-resistant materials as substrate, the concept of well-

commercialized thin-film composite (TFC) polyamide (PA) membrane fabricated using 

interfacial polymerization (IP) has shown its potential in the OSRO process [61, 77, 

78]. Liu et al. [61] reported a polyketone (PK)-based TFC PA membrane used in OSRO 

process for separating aliphatic alcohols, aliphatic alkanes, and aromatic compounds 
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from methanol. Superior separation performances and long-term stability were 

achieved for M90T10 mixture with separation factor of 8.4 under operation pressure of 

3 MPa. It is noteworthy that the permeance of the PK TFC PA membrane was 0.17 L 

m-2 h-1/bar. The permeance of this membrane is still considered low, which could limit 

its separation efficiency when used in real OSRO applications. Thus, investigating the 

permeance enhancement of OSRO membrane is as important as fabricating a dense 

OSRO membrane to fully understand the transport mechanism in OSRO process. 

Carbon nanotube (CNT) interlayer intercalation has been demonstrated as an 

effective way to enhance the membrane performance from the perspectives of gutter 

layer effect [134-136], substrate surface property regulation [137, 138], and IP reaction 

facilitation [58]. In previous chapter, the cross-linked CNT-interlayered TFC membrane 

were used as the separation layer material for OSN process. However, the effectiveness 

of CNT interlayer on membrane performance enhancement for organic solvent 

separation has not been examined yet. Furthermore, the transport mechanism of organic 

solvents has still not been fully elucidated as that for salt ions or macromolecules.  

Hence, the target of this work is to enhance the permeance of TFC PA OSRO 

membrane with no or minimal compromise in rejection. Since the CNT-interlayered 

TFC membrane has been well investigated in previous two works with enhanced 

performances demonstrated. Thus, in this work, a highly cross-linked tripe-layered TFC 

membrane was fabricated with using polydopamine (PDA)-modified CNT as the 

interlayer. The membrane performance was further examined in OSRO process. The 

separation performances of three kinds of solvent combinations (methanol/toluene, 

methanol/MTBE, and acetonitrile/toluene) were compared, and the membrane-mixture 

interactions were analyzed based on Hansen solubility parameters (HSP) theory to 

elucidate the organic solvent separation mechanism. This work could provide insights 

on the design and fabrication of high-performance OSRO membrane also the 

understanding of solvent separation mechanism. 
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4.2. Experimental 

4.2.1. Materials 

Polyketone (PK) polymer (200,000 g/mol) was kindly supplied by Asahi Kasei Co., 

Ltd. (Japan). Polyester (PET) nonwoven fabric (90 HP) purchased from Awa Seishi Co., 

Ltd. (Japan) was used as PK membrane support. Single-walled carbon nanotubes (CNT, 

length range: 5–30 μm, diameter: <2 nm, 95%) was purchased from Aladdin Chemical 

Co., Ltd. (China). 1,3,5-benzenetricarbonyl trichloride (TMC, 99%), m-

phenylenediamine (MPD, 99%), sodium dodecylbenzene sulfonate (SDBS), and 

dopamine hydrochloride (DOPA) were purchased from Sigma-Aldrich Co., Ltd. 

(Japan). Resorcinol and several organic solvents (e.g., acetonitrile, methanol, acetone, 

tetrahydrofuran (THF), ethanol, methyl tert-butyl ether (MTBE), 1-Methyl-2-

pyrrolidinone (NMP), 1-propanol, toluene) and HCl-tris buffer (1 M, pH 7.5) were 

obtained from Fujifilm Wako Pure Chemical Co. Ltd. (Japan). Deionized (DI) water 

was supplied by water purification system manufactured by Merck Millipore Co., Ltd. 

(Germany). All chemicals were used as received. 

4.2.2. Fabrication of CNT-coated PK substrate 

The PK substrate was fabricated through conventional nonsolvent-induced phase 

separation (NIPS) [204]. Firstly, 14 wt% PK powder was dissolved in the mixture of 

resorcinol and DI water (35:65, wt%) at 80℃. The mixture was stirred at least 5 h to 

form a homogenous casting solution. After overnight degassing at 60℃, the PK 

solution was cast onto a non-woven fabric with a casting gap of 400 μm. The casting 

plate was immediately immersed into a coagulation bath of methanol/water (20:80, 

wt%) for 20 min. Then, the formed membrane was fixed using a stainless-steel frame 

and was sequentially immersed into pure acetone and hexane for 20 min each to make 

sure the membrane was fully washed. Finally, the obtained PK membrane was labelled 

as PK14, and was dried in the air and stored for further used. 
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4.2.3. Fabrication of CNT-coated PK substrate 

Before coating CNT onto PK substrate, the CNT was modified using polydopamine 

(PDA) following the reported method [208]. Generally, 10 mg CNT and 100 mg SDBS 

were dispersed in 100 mL DI water upon 8 h probe-sonication before centrifuged at 

10,000 rpm for 1 h. Then, 10 mg dopamine (DOPA) and 10 mL HCl-Tris buffer (0.1M, 

pH 7.5) were added into the supernatant and stirred for 12 h at 40℃. After re-

centrifugation at 10,000 rpm for 30 min, the PDA-modified CNT (CNTd) dispersion 

with a concentration of 0.183 ± 0.058 mg/mL was obtained. 

The CNT-coated PK substrate was fabricated using spray-coating method. Briefly, 

30 mL of CNTd dispersion was sprayed onto the surface of PK14 substrate using an 

airbrush (LPH-50-S9-04, Anest Iwata, Japan) at 0.1 MPa with a spraying distance of 30 

cm. The 34 × 34 cm2 movement area of the airbrush was larger than the effective 

membrane area (13 × 18 cm2) to ensure that the membrane surface could be fully 

covered. The as-prepared CNT-coated PK substrates (labelled as PK14-CNTd) were 

further dried at 60℃ for 0.5 h and stored at room temperature. 

4.2.4. Fabrication of CNT-interlayered TFC membrane 

The fabrication process of CNT-interlayered TFC membrane (TFC-CNTd-PA) was 

depicted in Figure 4.1. 

 

Figure 4.1. Schematic diagram of CNT-interlayered TFC membrane fabrication. 
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The TFC membrane having CNTd interlayer was fabricated through interfacial 

polymerization using MPD and TMC following the reported method [208]. Basically, 

the CNT side of PK14-CNTd substrate was prewetted by 3.4 wt% MPD aqueous 

solution for 2 min before removing the excess MPD solution by a rubber roller. Then, 

0.15 wt% TMC solution in hexane was poured onto the MPD-impregnated side for 1 

min. After pouring out the excess TMC solution, the nascent membrane was further 

cured at 60℃ for 10 min. The resultant membrane was preserved in DI water at 4℃ 

before testing and characterization.  

