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SUMMARY 

Thin film composite (TFC) membrane based nanofiltration (NF) is an emerging 

technology that has shown great potential in water purification, waste treatment, and 

organic solvent separations. Great performance has already been achieved through a 

variety of modifications for different applications; however, a lack of understanding of the 

underlying water transport mechanism and multifunctional potential of TFC membranes 

present significant challenges. One clear example is thin film nanocomposite (TFN) 

membranes, which have shown enhanced water flux as well as other capabilities, such as 

antifouling, antibacterial, and anti-compaction properties. However, the underlying 

mechanism for these excellent properties exhibited by the TFN membranes remains largely 

unknown. In addition, these properties are mainly improved individually in previous 

studies, but in practical application, optimal multi-functional TFN membranes that exhibit 

all these great properties simultaneously are preferred. 

Motivated by the abovementioned questions and the need for real applications, the 

overall objective of this thesis is to use both experimental and modeling investigations to 

understand the mass transport mechanism and enhance the overall performance of TFN 

membranes. Firstly, I developed a novel multifunctional NF membrane by incorporating 

cellulose nanocrystal /silver (CNC/Ag) nanocomposites into the active layer of the thin 

film composite NF membrane. The CNC/Ag NF membrane exhibited excellent anti-

fouling and antibacterial properties, in addition to an enhancement in water permeability 

without sacrificing salt rejection. Second, based upon the results observed from our TFN 

membranes experiments and other works done in recent years, I developed a novel water 



 xvi 

and solute transport model to explain the widely observed flux enhancement and solute 

rejection changes of TFN membranes using resistance-in-series theory and Monte Carlo 

simulation. The simulation results explain why a small amount of NPs addition (typically 

less than 0.1 wt% in the monomer solution for interfacial polymerization) would result in 

a significant flux increase without sacrificing rejection. Also, the range of the flux 

enhancement (1.1 to 2.5 times) and minor rejection change simulated by our model agree 

very well with the existing experimental data from a variety of previous publications. 

Finally, the TFC membrane real-time compaction model was developed based on scaling-

law calculations combined with the viscoelastic behavior of the polymer. The effect of 

different morphological and mechanical properties, as well as the transmembrane pressure 

(TMP) are thoroughly discussed, which will not only give insight on the anti-compaction 

behavior of TFC membranes, but also contribute to future study of the TFN membrane 

compaction mechanism.  

In summary, this thesis has successfully demonstrated the preparation of a 

multifunctional TFN membrane with high performance under different assessment criteria, 

and the development of two mathematical models: a model that captures and explains the 

mass transport of TFN membranes, and a model that can be used to explain and predict 

TFN membrane compaction using viscoelastic theory. These works paved the way to future 

studies of novel TFN membranes, as well as developed a new set of math modeling 

techniques that can explain and predict the performance of TFN membranes. 
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CHAPTER 1. INTRODUCTION 

Membrane separation is an emerging technology that offers great potential for 

applications in effective water treatment.1, 2 Since the late 1980s, nanofiltration (NF) 

membrane separation process has gained much attention because it is energy-efficient, 

environmentally friendly, and excels at rejecting divalent ions when compared to 

traditional separation processes.3 However, the wide application of TFC NF membrane 

technology is still haunted by problems of the trade-off between permeability and 

selectivity,4 membrane compaction,5, 6 and membrane fouling, including biofouling.7 To 

resolve the abovementioned problems, in recent years, many efforts have been devoted to 

incorporating nanoparticles (NPs) such as silver (Ag),1 titanium oxide (TiO2),8 silica (SiO2), 

9 alumina (Al2O3),10 carbon nanotubes (CNTs),11 graphene oxide (GO),12 multi-walled  

carbon nanotubes (MWCNTs),13 and zeolite14 into TFC membranes to improve their 

membrane performance. Although NPs exhibit great potential in enhancing TFC NF 

membrane performance, the mechanism still needs to be further investigated. Besides, 

mono-functional nanofillers mentioned above can only enhance one single function for 

host membranes. Thus, it is also necessary to explore the influence of incorporating 

multifunctional NPs or nanocomposites on the performance of TFC NF membranes. 

This thesis uses both experimental and modeling investigations to understand the mass 

transport mechanism and the overall enhanced performance of TFN membranes. In 

Chapter 1, I provide literature summaries and introductions of the background of this thesis. 

Chapter 2 introduces the objectives, hypotheses, and originality of this thesis. Chapter 3 to 

Chapter 5 are studies I have worked on during my past 5 years. In Chapter 3, TFC NF 
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membrane performance was modified with multi-functional NPs. In Chapter 4, the water 

and solute transport mechanism of TFN membranes was systematically investigated. 

Chapter 5 contains modeling membrane physical structure, membrane mechanical 

properties of TFC substrate, and TFC membrane compaction relationship under 

transmembrane pressures. The overall aim of this thesis is to enhance the TFC NF 

membrane performance to meet the need of practical water treatment process by tuning the 

properties of TFC NF membranes and provide the perspectives on engineering the next-

generation TFN membranes with high solvent flux as well as improved rejections.  Chapter 

6 includes conclusions and introduction of my future work. 

1.1 Principles of Nanofiltration Membranes 

Nanofiltration (NF) membranes are pressure-driven membranes first produced during 

the late 1980’s.3 The properties of NF membranes are between those of ultrafiltration (UF) 

membranes and reverse osmosis (RO) membranes. With the greater advantages of high 

rejection of divalent ions, higher flux, low operation cost and low operation pressure 

compared to RO membranes,  NF membranes have been wildly applied to municipal and 

industrial water and wastewater treatment and desalination in recent years.3, 15-18 NF 

membranes have typical pore sizes in the range of 0.5 to 1.5 nm, corresponding to 300 to 

500 Daltons molecular weight cut-off (MWCO).3 NF membrane separation is mainly due 

to a combination of steric, Donnan, dielectric and also transport effects.3, 19, 20 The main 

application area of NF membranes include the removal of heavy metals, water hardness, 

and organic micropollutants such as disinfection by-products (DBPs), and pesticides.21 
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In the past forty years, many efforts have been devoted to improving NF membrane 

performance, specifically enhancing high flux, high salt rejections, anti-fouling and anti-

compaction. Three strategies are mainly used: (1) enhancing the adhesion between the 

active thin film layer and the support layer; (2) optimizing the active layer of NF 

membranes by changing the synthesis conditions, coating functional layers, or 

incorporating functional nanoparticles; and (3) selecting or modifying support membrane 

to ensure better mechanical properties.21  

 

1.2 Thin Film Composite (TFC) NF Membranes  

Currently, most of the commercially available NF membranes are polyamide thin film 

composite (TFC) membranes, consisting of a porous substrate layer that provides 

mechanical support, and an ultrathin polymeric selective layer. Developed by Cadotte since 

1970s,22 TFC membranes have been widely used as NF/ RO membranes. TFC membranes 

are mainly prepared by interfacial polymerization (IP) method.23  

When it is applied to the synthesis of thin active layer for NF membranes, interfacial 

polymerization is a very useful and effective method. The thin active layer is formed 

through the reaction and copolymerization of two kinds of reactive monomers (one organic 

monomer and one inorganic monomer). The commonly used inorganic monomers are 

piperazine (PIP) and m-phenylenediamine (MPD). The organic monomer includes 

trimesoyl chloride (TMC) or isophthaloyl chloride. With the formation of the thin active 

layer, NF membranes exhibit significantly improvement in solute selectivity and fouling 
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resistance. The application of 2-step IP could have significant enhancement on TFC 

membrane performance and the antifouling properties. 24  

The detailed IP process is shown in Figure 1, where polyamide active layer is formed 

through the reaction and copolymerization of two reactive monomers such as piperazine 

(PIP), m-phenylenediamine (MPD) with trimesoyl chloride (TMC). For TFC membranes, 

the substrate layer and selective layer can be modified separately to optimize the NF 

performance, which provides more possibilities to improve permeability and selectively 

compared to other asymmetric membranes.25, 26 

 

 

 

Figure 1 - Illustration of interfacial polymerization process and typical TFC 

membrane structure.  
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1.3 Thin Film Nanocomposite (TFN) NF Membranes 

1.3.1 TFN Membrane Structure 

Nanoparticles (NPs) have unique properties in terms of anti-fouling, catalytic activity 

and photoemission. As the substrate layer and selective layer can be modified separately 

to optimize the NF performance, membranes with NPs added into the TFC thin film active 

layer are thin film nanocomposite (TFN) membranes (Figure 2a) and membranes with NPs 

added into the TFC support layer are TFC with nanocomposite substrate membranes 

(Figure 2b).21 For NF and RO applications, TFN membranes are mainly preferred, which 

is also the focus of this thesis.  