4.2.5. Membrane characterization 

Surface morphologies were observed by field-emission scanning electron 

microscopy (FE-SEM, JSF-750F, JEOL, Japan), atomic force microscopy (AFM, SPA-

400, Hitachi, Japan), and transmission electron microscopy (TEM, JEM-2100F, JEOL, 

Japan). The surface roughness was analyzed by Spisel software based on AFM images. 

The average surface pore size and porosity were analyzed using ImageJ software based 

on the bright and contrast differences of pore- and non-pore structures in SEM images. 

The porosity (ɛ) is defined as the area ratio of pore area and total area. The membrane 

surface pore size distribution was measured from analysis of at least 300 pores as 

identified by ImageJ software. The bulk membrane pore size distribution and average 

pore size were determined using a liquid-liquid porometer (LLP-1200A, Porous 

Material, USA). Isopropanol and Galwick which offered by manufacture were used as 

wetting and displacement solvent. The element composition of PA layer was detected 

using X-ray photoelectron spectroscopy with monochromatic Al Kα excitation (XPS, 

JPS-9010MC, JEOL, Japan). The membrane surface hydrophilicity was measured 

using a contact angle analyzer (WCA, DM-300, Kyowa, Japan) with a droplet volume 

of 2 μL. The surface charge of PK14-CNTd substrate was detected using a solid zeta 

potential analyzer (SurPASS 3, Anton Paar GmbH, Austria) in a pH range from 3 to 10. 

All samples were fully dried in an oven at 60℃ overnight before characterizations and 

all tests were performed at room temperature. 
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4.2.6. OSRO performance measurement 

The OSRO separation performance of TFC membrane was evaluated in a cross-flow 

OSRO setup with an effective membrane filtration area of 7.065 cm2 [130]. Before 

testing, the TFC membrane was pre-compacted in pure methanol under 3 MPa for at 

least 4 h until a stable methanol permeance was reached. Then, the pure methanol 

permeance was measured under the same pressure with a cross-flow rate of 9.9 mL/min. 

After that, the permeance and rejection of solvent mixture were measured by switching 

the pure methanol to the solvent mixture as feed solution. The permeate was collected 

and its weight gain was recorded by an electronic balance. The permeance (P, L m −2 

h−1/bar) can be calculated based on the following Eq. (4-1): 

𝑃 =
𝑀

𝑆×𝑡×𝜌×∆𝑝
                                                                                                            (4-1) 

where M (g) is the mass of permeate; S (m2) is the effective membrane area; t (h) 

represents the filtration time, 𝜌 (g/L) is the density of permeate, and ∆𝑝 is the applied 

pressure on the feed side. 

Next, binary solvent mixtures were tested in this work, wherein the component with 

higher amount was considered as solvent and the other was solute. For example, solvent 

mixture of “AxBy” means that the mixture is composed of component A (solvent) and 

component B (solute) which take a proportion of x wt% and y wt% (x>y), respectively. 

The composition of permeate and feed solution were determined using gas 

chromatography (GC, GC-2014, Shimadzu, Japan). Based on this conception, the 

solute rejection (R, %) and separation factor (𝛼) can be calculated using Eq. (4-2) and 

Eq. (4-3): 

𝑅 = (1 −
𝐶𝑠𝑜𝑙𝑢𝑡𝑒

𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝐶
𝑠𝑜𝑙𝑢𝑡𝑒
𝑓𝑒𝑒𝑑 ) × 100%                                                                                  (4-2) 

𝛼 =
[𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡/𝐶𝑠𝑜𝑙𝑢𝑡𝑒]𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

[𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡/𝐶𝑠𝑜𝑙𝑢𝑡𝑒]𝑓𝑒𝑒𝑑                                                                                         (4-3) 

where 𝐶𝑠𝑜𝑙𝑢𝑡𝑒
𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒  and 𝐶𝑠𝑜𝑙𝑢𝑡𝑒

𝑓𝑒𝑒𝑑  are solute concentrations in permeate and feed solution, 

respectively. 𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡 having superscripts permeate or feed represent the concentrations 

of solvent component in permeate and feed solution, correspondingly. It should be 

noted that the separation factor larger than 1 indicating that the solvent is preferentially 
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penetrating through the membrane. 

4.2.7. CNT leakage measurement 

The potential leakage of CNTd during organic solvent filtration was investigated. 

The leakage experiment was conducted using a cross-flow OSRO setup using pure 

methanol as the feed under the operating pressure of 5 MPa. The permeate side was 

reflowed to the feed solution to make sure that any possible leaked CNTd remained in 

the system. After continuously running for 6 days, the permeate was collected, and the 

existence of CNTd was detected by a UV–vis spectrophotometer (Shimadzu, UV-2700, 

Japan) at 262 nm [247]. 

4.2.8. Hansen solubility parameters (HSP) calculation 

In HSP theory, the solubility parameter (𝛿) of one substance was divided into three 

components: 𝛿𝐷, 𝛿𝑃 and 𝛿𝐻, which represents the cohesion energy density of dispersion 

(ED), polarity (EP) and hydrogen-bonding (EH), respectively. Through comparing the 

similarity of HSP values of two substances (e.g., solvent-solvent, solvent-polymer), the 

affinity between the two components could be estimated. Based on this, the HSP theory 

was applied to investigate the interaction between the solvent mixture and the 

membrane, and to further understand the organic solvent separation mechanism. 

According to the Hansen’s handbook [248], the HSP values of solvent mixture can be 

calculated such that the HSP of the mixture is the volume-weighted average of the HSP 

of the components, as described in Eq. (4-4) and Eq. (4-5): 

𝛿𝑏𝑙𝑒𝑛𝑑 = (𝜑𝑐𝑜𝑚𝑝1 × 𝜎𝑐𝑜𝑚𝑝1) + (𝜑𝑐𝑜𝑚𝑝2 × 𝜎𝑐𝑜𝑚𝑝2)                                             (4-4) 

𝜎𝑐𝑜𝑚𝑝1 =
(

𝑊𝑡.𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐷𝑒𝑛𝑠𝑖𝑡𝑦
)1

(
𝑊𝑡.𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐷𝑒𝑛𝑠𝑖𝑡𝑦
)1+(

𝑊𝑡.𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐷𝑒𝑛𝑠𝑖𝑡𝑦
)2

                                                                        (4-5) 

where 𝛿𝑏𝑙𝑒𝑛𝑑 (MPa0.5) represents one of the three HSP portion of solvent mixture; 𝜑 

(MPa0.5) represents the corresponding HSP portion of component 1 and component 2; 

𝜎  is the volume fraction of component 1 and component 2. A detailed example of 

calculation was given in the discussion section of Supporting Information. 

For a given two-component (solvent-solvent, solvent-polymer) system, the affinity 
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or interaction between them can be estimated using the HSP distance (𝑅𝑎), as follows: 

𝑅𝑎 = √4(𝛿𝐷,𝑚 − 𝛿𝐷,𝑠)2 + (𝛿𝑃,𝑚 − 𝛿𝑃,𝑠)2 + (𝛿𝐻,𝑚 − 𝛿𝐻,𝑠)2                                 (4-6) 

where the 𝛿𝐷 , 𝛿𝑃  and 𝛿𝐻 represent the dispersion, polar and hydrogen bonding 

solubility parameter respectively; and the subscripts m and s refer to the membrane and 

solvent, respectively. 

4.2.9. Dynamic long-term stability evaluation 

Dynamic long-term separation tests were performed to check the membrane stability 

and recovery during continuous operation. Before evaluating the separation 

performance, the membrane was pre-compacted under 3 MPa for 3 days using pure 

methanol as the feed. After reaching stable pure methanol permeance, the feed solution 

was changed to the solvent mixture with 10 wt% solute content, and the filtration 

experiment was conducted at the same operation pressure. The filtration was operated 

for 30 days, during which the feed solution was kept constant. The permeance recovery 

tests were performed as soon as the 30-day operation finished by changing the feed 

solution to pure methanol. The mixture permeance during long-term separation and the 

recovered pure methanol permeance were normalized by the compacted methanol 

permeance to determine the degree of permeance decline and recovery. 

4.3. Results and discussions 

4.3.1. Effects of CNTd interlayer on PK surface properties 

Since the substrate could impart significant changes on PA formation, the structure 

and properties of PK14 substrate before and after CNTd network deposition were fully 

characterized and results were shown in Figure 4.2. The pristine PK14 substrate had a 

typical fiber-like structure (Figure 4.2a and d) similar with the previous work [131, 

132, 249]. After depositing CNTd, a contiguous network was formed which almost 

fully covered the original PK14 surface feature, leaving few large surface pores (Figure 

4.2b). The cross-sectional SEM image (Figure 4.2e) gives a clearer view of the CNTd 

network which leeched on to the fibrous structure of PK14 substrate. It should be noted 
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that the CNTd used in this work were modified using PDA. The specific interaction for 

creating a continuous and stable CNTd network is considered to be the remarkable 

adhesion ability of PDA molecules through covalent binding [250-252]. During the 

spray-coating process, the CNTd are randomly deposited and interlaced with each other. 

The PDA outer layer provides a sticking point for the overlapping parts of CNTd and 

connects them through further oxidative polymerization of catechol groups [252, 253], 

resulting in a continuous and stable network of CNTd. On the other hand, the PDA also 

provides a superior adhesion for CNTd interlayer to PK14 substrate through covalent 

coupling [254], ensuring the stability of CNTd interlayer during the filtration process. 

 

Figure 4.2. Surface and cross-sectional morphologies of (a, d, g) PK14 and (b, e, h) 

PK14-CNTd substrates, and the corresponding (c) surface pore size and porosity 

analyzed by Image J software, (f) water contact angle, and (i) pure methanol permeance. 

 

The AFM results (Figure 4.2g and h) show that the RMS (root-mean-square) surface 

roughness decreased from ~36.0 nm to ~27.3 nm after deposition of the CNTd network, 
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which also confirms that the finer and interlaced CNTd covered the original surface 

feature of PK14 surface and made the surface smoother. It is noteworthy that the surface 

hydrophilicity changed reasonably after depositing CNTd as a result of the decreased 

surface roughness (Figure 4.2f). These changes in hydrophilicity and surface roughness 

could play a positive role in controlling the release of MPD molecule during the IP 

reaction and forming a defect free PA nanofilm as studied in previous Chapter 2.  

To further quantify the variation, the surface porosity and surface pore size 

distribution of PK14 and PK14-CNTd substrate were statistically analyzed based on 

the SEM images (Figure 4.2c). Compared to the pristine PK14 substrate, the surface 

porosity of PK14-CNTd substrate decreased from ~20.2% to ~12.6% because of the 

existence of CNTd network, and the average surface pore size of PK14-CNTd substrate 

decreased from ~127 nm to ~24 nm also with a narrower pore size distribution (Figure 

4.2c). Meanwhile, the pure methanol permeance of PK14-CNTd substrate also verified 

the integrity and density of CNTd network, as it dropped to 61.6 ± 3.8 L m-2 h-1/bar 

compared to the pristine PK14 substrate whose pure methanol permeance was 340.9 ± 

6.8 L m-2 h-1/bar (Figure 4.2i). The decrease in pure methanol permeance is mainly 

because of the reduced pore size. Typically, the water transport through a membrane 

can be described by the Hagen-Poiseuille equation (Eq. (4-7)) in which the water 

permeance is proportional to the radius and the membrane porosity [12].  

𝐽𝑤 =
𝜀𝑟𝑝

2∆𝑃

8𝜂𝜏𝑙𝑚
                                                                                                                 (4-7) 

where 𝐽𝑤 is the water flux, 𝜀 the membrane porosity, 𝑟𝑝 the pore radius, 𝜂 the viscosity 

of water, 𝜏 the tortuosity of the membrane, and 𝑙𝑚 the thickness of the rejection layer. 

In this case, due to no solute retention involved in pure methanol permeance testing, 

this water transport model can also be applied to methanol transport which means for 

the PK14-CNTd substrate, the smaller membrane pore size led to the lower methanol 

permeance.  

4.3.2. Changes on PA structure and properties having CNTd interlayer 

Figure 4.3 gives the surface morphologies of the PA layer formed on PK14 substrate 

and PK14-CNTd substrate, respectively. Typical leaf-like structures were formed for 
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both two PA layers and the sizes of TFC-CNTd-PA layer were much larger than TFC-

PA layer (Figure 4.3a and e). The apparent thicknesses of PA layer estimated based on 

cross-sectional SEM images (Figure 4.3b and f) were ~286 nm and ~495 nm for TFC-

PA and TFC-CNTd-PA, respectively, as evidenced by the Z-height differences 

determined using AFM (Figure 4.3d and h).  