 

1.3.2 NPs in TFN Membranes 

Incorporating nanoparticles (NPs) into the active layer of TFC membranes to 

become thin film nanocomposite (TFN) membranes is a readily achievable, scalable, and 

low-cost technique to improve their separation performance. Jeong et al.27 firstly reported 

the formation of a TFN membrane prepared by the incorporation of zeolites, which 

improved the membrane water flux without compromising the high salt rejections. Since 

Figure 2 - (a) TFN membrane structure, and (b) TFC with nanocomposite substrate 

membrane structure. 
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then, numerous reports have demonstrated the effectiveness of incorporating different NPs 

into TFN membranes to improve their flux performance.21 Typically, the nanomaterials 

incorporated in TFN membranes are also nano-porous, such as zeolite,28 porous silica,29 

metal-organic frameworks (MOFs),30 carbon nanotubes (CNTs),31-33 graphene oxide layers 

(GO)34-36 and bio-mimic aquaporins.37 The intrinsic permeabilities of these materials are 

several folds more permeable than the dense TFC active layer materials (typically 

polyamide). The incorporation of these nanomaterials into the active layer of the membrane 

can create highly permeable water pathways for water molecules through their inner pores/ 

channels. Moreover, besides the porous NPs, even non-porous NPs such as silver NPs, 38, 

39 non-porous silica,40 cellulose nanocrystals,41, 42 and quantum dots43-46 can also improve 

the water permeability, without any unique ultrafast water transport inner nanochannels. 

Even a small amount of nanomaterials incorporation (e.g., typically less than 0.1 wt% of 

monomer solutions during interfacial polymerization) can result in a drastic enhancement 

in the overall membrane water flux, from 50% to several folds, while solute rejections 

remained almost unchanged, and this effect can be observed in a large variety of different 

nanomaterials.47, 48 

 

1.4 Challenges for TFN NF Membranes  

1.4.1 Environmental-friendly, multi-functional NPs Are Needed 

Mono-functional nanofillers mentioned above can only enhance one single function for 

host membranes.49-53 Thus, the investigation of using multi-functional NPs in TFN NF 

membranes are needed to overcome the NF challenges below: 
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 ̧ The permeability and selectivity trade-off limits the upper bound of NF membrane 

performance and hinders the improvement of energy efficiency. 4  

 ̧ Fouling and biofouling problems caused by salts, colloids, macromolecules, and 

bacteria can lead to water flux decline, shorten membrane lifespan, increase energy 

and operational costs, which limit a broader application of NF membranes in practical 

wastewater treatments.54, 55 

 ̧ Membrane compaction, or deformation of the membrane through pressure-driven 

processes, can reduce membrane flux, decrease membrane durability, and exacerbate 

fouling problems.56  

Besides, some of these NPs embedded in membranes are harmful to environment and 

cytotoxic to human cells according to previous studies.57-59 Thus, TFN NF membranes 

adding environmental-friendly and stable nanocomposites with multi-functions are needed 

for practical water treatment. 

1.4.2 Mechanism Exploration of TFN NF Membranes  

Based on the solution- diffusion theory, TFN membrane water permeability 

enhancement can be due to the increase of membrane hydrophilicity with hydrophilic NPs 

incorporation.60 Besides, the TFN active layer cross-linking degree and its thickness can 

also influence its permeability and solute rejections. By incorporating NPs into the active 

layer, the reaction between amine groups and acyl chloride groups can be disturbed, and 

even form some nanovoids between NPs and polymer matrix, reducing the cross-linking 

degree of active thin film layer of TFN membranes.21, 39, 61, 62  Although the incorporation 

of NPs in thin film layer of TFN membranes is quite useful, the absence of water and solute 
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transport mechanistic insights of the TFN membrane active layer still poses a major 

challenge in further improvement and optimization of their separation performance and 

capabilities for water treatment. 

1.4.3 Mechanism Exploration of Membrane Compaction  

Membrane aging under transmembrane pressure (TMP), also named as “membrane 

compaction”, is one of the major challenges in the practical application of nanofiltration 

(NF) and reverse osmosis (RO). Recently, Davenport et al.56 did a thorough experimental 

work on the TFC membrane compaction by scanning electron microscopy (SEM), positron 

annihilation lifetime spectroscopy (PALS) as well as liquid-liquid porosimetry, and 

presents the following conclusions: 1. The support layer of TFC membrane is influenced 

significantly during compaction, as its pore size and porosity reduces, while the selective 

layers are not compacted irreversibly. 2. The decrease of support surface pore size and 

porosity will increase the transport path length of water, but the intrinsic water permeability 

of the selective layer will not be impacted. However, auxiliary math modeling of membrane 

compaction despite the experiments is still important to further understand how sensitive 

the membrane flux decline is with regarding to the support membrane mechanical 

properties and initial morphology parameters.  
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CHAPTER 2. RESEARCH OBJECTIVES 

 After the introduction of the thesis background, in this chapter, detailed research 

objectives and main hypotheses were provided.  

2.1 Research Objectives 

The main objective of this thesis is to optimize the TFN membrane overall performance 

with multi-functional NPs, understand the water and solute transport mechanism of TFN 

membranes with math modeling, and investigate the real-time TFC membrane compaction 

process with computational simulation.  

2.1.1 Objective 1 

To synthesize multi-functional TFN membranes with high flux, high salt rejections, anti-

fouling, and anti-bacterial properties by incorporating cellulose nanocrystal/silver 

(CNC/Ag) nanocomposites in thin film active layer. 

2.1.2 Objective 2 

To model water and solute transport mechanism in TFN membranes and analyze the 

influence of NP permeability, NP size, intermediate layer permeability, intermediate layer 

thickness, NP mass loading and NP aggregation with Monte Carlo simulation. 
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2.1.3 Objective 3 

To model and understand the role of the substrate layer of TFC membranes in membrane 

water transport and anti-compaction performance with scaling-law simulation and 

viscoelastic model. 

 

2.2 Hypotheses 

The main hypotheses for this thesis with regard to the abovementioned three objectives 

include: 

2.2.1 Hypothesis for Objective 1 

Cellulose nanocrystals (CNCs) are environmentally friendly, renewable, mechanically 

strong, and low-cost nanomaterials possessing high hydrophilicity due to the presence of 

abundant hydroxyl (-OH) groups on the surface.63-65 Silver nanoparticles (Ag NPs) are one 

kind of the most effective bactericidal NPs with broad-spectrum anti-microbial effects on 

bacteria, viruses, and fungi.66, 67 By combining the advantages of CNCs and Ag NPs, I 

hypothesized that CNC/Ag nanocomposites could be particularly suitable as an additive in 

the thin film active layer for TFN membranes to achieve multi-functions (high flux, high 

salt rejections, anti-fouling and anti-bacteria).  

2.2.2 Hypothesis for Objective 2 

The dominating water and solute transport mechanism in TFN membranes remains unclear, 

but it can be postulated that the water and solute transport properties of the polyamide layer 

could significantly change after adding NPs. Besides, the formation of a nano-porous 
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intermediate polyamide layer between the hydrophilic NPs and the bulk polyamide with 

higher water permeability could be a possible explanation for the high flux TFN 

membranes. 39, 61, 62 Thus, I hypothesized that the unique high flux of TFN membranes can 

be attributed to the intrinsic high permeability of the NPs, as well as the improved 

permeability of the intermediate layers between NPs and bulk polyamide. Besides, the 

Monte Carlo modeling could be an approach to comprehensively understand the impacts 

of these membrane parameters. 