 

Figure 4.3. The surface and cross-section SEM, TEM and AFM images of TFC-PA (a, 

b, c and d) and TFC-CNTd-PA (e, f, g and h) membrane. 

 

Compared to the TFC-PA membrane (Figure 4.3c), the CNTd interlayer (black 

boundary) in TFC-CNTd-PA membrane (Figure 4.3g) can be clearly distinguished 

between the PA layer and PK14 substrate in TEM images, and its thickness was 

estimated around 40 nm. It can also be seen that there were many small white parts in 

the PA layer of TFC-CNTd-PA membrane (Figure 4.3g) than that in TFC-PA membrane 

(Figure 4.3c). These parts can be considered as the inner voids of PA layer which could 

be attributed to the formation of large leaf-like structure. It is precisely because of the 

increase of inner voids that the specific area of PA (S ratio in Table 4.1) was greatly 

increased without adding further transport resistance. Thus, the larger leaf-like structure 

of polyamide layer formed on PK-CNTd substrate will also beneficial to provide high 

permeance for solvents. 

The formation of crumpled leaf-like structure has been well established in literature, 

which is a relatively mature feature of MPD-based PA nanofilm prepared with high 
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monomer concentration [211]. The influence of the CNTd interlayer on PA formation 

regulation is the synergistic effect of the following: Firstly, the intercalation of CNTd 

layer homogenized the distribution of MPD monomer, facilitating the IP reaction to 

occur more on the surface of CNTd layer rather than the interior of the PK14 pores 

[138]. Specifically, the reduced pore size and lower hydrophilicity after depositing 

CNTd network lessened the intrusion of MPD into the inner side of PK, allowing more 

MPD monomers to be stored in the CNTd network instead of the PK14 substrate. Upon 

introducing the TMC monomer, the IP reaction happened immediately on the surface 

and along the CNTd network. Additionally, the 2D planar structure of the CNTd 

effectively blocks the penetration of the MPD solution into the PK14 substrate due to 

the capillary force and thus restrains the growth of PA into the micropores of PK, 

subsequently reducing the mass transport resistance during separation process [139]. 

Secondly, the significant changes on PA morphology were also the result of heat-

intensified IP reaction during the PA formation [31]. The heat generation during IP 

reaction increases the local temperature of aqueous-organic interface, causing 

instabilities in hexane phase according to the temperature-dependent Rayleigh-Benard 

convection [31, 255], which leads to an irregular diffusion of MPD molecules into TMC 

phase then reacting to form polyamide. With prolonged reaction time, the TMC 

molecules react with oligomer fragments and link them together, eventually forming a 

continuous and more crumpled PA nanofilm [23]. However, for TFC-CNTd-PA 

membrane having a CNTd interlayer with much smaller pore size, this heat-intensified 

interface instability was enhanced as the CNTd layer containing thin water layer is not 

a good heat sink compared to the PK14 substrate containing thick water layer and large 

pore size [31]. In this situation, the heat generated will be conducted more to the hexane 

phase, and partially change the partition coefficient of MPD in hexane [22, 23]. Part of 

MPD molecules diffuse into a deeper position of the hexane phase then form acylated 

polyamide oligomers, and finally form a PA layer with greater apparent thickness and 

leaf-like structures. This regional-enhanced diffusion phenomenon of MPD molecules 

also resulted in greater surface roughness (RMS roughness) and specific area (S ratio) 

(Table 4.1). 
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Other surface properties of PA layer are listed in Table 4.1. It is worthy to mention 

that the TFC-CNTd-PA membrane exhibited a higher cross-linking degree (0.93±0.07) 

than TFC-PA membrane (0.62±0.10). Generally, higher cross-linking degree of PA 

means that less carboxyl groups remained on the PA surface [200], which could 

generate different interactions with solvent molecules during organic solvent separation. 

Table 4.1. Surface properties of polyamide layer. 
Sample Water 

contact 
angle (°) 

Zeta potential 
(pH=7, mV) 

Cross-linking 
degree a 

RMS 
roughness 
(nm) b 

S ratio c 

TFC-PA 70.2 ± 3.6 -18.7 ± 1.4 0.62 ± 0.10 57.2 ± 3.8 1.44 ± 0.01 
TFC-CNTd-PA 93.8 ± 3.0 4.5 ± 1.6 0.93 ± 0.07 141.5 ± 9.5 1.63 ± 0.04 

a Cross-linking degree (n) was calculated based on the equation: 𝑁

𝑂
=

3𝑛+2(1−𝑛)

3𝑛+4(1−𝑛)
. The 

detail elemental composition was listed in Table 4.2. 
b RMS (Root-mean-square) roughness and S ratio were obtained based on AFM images. 
c S ratio: the ratio of scanned surface area to the projected area. 
 

Table 4.2. Elemental compositions of the fabricated TFC OSRO membrane detected 

by XPS. 

Membrane 
Element content (%) Element ratio 

N/O 
Cross-linking 

degree C N O 
TFC-PA 72.95±1.31 11.81±0.78 15.25±0.78 0.78±0.05 0.62±0.10 
TFC-CNTd-PA 72.95±0.76 13.23±0.43 13.82±0.54 0.96±0.04 0.93±0.07 

 

4.3.3. OSRO performance evaluation and underlying mechanism of CNTd 

interlayer 

4.3.3.1. Validation of CNTd interlayer on permeance enhancement 

Before evaluating the OSRO separation performance, single-component organic 

solvent filtration tests were performed to assess the affinity of membrane to different 

organic solvents. It should be noted that all membrane filtration and separation tests 

were performed after at least 4-h membrane pre-compaction in pure methanol under 3 

MPa (Figure 4.4a). Prior to applying to solvent separation, the fabricated TFC 

membranes were tested in water RO desalination process to confirm the absence of 

defects. The TFC-CNTd-PA membrane demonstrated an enhanced rejection rate of 98.4% 
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for NaCl, with the water permeance of 1.72 L m-2 h-1/bar (Figure 4.4b), confirming the 

effect of CNTd interlayer on improving permeance without compromising rejection. 

These results are consistent with the previous studies on CNTd interlayer that attributed 

the improved separation performances in aqueous RO process to the increased PA cross-

linking degree, larger filtration area, and the gutter layer effect of CNTd interlayer [135, 

136, 138, 139]. 

 

Figure 4.4. (a) Pre-compaction stage of TFC-PA and TFC-CNTd-PA membrane at 3 

MPa; (b) Water RO performance of TFC-PA and TFC-CNTd-PA membrane. 

 

Figure 4.5 shows the OSRO performances of TFC membranes. The pure solvent 

permeances of both two TFC membranes are linearly related to the solvent properties 

and fitted well with the typical solvent transport model [31] (Figure 4.5), which 

ascribed the pure solvent permeance to three intrinsic parameters of organic solvents as 

described in Eq. (4-8): 

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 = 𝐾
𝛿𝑝

𝜂𝑑𝑚
2                                                                                                (4-8) 

where 𝐾 is a constant of PA layer, and 𝛿𝑝 (MPa0.5), 𝜂 (Pa S) and 𝑑𝑚 (nm) represent the 

Hansen solubility parameter of polar portion, viscosity, and molar diameter of the 

solvents. Due to the polar nature of the PA layer [256, 257], both TFC membranes tend 

to be preferentially permeable to solvents having small molar diameter, low viscosity, 

and high polarity, such as acetonitrile, methanol, and acetone (Table 4.3). Nevertheless, 

the TFC-CNTd-PA membrane showed an enhanced permeability than the TFC-PA 

membrane. For example, the methanol permeance has increased four times higher from 
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0.32 L m-2 h-1/bar to 1.39 L m-2 h-1/bar due to the intercalation of CNTd interlayer. These 

significant changes in membrane permeance could be owed to the synergy of CNTd 

gutter layer effect, larger PA filtration area and less PA intrusion into the substrate. Since 

the intercalation of an interlayer has become a popular way to improve membrane 

performance, the gutter layer effect has been widely discussed in several CNTd 

interlayer related works. The gutter layer effect on permeance enhancement was 

comprehensively studied and confirmed from both transport modeling and experiments 

[135, 136]. In general, a highly permeable interlayer can facilitate the water transport 

in the transverse direction, thereby minimizing the transport distance within the low-

permeability polyamide film [135]. In this work, the permeance enhancement is 

generally applicable for different mixtures, indicating that the gutter layer effect was 

not influenced by the solvent property. On the other hand, the large PA filtration area 

and less PA intrusion into substrate were also essential factors that contributed to high 

permeance. 

 

Figure 4.5. Relationship of pure solvent permeances with solvent properties.  

 

0 40 80 120 160

0.0

0.5

1.0

1.5

2.0

2.5

3.0

69

9

68

7 5 4

Slope=0.0025
R2=0.9060

3
2 18

2

7
4

5
4

3

1. Acetonitrile
2. Methanol
3. Acetone
4. THF
5. Ethanol
6. MTBE
7. NMP
8. 1-Propanol
9. Toluene

 

 

Slope=0.0119
R2=0.9167

 TFC-PA
 TFC-CNTd-PA

Pe
rm

ea
nc

e 
(L

m
-2
h-1

/b
ar

)

δp·η
-1·d m

-2 

1



103 

Table 4.3. Properties of organic solvents used in this work. 
Solvent δD

 a δP
 a δH

 a δ b Density (ρ) at 
20℃ (g/cm3) a 

Viscosity (η) at 20℃ 
(cP) a 

Molecular weight 
(g/mol) 

Molar volume 
(Vm) (cm3/mol) a 

Molar diameter 
(dm) (nm) c 

Acetonitrile 15.3 18.0 6.1 24.4 0.79 0.37 41.05 52.6 0.55 
Methanol 14.7 12.3 22.3 29.4 0.79 0.59 32.04 40.7 0.51 
Acetone 15.5 10.4 7.0 20.0 0.79 0.35 58.08 74.0 0.62 
THF 16.8 5.7 8.0 19.5 0.89 0.55 72.11 81.7 0.62 
Ethanol 15.8 8.8 19.4 26.5 0.79 1.22 46.07 58.5 0.57 
MTBE 14.8 4.3 5.0 16.2 0.74 d 0.36 88.15 119.8 0.72 
NMP 18.0 12.3 7.2 23.0 1.03 1.67 99.13 96.5 0.67 
1-Propanol 16.0 6.8 17.4 24.6 0.80 1.95 60.10 75.2 0.62 
Toluene 18.0 1.4 2.0 18.2 0.87 0.59 92.14 106.8 0.70 
PA layer e 18.0 11.9 7.9 23.0 N/A N/A N/A N/A N/A 

a HSP values, density, viscosity and molar volume data of solvents are taken from the Hansen solubility parameters: a user's handbook [248]. 

b The total HSP value (δ) is calculated form [248]: 𝛿2 = 𝛿𝐷
2 + 𝛿𝑃

2 + 𝛿𝐻
2
. 

c The molar diameter (dm) was calculated using molar volume (Vm) of the solvent molecule based on [31, 258]: 𝑑𝑚 = 2 × (
3𝑉𝑚

4𝜋𝑁𝐴
⁄ )1/3; where 

𝑁𝐴 is the Avogardo’s number. 

d Data obtained from Reference [259]. 

e HSP data of PA are taken from Aharoni, S. M.’s work [256]. 
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For solvent separation, another key factor that should be considered is the interaction 

between the selective layer and organic solvents. Considering the polar property of 

polyamide layer, the separation of polar/non-polar and polar/less-polar solvent 

combinations was chosen. Herein, three different solvent mixtures related to the 

practical application were screened out [223, 260, 261]: methanol/toluene (M/T), 

methanol/methyl tert-butyl ether (M/MTBE) and acetonitrile/toluene (ACN/T) as the 

feed solutions based on the following reasons: (1) Methanol and toluene are extensively 

used as raw materials for the synthesis of styrene or p-xylene in fine chemical industry 

[223, 260, 262, 263]. A huge amount of waste streams containing methanol and toluene 

were generated during the production process and separating these mixtures is 

necessary for the sustainable production. (2) MTBE is adopted as an alternative of 

tetraethyl lead to improve antiknock of gasoline [73, 261, 264]. The production of 

MTBE requires methanol and isobutylene as raw material with excess methanol being 

used for higher yield [261]. Thus, the removal of unreacted methanol from reactor 

product is of high demand before blending MTBE into the gasoline pool. (3) 

Acetonitrile/toluene mixtures usually serve as the reaction media for polymer synthesis, 

such as the synthesis of molecularly imprinted polymers (MIPs) [265, 266]. The 

separation of acetonitrile and toluene is also a pertinent procedure for sustainable 

production. Moreover, there is a huge difference of polarity between acetonitrile and 

toluene. which offers a chance to understand the separation performance from the 

perspective of membrane-mixture interaction, instead of the well-known point of view 

that the polarity difference dominates the separation.  