2.2.3 Hypothesis for Objective 3 

The physical structure of the porous polymer substrates might have significant impacts on 

TFC membrane water flux during compaction.21, 56 To understand the influence of substrate 

membrane morphology parameters on TFC membrane compaction process, the scaling-

law model approach will be used. Then, the classical viscoelastic theory of polymer 

deformation could be applied to correlate the relationship between substrate membrane 

polymer structural parameters with the compaction time. I propose that the morphological 

and mechanical properties of the support membrane can influence the flux decline versus 

time. Besides, the membrane anti-compaction performance could be enhanced with 

optimized support morphological parameters and better mechanical properties.  

 

2.3 Originality and Merit of the Research 

The findings and results of this thesis are original and have strong positive implications 

towards the TFN NF membrane fabrication and provide future guidelines and even new 

standards for the development of next-generation TFN NF membranes. Specifically, the 
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thesis is dedicated to improving the TFN membrane performance and gain deeper 

mechanism understanding of TFN membranes through the following three aspects: 

1) demonstrated the preparation of a multifunctional TFN membrane with high 

performance under different assessments,  

2) developed a math model that can capture and explain the mass transport of TFN 

membranes, and 

3) developed a math model based on the viscoelastic theory of polymers that can 

explain and predict TFN membrane compaction.   
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CHAPTER 3. CELLULOSE NANOCRYSTAL/ SILVER 

(CNC/AG) THIN-FILM NANOCOMPOSITE NANOFILTRATION 

MEMBRANES WITH MULTIFUNCTIONAL PROPERTIES  

 

 

 

 

 

 

 

 

 

 

† This chapter’s work has been published and showed in the citation below: 

Xu, C., Chen, W., Gao, H., Xie, X., & Chen, Y. (2020). Cellulose nanocrystal/silver 

(CNC/Ag) thin-film nanocomposite nanofiltration membranes with multifunctional 

properties. Environmental Science: Nano, 7(3), 803-816. 
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3.1 Abstract  

The trade-off between membrane permeability and selectivity, as well as membrane 

fouling including both physical and bio-fouling, are major challenges that limit the 

practical application of nanofiltration (NF) membranes. In order to address these issues 

simultaneously, multifunctional membranes with maximized water permeability/salt  

selectivity, as well as enhanced antifouling and antibacterial properties are desired. In this 

work, I  prepare a novel multifunctional thin film nanocomposites (TFN) NF membrane by 

embedding cellulose nanocrystal/silver (CNC/Ag) nanocomposites in the polyamide layer. 

The CNC/Ag TFN NF membranes exhibit excellent properties by taking the advantage of 

both CNC, a highly hydrophilic, low-cost, bio-renewable, and environmentally friendly 

nanomaterial, and Ag nanoparticles, one of the most effective bactericidal materials. With 

the incorporation of only 0.01 wt% CNC/Ag nanocomposites, a high pure water 

permeability (25.4 L m-2 h-1 bar-1) and a high rejection rate of Na2SO4 (99.1 %) of CNC/Ag 

TFN NF membrane can be achieved, respectively. Besides, the membrane also exhibits 

exceptional antifouling (flux recovery ratio reaches 92.6 % for humic acid) and 

antibacterial performance (99.4 % reduction of Escherichia coli viability). The Ag+ 

leaching test also demonstrates good stability of Ag nanoparticles in the active thin-film 

layer of the CNC/Ag NF membranes. These findings have strong positive implications 

towards the development of next-generation high performance NF membranes for water 

treatment. 
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3.2 Introduction 

Membrane filtration is an energy-efficient and relatively low-cost technology for water 

treatment and desalination.1, 2 Nanofiltration (NF) is a pressure-driven separation process, 

which has been widely used in seawater pretreatment, heavy metal removal, dye removal, 

and oil-water separation in recent years. 2, 41, 55, 65 Currently, most of the commercially 

available NF membranes are thin film composite (TFC) membranes consisted of an 

ultrathin polyamide active layer that acts as a selective barrier and a porous substrate. 

However, the trade-off between permeability and selectivity, as well as membrane fouling, 

including biofouling, caused by salts, colloids, macromolecules, and bacteria, have limited 

a broader application of TFC NF membranes in practical water treatments.4, 68 Previous 

researchers have been intensively working on solving the above-mentioned problems by 

fabricating thin-film nanocomposite (TFN) NF membranes via incorporating functional 

nanomaterials in the thin film layer. Some studies used hydrophilic nanomaterials (TiO2,69 

SiO2,70 graphene oxide,71 etc.) to yield a higher water flux and better resistance towards the 

fouling of model pollutants on the membrane; while the others investigated the effect of 

antimicrobials (silver,72 Cu,73 ZnO,74 etc.) on membrane antibacterial performance. 

However, mono-functional nanofillers mentioned above can only enhance one single 

function for host membranes.49-53 Besides, some of these nanoparticles (NPs) embedded in 

membranes are harmful to environment and cytotoxic to human cells according to previous 

studies.57-59 Thus, TFN NF membranes adding environmental-friendly and stable 

nanocomposites with multi-functions are needed for practical water treatment. 

Cellulose nanocrystals (CNCs) are environmentally friendly, renewable, mechanically 

strong, and low-cost nanomaterials, which can be sourced from a wide variety of biomass, 
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such as cotton, wood, and straw.63 CNCs are excellent additives for polymer 

nanocomposites, biomedical and personal care products,63 etc. Moreover, CNCs also 

possess high hydrophilicity due to the presence of abundant hydroxyl (-OH) groups on the 

surface, thus promoting themselves as excellent additives in the modification of separation 

membranes. For instance, Bai et al. reported that the water flux, rejection, mechanical 

strength, and antifouling performance of both ultrafiltration (UF) and NF membranes were 

enhanced after the incorporation of CNCs.64, 65 However, although the CNC nanocomposite 

membranes can achieve excellent water flux and antifouling performance, the antibacterial 

properties still need to be improved. This is due to the biodegradability of CNCs, which 

might be beneficial to the environment, but it will be a great concern for membrane 

applications as CNCs may interact with bacteria and degrade fast.75 To promote the 

antibacterial performance of membranes, a classical method is to incorporate the silver 

nanoparticles (Ag NPs), one of the most effective bactericidal NPs with broad-spectrum 

anti-microbial effects on bacteria, viruses, and fungi.66, 67 Recent studies have employed 

different methods to incorporate Ag NPs into membranes, including coating, adsorption 

and covalent binding.76 However, some of these methods use excess Ag NPs, leading to 

aggregation and leaching problems, which not only weaken the antibacterial performance 

of membranes but also lead to potential environmental hazard.76 Thus, the hydrophilic 

CNCs with high surface area could be a good carrier to help the immobilization of Ag 

NPs.77 Besides, the electrostatic interactions between CNCs and Ag+ could result in the 

uniform growth and distribution of Ag NPs on CNC surface.78 Therefore, we hypothesized 

that with the combination of the advantages of highly hydrophilic CNCs and anti-microbial 
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Ag NPs, CNC/Ag nanocomposites are particularly suitable as an additive for TFC NF 

membranes.  

Here, I  reported a novel multifunctional CNC/Ag TFN NF membrane with excellent 

performance in water flux, salt rejection, antifouling, and antibacterial properties, by 

combining the advantages of both CNC and Ag NPs. The CNC/Ag nanocomposites were 

synthesized from a scalable, facile one-step reaction at room temperature, and were 

incorporated into the active layer. The membrane characteristics, water flux, desalination, 

and antifouling performance were thoroughly investigated. Furthermore, the viability of 

Escherichia coli (E. coli) on the membrane surface was evaluated to understand the effect 

of CNC/Ag nanocomposites on membrane antibacterial performance, and the stability of 

CNC/Ag nanocomposites was also evaluated by Ag+ leaching tests. 

3.3 Experimental Methods 

3.3.1 Materials and Chemicals.  

PES (polyethersulfone) ultrafiltration membrane (pore size 200 nm) was acquired from 

Sterlitech Corp. (Kent, WA, USA). Cellulose nanocrystals (CNCs) powder was supplied 

by the University of Maine Process Development Center (Orono, ME, USA). Silver nitrate 

(AgNO3, >99.0%), Sodium tetrahydridoborate (NaBH4, >98.0%), ammonia (anhydrous, 

NH4OH >99.98%), 1, 3, 5-benzenetricarbonyl trichloride (TMC, purity >98.0%), 

piperazine (PIP, purity> 99%), sodium phosphate (Na3PO4, purity > 96.0%), sodium 

sulfate (Na2SO4), sodium chloride (NaCl) and humic acid sodium salt were purchased from 

MilliporeSigma (Burlington, MA, USA) and used without further purifications. Deionized 

water (25 oC) was treated by Thermo Fisher Scientific (Waltham, MA) water purification 
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systems and used in all experiments. 