Considering the fabricated TFC membranes had a preference to penetrate the polar 

solvents with small molecular size, in this work methanol and acetonitrile served as 

solvents, while toluene and MTBE were used as solutes that should be rejected by the 

membrane. The TFC-CNTd-PA membrane exhibited significantly higher permeances 

(2 to 4 times higher) for all three mixtures under all solute concentrations (Figure 4.6). 

For example, the permeance of TFC-CNTd-PA membrane reached to 0.64 L m-2 h-1/bar 

in comparison with 0.22 L m-2 h-1 /bar for TFC-PA membrane when 5 wt% toluene in 

methanol (M95T5) was used (Figure 4.6b). Similar permeance enhancements were 
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also observed for M/MTBE and ACN/T mixtures, validating the effectiveness of CNTd 

interlayer in improving the membrane permeances [135, 138].  

 

Figure 4.6. Solvent separation performances of TFC-PA and TFC-CNTd-PA membrane 

using (a) methanol/toluene (M/T) mixture, (b) methanol/methyl tert-butyl ether 

(M/MTBE) mixture, and (c) acetonitrile/toluene (ACN/T) mixture with solute 

concentration from 5 wt% to 30 wt%. 

 

Additionally, the membrane permeances decreased as the solute concentration 

increased because of the increased osmotic pressure [61]. It should be noted that neither 

of the two TFC membranes showed any permeances when more than 20 wt% MTBE 

in methanol was used. it is believed that the lack of permeance for the M/MTBE mixture 

with high solute content is because the osmotic pressure of M/MTBE mixture with over 

20 wt% MTBE content is too high (shown in Table 4.4, 6 MPa and 11 MPa for 20 wt% 

and 30 wt% MTBE in methanol respectively, calculated according to earlier works [73, 

75]) to generate effective driving pressure under the operation pressure of 3 MPa, 

leading to no permeances for both two TFC membranes. 
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Table 4.4. Calculated osmotic pressure of different organic solvent mixtures. 
Organic solvent mixtures Solute 

component 
Solute mass 
fraction (wt%) 

Calculated osmotic 
pressure (MPa) a 

Methanol/Toluene (M/T) Toluene 5 1.05 
  10 2.09 
  20 4.09 
  30 6.01 
Methanol/MTBE (M/MTBE) MTBE 5 1.10 
  10 2.34 
  20 5.89 
  30 10.98 
Acetonitrile/Toluene (ACN/T) Toluene 5 1.09 
  10 2.31 
  20 5.15 
  30 8.68 

a The osmotic pressure was calculated based on the method reported in literature [73]. 

 

4.3.3.2. Understanding the solute rejection based on the membrane-solvent 

interaction 

Comparing the solute rejection of TFC-PA and TFC-CNTd-PA membranes, the latter 

exhibited compromised rejection towards all three mixtures. Moreover, both the TFC-

PA and TFC-CNTd-PA membranes showed different separation performances when 

different solvent mixtures were used, but the rejection performance of both membranes 

followed this order: M/MTBE > M/T > ACN/T. These differences show that the solute 

rejection is not only related to the affinity of one single solvent component to the 

membrane, but also to the nature of solvent mixture. In this case, it is believed that these 

differences in rejection are the result of the two simultaneously-occurring interactions 

involving the membrane: membrane-organic solvent mixture interaction, and 

preferential adsorption of PA layer, as depicted in Figure 4.7.  

The first is the interaction of the organic solvent mixture with the membrane. The 

co-solvent effect [267], a well-known phenomenon for solvent screening in material 

production and processing industries, is commonly employed by combining multiple 

organic solvents to dissolve materials which could not be easily dissolved by the 

individual solvents [268]. Similarly, when the polymeric TFC membrane comes in 

contact the organic solvent mixture, it may be hypothesized that co-solvent effect may 

provide a different interaction between the membrane and the solvent mixture, from the 
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interactions between the membrane and the individual mixture components. 

The second interaction is the selective adsorption depending on the specific surface 

properties of the PA selective layer. Considering the polarity of PA molecular chain and 

the molecular size of solvent and solute component, the PA layer has a preference to 

adsorb the polar solvent component with small molecular size (e.g., methanol or 

acetonitrile) and reject the non-polar solute component with larger size (e.g., toluene or 

MTBE), thus organic solvent separation occurs. The preferential adsorption is heavily 

dependent on the surface properties of the selective layer, particularly its functional 

groups [223, 269]. The higher the number of polar functional groups present on the 

membrane surface, the higher its affinity to polar solvents, facilitating the easier 

adsorption and diffusion. It is noteworthy that, despite the clear differences in polarity 

and size of the mixture components, membrane rejection was not 100% since it was 

possible that solute (component present in lower amount) molecules were able to go 

through the membrane along with the solvent molecules due to the co-solvent effect 

and the membrane-mixture interaction. 

 

Figure 4.7. Schematic diagram of the proposed separation mechanism of organic 

solvent mixtures. 
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Since both the TFC-PA and TFC-CNTd-PA membrane followed the same trend in 

terms of separation performance (M/MTBE > M/T > ACN/T), this order was first 

ascribed to the membrane-mixture interaction. For a more concrete comparison, the 

HSP values of solvent mixtures and the HSP distances (Ra) between membrane and 

solvent mixtures were determined. Instead of representing the HSP in a classical 3D 

Hansen spherical workspace [248], a Teas plot or ternary HSP diagram was applied to 

locate the contribution of dispersion, polarity and hydrogen bonding portion in three 

axes [270, 271] (Figure 4.8a). The ternary HSP diagram allows to observe when one 

portion is predominant over the others and visually compare how close the HSP of two 

molecules in a 2D way, as well as to estimate the interactions between the molecules. 

 

Figure 4.8. (a) HSP values of solvents and of membrane shown in a ternary diagram; 

and (b) Ra value between the solvent mixture and PA layer at different compositions. 

Detailed description of HSP values and Ra calculation can be found in Supporting 

Information (Table 4.3). 

 

In Figure 4.8a, acetonitrile is closer to the PA layer compared to methanol. When 

mixing acetonitrile and toluene at certain concentrations, the resulting ACN/T mixtures 

(black solid triangle) appear closer to the PA layer (green solid dot). For a more specific 

comparison in distance change, the Ra between every mixture and the PA layer was 

calculated to estimate the interactions (Figure 4.8b). The ACN/T mixture has a 

significantly smaller Ra than those of the other two mixtures at certain concentrations, 

implying a stronger interaction with PA layer when acetonitrile is mixed with toluene. 
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Although the PA layer has a preferential adsorption to acetonitrile (closer to PA in 

ternary HSP diagram) than methanol, and reject toluene, the rejection was still 

compromised for separating ACN/T mixture because more acetonitrile and toluene 

would dissolve into the PA molecular chain as a mixture than the M/T mixture did. For 

TFC-CNTd-PA membrane, because fewer polar functional groups (i.e., carboxyl groups) 

remained on the basis of high cross-linking degree of PA layer (Table 4.1), this less 

polar surface feature could lead to a compromised adsorption for acetonitrile and 

enhanced interaction with toluene [74, 78]. Thus, the toluene rejection during the 

filtration of ACN/T mixture was observed to decrease. 

Similar situation also happened to TFC-PA and TFC-CNTd-PA membrane for 

separating M/T and M/MTBE mixtures. Despite methanol and MTBE being close to 

PA layer in the ternary HSP diagram, larger Ra values were obtained once these two 

were mixed, which means that the co-solvent effect of M/MTBE mixtures has little 

effect on PA layer, and thus proving to be difficult for solvent mixture to diffuse into 

the PA layer. It should also be noted that the Ra values of M/MTBE mixtures were 

similar with those of M/T mixtures. Considering that MTBE is a less polar organic 

solvent and closer to the PA layer in the ternary HSP diagram than toluene, it should be 

able to have more interaction with the PA layer then affecting the preferential adsorption 

of methanol. However, given that the MTBE has a larger molecular size than toluene 

(Table 4.3), it is difficult for MTBE to diffuse into the PA layer, resulting in a higher 

MTBE rejection than toluene. For the TFC-CNTd-PA membrane, the surface with 

lower polarity would generally increase the interaction with the less polar solute 

component, resulting in lower rejection as compared to TFC-PA membrane. In addition, 

all Ra values decreased with increasing solute concentration, explaining the tendency 

of decreased rejection rate of solute component for all mixtures. Nevertheless, the TFC-

CNTd-PA membrane demonstrated superior separation performance with permeances 

three times higher (~0.53 L m-2 h-1/bar) than that of the TFC-PA membrane (~0.18 L m-

2 h-1/bar), while maintaining a rejection of 99.2% when using 5 wt% MTBE in methanol 

(M95MTBE5) (Figure 4.6b). The corresponding separation factor was calculated to be 

over 125, which is the highest value reported for polymer-based membranes using non-
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pervaporation process when M95MTBE5 was used as the feed under an operating 

pressure of 3MPa. 

In the case of pure solvents, strong interaction generally implies high membrane 

permeance. However, for solvent mixtures, the generated osmotic pressure cannot be 

ignored when considering the influence of interaction on membrane permeance. In this 

case, the membrane-mixture interaction primarily influenced the solute rejection, while 

the decrease in mixture permeance with increased interaction force and solute 

concentration was mainly due to the increased osmotic pressure, as explained 

previously. This is because the effective driving force which influences permeance on 

a large scale, was affected more by the osmotic pressure than by the interaction force. 

More importantly, this proposed separation mechanism allows to understand at least 

one thing, that is, in addition to the essential criterion of polarity differences, another 

key factor that should be considered is the membrane-mixture interaction when 

generalizing the membrane to other solvent mixture separation.  

4.3.4. Filtration and long-term stability of the CNT-interlayered TFC membrane 

in OSRO process 

The stability and durability of the membrane guarantee the separation performance 

during long-term operation. Herein, the filtration stability of TFC-CNTd-PA membrane 

was fully studied from four aspects: separation performances under different pressures, 

CNTd leakage, dynamic long-term stability and the membrane fouling observation.  

It has been shown in many research works that the OSRO membrane must withstand 

high operating pressures to drive separation of solvent mixtures with a wide range of 

compositions. For this purpose, the membrane stability and recovery were first 

evaluated under different operating pressures. Before measurement, the pre-compaction 

stage was prolonged to 3 days under 3 MPa to make sure that the membrane was fully 

compacted. The measurement started with 5 MPa and ended with 2 MPa, and then 

raising the pressure again. Each pressure stage was measured for 10-h, and the average 

flux was recorded as the final flux of each stage as shown in Figure 4.9a. The methanol 

flux was linear with the operating pressure over the pressure range of 2-5 MPa, 
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indicating that the membrane was quite stable and recoverable in these operations. 

Furthermore, the solvent separation performances under different pressures were also 

measured to demonstrate the superior mechanical strength and function of PA selective 

layer under high pressure. As shown in Figure 4.9b, due to the osmotic pressure of the 

feed solution (M90MTBE10), the membrane permeance was not constant but slightly 

increased with the pressure. Considering that the rejections were similar, the separation 

factor (SF) was used here to make a clearer comparison of separation performance 

under different pressures. The SF increased to 179 under 5 MPa, three times higher than 

that under 3 MPa. The pressure-dependent separation performance has been previously 

reported and investigated in other OSRO works [61, 70]. All these results confirmed 

the excellent mechanical strength and stability of TFC-CNTd-PA membrane, making 

the membrane applicable at high operating pressures.  

 

Figure 4.9. (a) Methanol flux as a function of pressure. The pressure initially decreased 

from 5 to 2 MPa and subsequently increased from 2 to 5 MPa; (b) permeance and 

separation factors for M90MTBE10 at different operating pressures. 

 

The leaking issue of nanomaterials has always been a critical issue, especially when 

nanomaterials are expected to remain on the surface and function. However, the CNTd 

were sandwiched between the highly cross-linked PA and PK14 support layers, which 

gives the low possibility of leakage. Given that the pressure was unidirectionally 

applied on the PA layer during operation, the only possible way for CNTd leakage was 

through the PK14 support layer to the permeate. By comparing the UV absorption 

spectrum of permeate and the CNTd dispersion in methanol, no obvious absorption 
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peak was found in permeate spectrum (Figure 4.10), indicating that there was scarcely 

any CNTd leakage during the solvent treatment. Aside from this, most of the CNTd 

were embedded in the PA layer as a reinforcement material, further lowering the 

mobility of CNTd. 

 

Figure 4.10. UV absorption spectrums of permeate and the CNTd dispersion in 

methanol. 

 

Finally, the dynamic long-term stability of TFC-CNTd-PA membrane was evaluated 

using 10 wt% toluene or MTBE in methanol or acetonitrile (M90T10, M90MTBE10 

and ACN90T10) as the feed solution (Figure 4.11a). The membrane exhibited stable 

permeance and rejection values over 30-day separation process for all three mixtures. 