3.3.2 Preparation and Characterization of CNC/Ag Nanocomposites and NF Membranes 

3.3.2.1 Preparation and Characterization of CNC/Ag Nanocomposites  

The CNC/Ag nanocomposites were prepared following the method of Liu et al.77 Figure 3 

presents the schematic of the synthesis of CNC/Ag nanocomposites and the fabrication of 

CNC/Ag TFN NF membranes. In a typical experiment, 300 mg CNCs were dispersed into 

30 mL of DI water by 30 min ultrasonication to obtain a uniform 1 wt% CNC water 

dispersion. 20 mL of 0.01 M AgNO3 solution was then mixed with the CNC water 

dispersion and subjected to vigorous stirring for 1 h. Then, 1 mL of 0.01 M NaBH4 solution 

was added dropwise into the CNC/AgNO3 dispersion. After another 1 h stirring, the 

suspension was centrifuged at 10000 rpm for 20 min, and the bottom solids were collected 

and re-dispersed with DI water. The aforementioned centrifugation-dispersion process was 

repeated 3 times to thoroughly wash the CNC/Ag nanocomposites. Finally, the suspension 

of CNC/Ag nanocomposites was freeze-dried to yield the dry CNC/Ag nanocomposites 

powder. The morphology and size of CNC/Ag nanocomposites were characterized by 

scanning electron microscopy (SEM, Hitachi SU 8010, Tokyo, Japan) at 5 kV. Samples 

for the SEM characterization were prepared by dispersing CNCs or CNC/Ag 

nanocomposites in DI water at the concentration of 0.025 wt% and then sonicate for 15 

min. Afterward, a 5 μL of sonicated suspension was further diluted by 5 mL of DI water 

and sonicated for 5 min. Then a 5 μL of the prepared sample solution was dropped on the 

silicon wafer and air dried before characterization. The CNC sample was coated with gold 

for 30 s with a sputter coater (Quorum Technologies, Laughton, UK) to prevent charging 
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of the CNC sample. Besides, the chemical compositions of CNCs and CNC/Ag composites 

were analyzed by X-ray Photoelectron Spectroscopy equipped with a flood gun (XPS, 

Thermo K-Alpha, Thermo Fisher Scientific Waltham, MA). The crystallinity of CNCs and 

Ag NPs was tested by X-ray diffraction (XRD) by Malvern Panalytical Ltd. (Malvern, UK).  

3.3.2.2 Preparation and characterization of TFC and TFN NF Membranes 

The TFC and TFN NF membranes were prepared on the surface of commercial PES 

membranes via the interfacial polymerization (IP) method. PES substrates were immersed  

in DI water to get saturated for at least 20 min, and then the surface water on the substrates 

was thoroughly removed with a rubber roller before the IP process. Afterward, the PES 

substrates were taped on the bottom of a glass plate. To prepare the NF membranes, the 

solution containing 2.0 wt% piperazine (PIP) and 0.6 wt% Na3PO4 in DI water was used 

as the inorganic phase to pour onto the PES substrate and immersed for 2 min. The excess 

Figure 3 - Schematic of the synthesis of CNC/Ag nanocomposites and the fabrication 

of CNC/Ag TFN NF membranes. 
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solution was removed, and the membranes were air-dried in room temperature for 10 min 

until no water drops on the surface. Then, the PES substrates were immersed in the organic 

phase, which contains 0.5 wt% 1, 3, 5-benzenetricarbonyl trichloride (TMC) in n-hexane 

for 1 min. After the formation of thin polyamide layer on the surface, the PES support 

membranes were cured in an oven at 50 oC for 10 min for further polymerization. The as-

synthesized TFC NF membranes were stored in the refrigerator at 4 oC before testing. The 

TFN membranes were synthesized via the same method. Various loadings of CNC/Ag 

nanocomposites (0.005, 0.01, 0.02, 0.04 wt%) were added into the DI water and sonicated 

for 20 min. Then 2.0 wt% piperazine (PIP) and 0.6 wt% Na3PO4 were added into the 

CNC/Ag suspension and sonicated for 20 min to get the inorganic phase. After the IP 

process, CNC/Ag-0.005, CNC/Ag-0.01, CNC/Ag-0.02, and CNC/Ag-0.04 NF membranes 

were synthesized, respectively. Besides, 0.01 wt% CNC was added into the inorganic phase 

to get the CNC-0.01 NF membrane. The fabrication conditions of the synthesized 

membranes in this study were presented in Table 1.  

Table 1 - The fabrication conditions for the synthesized membranes. 

Membrane Type PIP (wt%) TMC (wt%) CNC (wt%) CNC/Ag (wt%) 

TFC 2.0 0.5 / / 

CNC-0.01 2.0 0.5 0.01 / 

CNC/Ag-0.005 2.0 0.5 / 0.005 

CNC/Ag-0.01 2.0 0.5 / 0.01 
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All membranes were dried at room temperature before characterization. Fourier transform 

infrared (FT-IR) spectrometer (Spectrum 400, PerkinElmer, Waltham, MA) was employed 

to study the FT-IR spectra of the near-surface region chemical composition of NF 

membranes. The element composition of membranes was analyzed by XPS (Thermo Fisher 

Scientific, Waltham, MA). The surface morphology of the as-synthesized membranes was 

analyzed by SEM at 5 kV. Membrane samples were coated with gold for 30 s with a sputter 

coater (Quorum Technologies, Laughton, UK) to prevent charging of the membrane 

surface. The hydrophilicity of membranes was studied by a Model 250 contact angle 

goniometer (Ramé-Hart Instrument Co., Netcong, NJ, USA). An Agilent 5500 Atomic 

force microscopy (AFM) (Agilent Technologies, Inc., Santa Clara, CA, USA) was 

employed to measure the surface roughness of the as-synthesized membrane samples 

(taping mode, a scan size of 5×5 µm2, and a scan rate of 0.5 line/s).  

3.3.3 Pure Water Flux and Desalination Performance Tests 

The performance of the synthesized NF membranes was evaluated by a cross-flow 

filtration system (Figure 22). Flux and desalination performance tests were conducted at 

room temperature and at a cross-flow rate of 350 mL/min. The membrane test area was 4.1 

cm2. Membrane samples were stabilized with DI water at 6 bar for 1 hour to reach steady 

state and tested under 4.8 bar. The pure water flux Jw (L·m -2·h-1 or LMH) was calculated 

Table 1 continued 

CNC/Ag-0.02 2.0 0.5 / 0.02 

CNC/Ag-0.04 2.0 0.5 / 0.04 
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based on Equation 1. 
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where V is the volume of water permeate (L), æt (h) represents permeate collection time 

interval, and A is the effective area of tested membrane (m2). 

The desalination performances of the TFC, CNC TFN, and CNC/Ag TFN NF membranes 

were investigated using Na2SO4 and NaCl aqueous solutions at the concentration of 2000 

ppm. The feed and permeate concentrations were measured with a conductivity meter 

(Extech Instruments Corp., Waltham, MA, USA). The salt rejection percentage R (%) was 

calculated using Equation 2. 
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where Cf is the feed concentration (mg/L), and Cp represents the permeate concentration 

(mg/L). Besides, water permeability P was calculated by P = Jw/æP, where æP stands for 

the transmembrane pressure (TMP) in bars. All the flux and rejection of the tested 

membranes were measured three times.  

3.3.4 Antifouling Performance 

The antifouling performance was evaluated using 500 ppm humic acid as a model foulant 

for the TFC, CNC TFN, and CNC/Ag TFN NF membranes. The antifouling test was 
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conducted under the TMP of 4.8 bar at a cross-flow rate of 350 mL/min. Membranes were 

first stabilized under 6 bar TMP for 1 hour using DI water to reach the steady state, and the 

water flux (Jw0) was recorded. Then the feed solution was replaced with 500 ppm humic 

acid solution immediately. Afterward, the permeate flux (Jwt) was recorded continuously 

for 4 hours. Then the feed solution was changed to DI water to flush the membrane test 

system and membrane surface for 30 min under the cross-flow rate of 350 mL/min. After 

flushing, the water flux (Jwr) after the fouling experiment was retested under the same TMP 

and recorded. The normalized flux (Jwt/Jw0) and flux recovery ratio (FRR, %) were 

calculated with Equation 3 to represent the antifouling properties of the TFC, CNC TFN, 

and CNC/Ag TFN NF membranes. 

&22
ὐ

ὐ
ρππϷ  (3) 

 

3.3.5 Antibacterial Activity Measurement of Membranes 

The antibacterial properties of the NF membranes synthesized in this study were tested 

using Gram-negative Escherichia coli (E. coli, ATCC 10798) as the model bacteria 

following the colony forming unit (CFU) counting method reported in the previous 

literature.79, 80 Firstly, bacteria were cultured in a Luria−Bertani (LB) broth at 35 oC 

overnight to reach the log phase. The E. coli culture was centrifuged at 4000 rpm to remove 

supernatant and washed with DI water for 3 times. Then, the bacteria suspension was 

diluted to the concentration of approximately 107 CFU mL-1 with 0.9% NaCl. After that, a 

5 cm2 membrane coupon was cut and fixed in a glass holder to expose only the NF active 
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layer to bacteria. Then the membrane surface was soaked with 10 mL of bacteria solution 

for 3 h at room temperature. The excess solution was then discarded, and the surface of the 

membrane coupon was washed with 5 mL of 0.9% saline solution to remove loosely 

attached bacteria. The membrane coupon was then put into a small beaker with 10 mL 0.9% 

saline solution and sonicate (Branson CPX3800 Ultrasonic Bath, 40 kHz, 110 W) for 10 

min to remove bacteria attached on membrane surface. Finally, the bacteria solution was 

diluted and spread on LB agar plates. After 12 h incubation at 35 oC, CFU was counted for 

each plate. This method effectively illustrates the antibacterial performance of membranes 

by assessing the ability to inhibit biofilm growth on membrane surface. The bacterial 

viability was also calculated by the following equation: 
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where N and N0 are the colony counts corresponding to the NP modified membranes and 

the TFC NF membrane, respectively. Meanwhile, a fluorescence microscope (Zeiss, 

Oberkochen, Germany) was applied to study live and dead bacteria on the membrane 

surface after 3 h incubation of E. coli. After the incubation, membrane coupons were rinsed 

with 5 mL of 0.9% NaCl solution to remove loosely attached bacteria and then incubated 

for another 1 h. Then membrane coupons were stained with SYTO 9 (1.67 mM) and 

propidium iodide (PI, 15 mM) for 15 min in the dark. Finally, images were attained by the 

fluorescence microscope.  

3.3.6 Silver ions releasing test of the CNC/Ag-TFN NF Membranes 

The releasing rate of silver ions (Ag+) from the CNC/Ag NF membranes were measured 
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following the protocol reported by other studies.81 The 5 cm2 CNC/Ag NF membrane 

coupon was soaked in a beaker with 20 mL of DI water at room temperature (25 oC) stirring 

at 50 rpm on a rotator. The solution was collected every 24 h for 10 days and replaced with 

fresh DI water. All collected solutions were acidified with 2.0 wt% HNO3 solution and 

then analyzed Ag content by inductively coupled plasma optical emission spectrometry 

(ICP-OES, PerkinElmer, Waltham, MA). Besides, another 5 cm2 CNC/Ag NF membrane 

coupon was soaked into 20 mL of 2.0 wt% HNO3 solution and sonicate for 20 min to 

dissolve all Ag NPs incorporated in the membrane surface totally. The total amount of 

silver was determined by ICP-OES as well.  

3.4 Results and Discussion 

Figure 4 - Characterization of CNCs and CNC/Ag nanocomposites. (a) SEM image 

of CNCs, (b) SEM image of CNC/Ag nanocomposites, (c) XPS survey spectrum of 

CNCs and CNC/Ag nanocomposites, and (d) XRD results of CNCs and CNC/Ag 

nanocomposites. 
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3.4.1 Characterization of CNC/Ag Nanocomposites 

The properties of CNCs and CNC/Ag nanocomposites were characterized by SEM, XPS, 

and XRD. The morphology of the CNCs and the CNC/Ag nanocomposites from a dilute 

water suspension were overserved by SEM (Figure 4). As shown in Figure 4a, CNCs were 

in rod-like shapes with the dimensions of 5-20 nm wide and 150-200 nm long (size 

distributions of CNCs were presented in Figure 23. With high surface area and abundant 

surface hydroxyl groups, CNCs exhibited strong ability to absorb Ag+ stably and uniformly. 

77, 78 After the treatment with NaBH4 solution, the presence of Ag NPs can be seen from 

Figure 4b with a diameter of around 50 nm attached to the CNC surface, indicating that 

CNC/Ag nanocomposites were synthesized successfully. As the Ag+ mobility was 

decreased by its interactions with CNC’s hydroxyl groups, the growth of large Ag NPs 

were prevented and the stabled Ag NPs can be formed on CNC surface. 27  

The XPS survey spectrum in Figure 4c shows the presence of C, N, and Ag in the as-

synthesized nanocomposite, and the Ag 3d peak around 368.2 eV further demonstrated the 

presence of Ag in the oxidation state of zero.82 The presence of Ag NPs was also confirmed 

by the XRD results. Figure 4d presents peaks at 38.19°, 44.37°, 64.56°, and 77.47°,  in 

correspondence with the diffraction peaks from the (111), (200), (220), and (311) planes 

of silver metal NPs, respectively.83 Besides, the XRD peaks of CNCs at 15°, 16.5°, 22.3°, 

and 34.4° reflect the (1ρ0), (110), (200), and (004) planes of cellulose, respectively.65  

3.4.2 Characterization of NF Membranes 

Characterization of Membrane Surface Chemistry. FT-IR analysis was conducted to 

analyze the functional groups on the membrane surface, and the results were depicted in 
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Figure 24. The peak at 1625 cm-1 is related to C=O stretching vibration, confirming the 

formation –CO-NH- group during the IP process.84 The peak at approximately 1420 cm-1 

is ascribed to the O-H stretching vibration, which may be related to the carboxyl groups 

generated via the hydrolysis of the unreacted acyl chlorides during the IP process.85 The 

characteristic peak around 3400 cm-1 is the typical O-H stretching vibration in carboxyl 

introduced by IP process and the absorption of unreacted -NH.41, 86 The aforementioned 

peaks confirmed the successful formation of polyamide thin active layer. However, no 

obvious characterization peaks of CNCs were observed in Figure 24a, which could be 

explained by the low concentrations of CNCs and CNC/Ag nanocomposites as the peaks 

may be covered by strong peaks of polyamide.41, 65, 87 Furthermore, Ag 3d XPS spectrum 

confirmed the existence of Ag NPs on CNC/Ag TFN membrane surface as Figure 24b 

exhibits two different peaks Ag 3d3/2 at 374.5 eV and Ag 3d5/2 at 368.5 eV, which are 

typical peaks of Ag NPs.88, 89   

Membrane Surface Morphology Characterization. The surface morphology of all 

synthesized NF membranes was investigated by both SEM (Figure 5) and 3 D AFM (Figure 

6). Compared with the SEM image of PES support (Figure 5a), the TFC NF membrane 

depicted uniform nodular structure, which is the typical surface morphology of polyamide 

layer (Figure 5b), indicating the substrate was fully covered by the active layer. After 

adding CNC/Ag nanocomposites, the surface exhibited a different structure as ridges and 

valleys (Figure 5c to Figure 5f), which was similar to the surface structures observed by 