The initial permeance decline ratios (see Figure 4.11b, 58.4%, 80.6% and 50.8% for 

M90T10, M90MTBE10 and ACN90T10) when changing the feed to mixtures were due 

to the osmotic pressure of feed solution and the membrane affinity to different solvent 

mixtures. For example, the ACN90T10 mixture has a higher affinity to membrane 

(lower Ra value in Figure 4.8b) than the other two, resulting in the lowest permeance 

decline despite of the similar osmotic pressure of the three.  
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Figure 4.11. (a) Long-term stability of TFC-CNTd-PA membrane tested under 3 MPa 

with M90T10, M90MTBE10 and ACN90T10 as the feed respectively, and (b) 

normalized permeance profiles and the corresponding permeance recovery profiles 

after long-term testing. 

 

Permeance recovery tests demonstrated that the TFC-CNTd-PA membrane could 

recover up to ~92% of the compacted methanol permeance after 30-day long-term 

separation testing (Figure 4.11b). To further determine whether the ~8% permeance 

loss was caused by membrane fouling, the surface morphology of the tested membrane 

was further checked using SEM. No significant differences on the surface morphology 

were observed after long-term testing, demonstrating that no fouling or damages 

occurred during the separation process (Figure 4.12). The non-fouling tendency is 

reasonable because the target of OSRO is to achieve the solvent separation on a much 

smaller molecular scale than that of macromolecular substances. Therefore, the ~8% 

permeance loss can be attributed to the slow and continuous compaction. To sum up, 

results suggest that the TFC-CNTd-PA membrane was able to withstand the harsh 

solvent environment and operation condition in long-term OSRO separation process.  
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Figure 4.12. The surface and cross-sectional morphology of TFC-CNTd-PA membrane 

after 36-day long-term stability testing using (a, d) M90T10, (b, e) M90MTBE10, and 

(c, f) ACN90T10. 

 

4.3.5. Performance comparison with reported OSRO membranes 

To better elucidate the OSRO performance of TFC-CNTd-PA membrane, membrane 

performances were compared with reported ones on the basis of same treated solvent 

mixtures, namely M90T10, M90MTBE10 and ACN90T10. Figure 4.13a 

comprehensively summarized the total permeance versus separation factor of OSRO 

membranes with M90T10 as the feed under a constant pressure of 3 MPa, and Figure 

4.13b showed the pressure-dependent data with M90MTBE10 or ACN90T10 as the 

feed [61, 73, 77, 225, 272]. One of the common features that can be seen from all three 

groups is that the TFC-CNTd-PA membrane exhibited quite high total permeance 

values compared with other OSRO membranes having a highly dense and thick 

selective layer and requiring complicated fabrication method. This highly permeable 

property is a convincing validation of the function of CNTd interlayer in permeance 

enhancement. However, for the CNT-interlayered TFC membrane, breaking the “trade-

off” effect of OSRO seems not as easy as it does in water desalination process, due to 

the unique separation mechanism of OSRO. That causes a relatively lower SF in 
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performance comparisons. Nevertheless, the concentration- and pressure-dependent 

separation mechanism offer a promising alternative to overcome this drawback. For 

example, higher operating pressure could be applied to simultaneously obtain a high SF 

and permeance (e.g., M90MTBE10 group in Figure 4.13b). Also, multi-stage series 

OSRO process could be applied to increase the purity of product as each stage of 

separation is concentration-dependent. In short, although the membrane did not show 

the best separation performances in comparison with earlier reported OSRO 

membranes, it still gives valuable information on OSRO separation mechanism, 

membrane design, and OSRO operation conditions, which may provide useful 

guidelines and information for future works. 

 

Figure 4.13. Performance comparison of TFC-CNTd-PA membrane with the state-of-

the-art OSRO membranes using (a) M90T10, (b) M90MTBE10 and ACN90T10 

mixtures.  

4.4. Summary 

In this work, a three-layered CNT-interlayered TFC membrane was applied for the 

first time in OSRO process, and the role of CNT interlayer was investigated in terms of 

regulating PA formation and enhancing membrane permeance. Results proved that by 

intercalating the CNTd layer, a highly cross-linked PA layer with a large filtration area 

was formed. The membrane permeance was significantly increased (3-4 times higher) 

after introducing CNTd interlayer, which can be attributed to the large filtration area of 

PA layer and the gutter layer of CNTd network. The TFC-CNTd-PA membrane 

exhibited satisfactory separation performance under different pressures and excellent 
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long-term stability. However, a slight decrease in rejection accompanied the permeance 

enhancement despite the denser PA structure and enhanced NaCl rejection observed in 

water RO process, which could be attributed to the less polar surface feature as a result 

of high cross-linking degree of PA layer. Moreover, the membrane-mixture interaction 

was first proposed and considered as one of the factors that affecting the rejection. Even 

if a huge polarity difference exists between two components, the mixture of the two 

might have a strong interaction with the membrane, resulting in a lower separation 

performance. It should be noted that there still some unsolved problems regarding to 

the separation mechanism and membrane design, which are worthy to be investigated 

in the future. 
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Chapter 5 Conclusions 
 

 

In this dissertation, a high emphasis has been placed on the function of CNT 

intercalation on modifying the TFC PA membrane from the perspective of high-quality 

PA generation and PA surface property regulation. First, through adjusting CNT 

interlayer thickness, the IP monomer release was regulated, which successfully led to a 

transition on PA morphology. Second, the problem of high MWCO for CNT-

interlayered TFC membrane was solved, and the resultant membrane with extremely 

low MWCO of 170-180 g/mol was successfully fabricated. In the process, the influence 

of CNT interlayer on surface charge of TFC membrane was investigated. A neutral TFC 

membrane was obtained by adjusting the CNT interlayer thickness which was 

correlative with the PA cross-linking degree. Enhanced antifouling performance was 

achieved due to the neutral surface property of CNT-interlayered TFC membrane. 

Additionally, the CNT-interlayered TFC membrane was applied for OSN application, 

and was shown to be able to separate a variety of solutes in organic solvent systems due 

to the low MWCO value. Notably, the CNT-interlayered TFC PA membrane was 

demonstrated to be able to separate solvents in OSRO process for the first time, further 

proving the function of CNT interlayer on membrane performance enhancement. 

Overall, this study demonstrates the CNT-dependent regulation to the property and 

performance of TFC membrane, such capabilities could aid in the development of next-

generation TFC membranes. 
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