Tan et al.90 in their study of nanoscale Turing structures of polyamide membranes. The 

relatively rough and non-homogeneous Turing structures also increased the surface 

roughness of NF membranes after the incorporation of CNC/Ag nanocomposites into the 
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thin active layer (Figure 6).90 The incorporation of hydrophilic CNC/Ag nanocomposites 

could increase the hydrophilicity of inorganic phase, thus reduced the diffusion of 

piperazine (PIP) from inorganic phase to organic phase during the reaction process and 

resulted in rougher surface morphology.90, 91 The striped Turing structure was mainly 

caused by the interaction of CNCs with the excess TMC by hydrogen bonding in self-

inhibition process during the interfacial polymerization.41, 92 This was further confirmed by 

adding the same percentage of CNCs into the active layer as a similar ridge-and-valley 

surface structure was observed from the CNC-0.01 NF membrane (Figure 5g).93  
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Besides, the surface roughness increased gradually from Sq=151.5 nm (Figure 6c) to 329.5 

nm (Figure 6f) with the addition of CNC/Ag nanocomposites amount increased from 0.005 

wt% to 0.04 wt%, which is consistent with the surface structure changes (Figure 5). With 

the increasing amounts of CNC/Ag nanocomposites in inorganic phase, the viscosity of 

aqueous phase could be higher, which would further limit the diffusion of PIP at the 

interface and led to a higher roughness.52 In addition, the increased surface roughness 

(Figure 6) and the cross-sectional images of TFC (Figure 5h) and CNC/Ag-0.01 (Figure 5i) 

Figure 5 - Surface SEM images of (a) PES substrate (b) the TFC, (c) CNC/Ag-0.005, 

(d) CNC/Ag-0.01, (e) CNC/Ag-0.02, and (f) CNC/Ag-0.04, and (g) CNC-0.01 NF 

membranes. Cross sectional SEM images of the (h) TFC and (i) CNC/Ag-0.01 NF 

membranes.   
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NF membranes also confirmed the successful synthesis of polyamide thin active layers on 

the PES substrates.  

 

3.4.3 Pure Water Permeability and Salt Rejection Performance  

The trade-off of permeability and selectivity has been a critical problem that limits the 

improvement of the energy efficiency and separation performance upper bound during the 

water treatment process. Thus, the pure water permeability and salt rejection performance 

of CNC/Ag NF membranes were both evaluated. The pure water permeability measured 

under 4.8 bar at room temperature for the TFC, CNC TFN, and CNC/Ag TFN NF 

membrane can be seen from Figure 7a. All NF membranes achieved higher pure water 

permeability after the addition of CNC/Ag nanocomposites. The following sequence of 

Figure 6 - AFM images of (a) the TFC, (b) CNC-0.01, (c) CNC/Ag-0.005, (d) 

CNC/Ag-0.01, (e) CNC/Ag-0.02, and (f) CNC/Ag-0.04 membrane surface, where 

Sq represents Root Mean Square Height and Sa stands for Arithmetical Mean 

Height. 
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water permeability was observed: CNC/Ag-0.01 > CNC/Ag-0.02 ≈ CNC/Ag-0.04 > 

CNC/Ag-0.005> TFC NF. The highest pure water permeability (25.4 LMH/bar) was 

achieved by the CNC/Ag-0.01 membrane, which was 1.6 times higher than the TFC 

membrane. To understand their trend in water flux, we performed water contact angle 

measurements to assess the membrane hydrophilicity, as shown in Figure 7b. After the 

incorporation of CNC/Ag nanocomposites, the water contact angles of all CNC/Ag NF 

membranes were lower than that of the pristine TFC NF membrane (37.3o). As smaller 

water contact angles indicate more hydrophilic surfaces, the trend of the membrane 

hydrophilicity was observed to be in accordance with that of the water permeability. 

Specifically, CNC/Ag-0.01 had the lowest water contact angle of 18.7o, which was almost 

50% lower than the TFC NF membrane, indicating the best hydrophilicity among all 

membranes in this study. It is quite interesting that CNC/Ag-0.01 membrane has 

significantly improved the pure water flux. Therefore, we also studied CNC NF membrane 

with same amount of CNCs added to the active layer as CNC/Ag-0.01. In this case, the 

water contact angle of CNC-0.01 also declined to 28.3o, but it was still much higher than 

that of CNC/Ag-0.01 (18.7o). Thus, the pure water flux enhancement of all CNC/Ag 

membranes can be attributed to the increase of surface hydrophilicity, which was due to 

both the abundant –OH groups on CNCs and the hydrophilic nature of Ag NPs.59, 83, 94, 95 

Besides, the incorporation of CNC/Ag nanocomposites into the thin active layer can form 

extra pathways between nanocomposites and the polymer, thus caused higher water 

permeability.52 However, water flux slightly decreased after the further addition of 

CNC/Ag nanocomposites. This could be attributed to the co-effect of two opposing reasons. 

On one hand, TFN membranes with high CNC/Ag loadings presented higher surface 
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roughness, which could increase the surface area for water permeation and led to a higher 

water flux; while on the other hand, their higher contact angles implied their lower 

hydrophilicity.87 Thus, compared with low loadings of CNC/Ag nanocomposites, the latter 

factor might be the dominant reason for a lower flux of CNC/Ag-0.02 and CNC/Ag-0.04.   

The desalination performance of all as-synthesized NF membranes was evaluated by 2000 

ppm Na2SO4 and NaCl in this study. The trends of the water permeability in Figure 7c and 

Figure 7d were in consistent with that of the pure water permeability in Figure 7a. 

Compared with the pristine TFC NF membrane, the water permeability of CNC/Ag-0.01 

membrane increased from 11 LMH/bar to 13.6 LMH/bar for Na2SO4. In the meantime, the 

CNC/Ag-0.01 membrane also maintained a high Na2SO4 rejection rate of 99.1%. In 

addition, the water permeability of the TFN NF membrane was enhanced from 14.7 

LMH/bar to 22.4 LMH/bar for NaCl after the addition of 0.01 wt% CNC/Ag 

nanocomposites. The rejection of NaCl slightly increased from 21 % (the TFC membrane) 

to 23.4 % (CNC/Ag-0.01). The rejection rate of NaCl was much lower than Na2SO4 as the 

hydration ions radii of Cl- (0.1 nm) is smaller than SO42- (0.3 nm).52 Thus, it is much easier 

for Cl- to pass through polyamide layer than that of SO4
2-.52 CNC/Ag-0.01 membrane 

exhibited outstanding desalination properties in both water permeability and salt rejection. 

This could be attributed to the relatively high water permeability sites on the striped Turing 

structure, breaking through the upper limit of the permeability-selectivity trade-off for this 

CNC/Ag TFN membrane.90 Besides, the cross-linking degree could be higher after the 

addition of CNC/Ag nanocomposites, which would be beneficial to maintain high salt 

rejections for TFN membranes.  
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3.4.4 Antifouling and Antibacterial Performance of Membranes  

3.4.5 Humic Acid Antifouling Performance 

Membrane fouling is a major threat to long-term NF operations. Common membrane 

foulants include inorganic, organic, colloidal and biological foulants, which will not only 

decline the water flux but also impair the membrane durability in long-term operations.96, 

97 In this study, the antifouling properties of the CNC/Ag TFN membranes were firstly 

investigated using humic acid, a typical natural organic matter (NOM),41, 92, 96 with a 

concentration of 500 ppm. Figure 8 shows the normalized flux with time (Figure 8a) and 

Figure 7- (a) Pure water permeability, (b) water contact angle, (c) Na2SO4 

permeability and rejection, (d) NaCl permeability and rejection of the membranes 

under 4.8 bar. The salt concentrations used are 2000 ppm.    
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flux recovery ratio (FRR, %, Figure 8b). Typically, a higher FRR value represents a better 

antifouling property of the tested membrane. All CNC/Ag membranes presented a much 

higher FRR than the TFC NF membrane (Figure 8b). Especially, CNC/Ag-0.01 reached 

the highest FRR of 92.6 %, which was ~37 % higher than that of the TFC NF membrane 

and ~10% higher than that of the CNC-0.01 TFN membrane. The enhanced antifouling 

performance of  CNC/Ag NF membranes could be explained by the introduction of 

hydrophilic CNC/Ag nanocomposites into the polyamide layer, which could help mitigate 

fouling by weakening the interactions with the hydrophobic humic acid molecules.21, 93 

Also, the abundant hydroxyl groups on CNC surface could act as active sites that are 

available for hydrogen bonds to form a hydration layer on membrane surface, thus reducing 

the attachment of foulants.98 However, the CNC/Ag-0.02 and CNC/Ag-0.04 membranes 

presented lower FRR than that of the CNC/Ag-0.01 membrane. According to studies 

conducted by previous researchers, low surface roughness enhanced the antifouling 

performance of membranes because of the suppressed attachment tendency of foulants on 

the smooth active layer.49, 98 Thus, with the incorporation of more than 0.01 wt% of 

CNC/Ag nanocomposites, the surface roughness became larger and thus the antifouling 

performance for humic acid slightly decreased. 
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3.4.6 Antibacterial Performance 

Besides organic fouling, biological and microbial membrane fouling will also lead to flux 

decline, high energy consumption, and shortened membrane life span.99 To analyze the 

antibacterial performance of the fabricated membranes, membrane surface was exposed to 

the model gram-negative bacteria E. coli suspension for 3 h, and the colony forming unit 

(CFU) plate counting method was applied to determine the number of alive bacteria 

attached on membrane surface. Figure 9a demonstrates that all CNC/Ag NF membranes 

presented excellent antibacterial performance of over 86% bacterial viability reduction. 

Especially, CNC/Ag-0.01 achieved the lowest bacterial viability ratio of around 0.6 % 

(99.4 % bacterial viability reduction), demonstrating its outstanding antibacterial 

performance. The excellent antibacterial performance of CNC/Ag NF membranes could be 

Figure 8 - Antifouling performance of the membranes under 4.8 bar. (a) Time-

dependent normalized flux and (b) Flux recovery ratio (FRR). The cross-flow rate 

for all pure water flux and humid acid fouling tests was 350 mL/min. 
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mainly due to the antibacterial property of CNC/Ag nanocomposites.77 It is widely 

acknowledged that Ag is one of the most effective antimicrobials, and main antibacterial 

mechanisms of Ag NPs include direct contact cell damage, the generation of reactive 

oxygen species and Ag+ released from Ag NPs.54, 57, 89 Besides the biocidal effect of Ag 

NPs, the excellent antibacterial performance could also be attributed to the anti-attachment 

effect of CNC/Ag TFN membrane surface to bacteria.100 Enhanced hydrophilicity, low 

surface roughness will lower the adhesion of E. coli and lead to different membrane 

antibacterial performance.88 Thus, the greatly improved hydrophilicity (Figure 7b) and 

relatively flat membrane surface (Figure 6) after incorporating 0.01 wt% CNC/Ag 

nanocomposites could effectively suppress the attachment of bacteria. With the 

combination influence of the biocidal effect from Ag NPs and the strong anti-attachment 

effect on bacteria, the CNC/Ag-0.01 NF membrane achieved the best antibacterial 

performance. However, the antibacterial performance of CNC/Ag NF membranes after 

adding more nanocomposites was slightly decreased compared with CNC/Ag-0.01, which 

could be explained by their higher surface roughness and lower hydrophilicity (Figure 6 

and Figure 7). With higher loadings of CNC/Ag nanocomposites, although the biocidal 

effects could be enhanced by larger amount of Ag NPs, the weakened anti-attachment 

influence on bacteria could be the dominate reason to the antibacterial performance decline 

of CNC/Ag-0.02 and CNC/Ag-0.04 membranes.  

In order to further analyze the antibacterial mechanism of CNC/Ag TFN membranes, 

fluorescent microscopy (Zeiss, Oberkochen, Germany) analysis was applied and the results 

were depicted in  Figure 9b where red dots represent dead cells and green dots indicate live 

cells. After 3 h incubation of NF membranes in E. coli solution, the TFC NF membrane 
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exhibited strong green fluorescence, and almost no dead cell was shown on the membrane 

surface, which indicates that the TFC NF membrane did not have obviously antibacterial 

effect. Besides, the dense green dots could also imply its bad anti-attachment effect on E. 

coli. In contrast, the CNC/Ag-0.01 NF membrane achieved strong biocidal performance as 

well as excellent anti-attachment performance, which was in consistent with the 

quantitative results in  Figure 9a. Almost all cells on CNC/Ag-0.01 membrane surface were 

dead, and fewer cells were observed including both dead cells and alive cells, indicating 

the suppression of bacterial adhesion. In order to further analyze the anti-attachment effect 

on the overall CNC/Ag membrane antibacterial performance, the antibacterial performance 

of CNC-0.01 TFN was also evaluated. CNC-0.01 membrane achieved a reduction of 

bacterial viability of 58 % (Figure 9a), and  Figure 9b demonstrates that almost all 

remaining bacteria on CNC-0.01 membrane surface were alive, indicating that CNCs only 

reduce the attachment of bacteria rather than exhibit biocidal performance. 

Figure 9 - Antibacterial performance results. (a) Colony forming unit (CFU) plate 

counting results of all membranes, and (b) the agar plate results and fluorescence 

microscopy images of the pristine TFC (upper row), CNC-0.01 (middle) and 

CNC/Ag-0.01 (bottom) NF membranes, where the live bacteria stained with SYTO 

9 (green color) and the dead bacteria stained with PI (red color). 
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3.4.7 Stability of Ag NPs in the CNC/Ag TFN Membrane  

The stability of Ag NPs is known to have strong influence on the effectiveness and duration 

of membrane antibacterial performance.101 Besides, although silver ions show low-toxicity 

to humans, high concentration of Ag+ can still cause DNA damage to human cells.76, 101 

Thus, the stability of Ag NPs in CNC/Ag-0.01 TFN membrane was analyzed by the Ag+ 

leaching experiment in this study. 5 cm2 membrane coupons of the CNC/Ag-0.01 TFN 

membrane were immersed in a beaker with 20 mL of DI water under 50 rpm stirring for 

10 consecutive days, and the Ag content was measured via ICP-OES. As illustrated in 

Figure 10, the initial releasing rate was 0.0135 μg cm-2 day-1, and then decreased 

dramatically to around 0.0063 μg cm-2 day-1 from the second day. This trend was in 

accordance with the observations in previously reported studies.1, 87, 89 From the third day, 

the Ag+ releasing rate decreased gradually and finally reached a steady releasing rate of 

around 0.0018 μg cm-2 day-1 from the 8th day. Such a low releasing rate could be attributed 

to the stability of CNC/Ag nanocomposites in membrane polyamide layer. With high 

surface to volume ratio, CNCs could serve as good carriers to stable Ag NPs and prevent 

rapid Ag leaching from CNC/Ag nanocomposites.75, 102 In addition, CNC exhibited 

excellent compatibility in polymer matrix due to their large surface area,103 which could 

also help with the stability of CNC/Ag in the polyamide layer. Besides the Ag releasing 

rate, the duration of antibacterial effectiveness is also a crucial factor in practical water 

treatment. The total Ag content in the CNC/Ag membrane (0.43 μg cm-2) in this work is 

36 times lower than the Ag NPs of membranes (15.5 μg cm-2) synthesized in the study done 

by Yin et al.81 (Table 2). However, the CNC/Ag TFN membrane was expected to be 
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effective for around 222 days, which was much longer than Yin et al.81 (~ 140 days) and 

other reported Ag embedded membrane studies (97-155 days).38, 88, 104 The Ag leaching 

results imply that CNC/Ag TFN membranes can achieve a low Ag releasing rate and longer 

duration time with a significant small amount of total Ag loading, which implies its low 

potential environmental risks and the potential for practical water treatment. 

3.5 Conclusion  

In this study, multifunctional thin film nanocomposites nanofiltration membranes were 

synthesized by embedding CNC/Ag nanocomposites into the thin active layer. A detailed 

benchmarking was presented in Table 2, which summarized the nanocomposite TFN 

membranes containing Ag NPs reported in recent years. Among all these membranes, the 

CNC/Ag-0.01 TFN NF membrane exhibited distinguishing multi-functions including high 

pure water flux, high salt rejection for Na2SO4 (> 99 %), excellent antifouling and 

Figure 10 - Ag+ release profile of CNC/Ag-0.01 TFN membrane and its remaining 

percentage of Ag on membrane surface. 
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antibacterial performance simultaneously. CNC/Ag membranes with high flux and 

rejections are more energy-efficient than TFC membranes, which reduces the energy 

consumption associated with the NF process. The excellent antifouling and antibacterial 

properties of the membrane can mitigate flux decline by preventing the formation of 

physical and biological fouling films, which improves the membrane durability in the long-

term operation. Furthermore, the CNC/Ag-0.01 TFN NF membrane also demonstrated 

excellent Ag stability on the membrane surface, which not only enabled it to achieve high 

antibacterial performance at a very low Ag loading of 0.43 μg cm-2 but also prevented the 

potential environmental hazard of excess Ag leaching. In addition, the relatively low cost 

and facile synthesis method of CNC/Ag nanocomposites will benefit the large-scale 

production of CNC/Ag TFN NF membranes. These results demonstrate that the 

multifunctional CNC/Ag TFN NF membranes may have a promising potential application 

in desalination and water treatment processes. 
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Table 2 - Summary of recently reported nanocomposite TFN membranes containing Ag NPs. 

Membrane 

Pure Water 

Permeability 

(LMH/bar) 

Na2SO4 

Rejection 

(%) 

Antibacterial 

performance for 

E. coli  

(%) 

Total Ag loading 

(μg cm-2) 

Ref. 

CNC/Ag-0.01 NF 25.4 99.1 99.4 0.4 
This 

work 

PEI/PEG/Ag NF / 92 / 3.6 55
 

COO- zwitterion-Ag NF / ~95 93.1 10.1 99
 

Ag-PDA-TFN NF 5.9 / 55.6 ± 13.7 14.7 105
 

rGO/Ti2O/Ag NF / 96% > 90% / 52
 

S-BioAg NF 5 85.5 / / 106
 

S-ChemAg NF 5 87 / 2.3 106 

CA/Ag NF 1.9 96.4 >99% / 107 

In-situ Ag RO / / 78 ± 12 3.7 38 

SH-AgNPs RO 4.4 / / 15.5 81 
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CHAPTER 4. UNDERSTANDING WATER AND SOLUTE 

TRANSPORT IN THIN FILM NANOCOMPOSITE MEMBRANES 

BY RESISTANCE-IN-SERIES THEORY COMBINED WITH 

MONTE CARLO SIMULATION 

4.1 Abstract 

The lack of mechanistic insights into the water and solute transport in the thin film 

nanocomposite (TFN) membrane active layer posed a major challenge in the fundamental 

understandings and performance optimization of such membranes in water treatment. In 

this work, a novel water and solute transport model was developed to qualitatively and 

quantitatively study the influence of intrinsic permeabilities and geometric parameters of 

the NPs and the NPs-polymer intermediate layer on the widely observed flux enhancement 

of TFN membranes based on the resistance-in-series theory and Monte Carlo simulation. 

The simulation results demonstrate a small amount of porous or even non-porous NPs 

addition would result in a significant flux increase due to either high NP permeability, high 

intermediate layer permeability, or the combined effects of the abovementioned factors. 

Besides,  I  find that an optimized combination of NPs mass loading and NPs size, thicker 

intermediate layer and TFN membrane with minimized NPs aggregation are preferred to 

achieve high permeate flux. This simulation can be used to predict TFN membrane 

performance and provide guidance on engineering the next-generation TFN membranes 

with high flux as well as improved rejections, to tackle with the widely acknowledged 

problem of flux and rejection trade-off. 
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4.2 Introduction 

Thin film composite (TFC) membranes play a crucial role in state-of-art nanofiltration (NF) 

and reverse osmosis (RO) technologies for desalination and wastewater reclamation. 

Engineering the TFC membranes to achieve high water flux while maintaining high solute 

rejections is challenging yet crucial to address the current water scarcity crisis in an energy-

efficient way.4, 108 Incorporating nanoparticles (NPs) into the active layer of TFC 

membranes to become thin film nanocomposite (TFN) membranes is a readily achievable, 

scalable, and low-cost technique to improve their separation performance. Jeong et al.27 

firstly reported the formation of a TFN membrane prepared by the incorporation of zeolites, 

which improved the membrane water flux without compromising the high salt rejections. 

Since then, numerous reports have demonstrated the effectiveness of incorporating 

different NPs into TFN membranes to improve their flux performance.21 Although the 

technique is quite useful, the absence of water and solute transport mechanistic insights of 

the TFN membrane active layer still poses a major challenge in further improvement and 

optimization of their separation performance and capabilities for water treatment.  

Typically, the nanomaterials incorporated in TFN membranes are also nano-porous, such 

as zeolite,28 porous silica,29 metal-organic frameworks (MOFs),30 carbon nanotubes 

(CNTs),31-33 graphene oxide layers (GO)34-36 and bio-mimic aquaporins.37 The intrinsic 

permeabilities of these materials are several folds more permeable than the dense TFC 

active layer materials (typically polyamide). The incorporation of these nanomaterials into 

the active layer of the membrane can create highly permeable water pathways for water 

molecules through their inner pores/ channels. Interestingly, even a small amount of 

nanomaterials incorporation (e.g., typically less than 0.1 wt% of monomer solutions during 
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interfacial polymerization) can result in a drastic enhancement in the overall membrane 

water flux, from 50% to several folds, while solute rejections remained almost unchanged, 

and this effect can be observed in a large variety of different nanomaterials.47, 48 This 

behavior is quite counter-intuitive as if the general rule of mixtures applies to the TFN 

membranes water permeabilities (the overall membrane permeability is the result of the 

weighted mean permeabilities of the bulk polyamide active layer and the NPs),109 the flux 

will not be affected as much as reported in all the published works. Moreover, besides the 

porous NPs, even non-porous NPs such as silver NPs, 38, 39 non-porous silica,40 cellulose 

nanocrystals,41, 42 and quantum dots43-46 can also improve the water permeability, without 

any unique ultrafast water transport inner nanochannels. The dominating water transport 

mechanism in these TFN membranes remains unclear, but it can be postulated that the 

water transport properties of the polyamide (PA) layer have significantly changed after 

adding these NPs. Apparently, the flux enhancement caused by the addition of hydrophilic 

NPs is not merely contributed by the linear combination of NPs and PA permeabilities, but 

rather some more complex rationales and cooperative interactions between NPs and the 

adjacent PA layers.110 The formation of a nano-porous intermediate PA layer between the 

hydrophilic NPs and the bulk polyamide with higher water permeability could be a possible 

explanation for the higher flux TFN membranes. Clear evidence by transmission electron 

microscope (TEM) has demonstrated the existence of the intermediate layer between NPs 

and the surrounding polyamide, which can be attributed to the formulation of a sub-

nanometer to several nanometer scale nanovoids/nano-cavities with pore sizes higher than 

bulk polyamide at the intermediate layer.39, 61, 62 The formation of these nanovoids/nano-

cavities may be attributed to the water layer which surrounds the hydrophilic NPs that lead 
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to the hydrolysis of the trimesoyl chloride, and thus caused the termination of the 

polymerization reaction.39, 111 Recent molecular simulations as well as experimentally 

measured water permeation coefficients clearly showed strong positive relationships with 

the increase of pore diameter, consistent with the classical continuum theory even under 

sub-nanometer scale.112 Thus, we hypothesized that the unique high flux of the NPs 

incorporated TFN membranes can be attributed to intrinsic high permeabilities of the NPs, 

as well as the improved permeabilities of the intermediate layers between NPs and bulk 

polyamide.  

Molecular simulations can provide insights on the calculation of the intrinsic 

permeabilities on the several nm scales. However, given the thickness of the typical active 

layer (~200 nm) and the nanoparticle (~10-100 nm), the length scale of the system is not 

suitable to perform molecular dynamics simulations.113 Also, such simulated parameters 

cannot give reasonable estimates of the permeabilities with statistical significance. Besides, 

the direct experimental acquisition of the physical permeabilities of these NPs and 

intermediate layers in the PA layer is also challenging. In this work, instead of experimental 

measurements, a novel mathematical model based on the Monte Carlo simulation is 

developed to provide qualitative and quantitative explanations for the enhanced 

performance of the TFN membranes. Several parameters, such as the effect of NP size, NP 

permeability, intermediate layer thickness, intermediate layer permeability, NP mass 

loading, and NP aggregation level on water flux and solute rejections are assigned by 

different reasonable values taken from the experimental results, and their effects on the 

flux and rejection are systematically investigated. Our simulation results revealed a typical 

water flux enhancement of 5% - 185% can be achieved by adding NPs, while solute 
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rejections only experience minor changes, which agreed well with a majority of currently 

published results. Finally, based on the flux and rejection trends that vary with different 

NP parameters, perspectives on next-generation TFN membrane preparation with further 

optimized membrane performance are given. 

4.3 Model Development  

The whole idea of this study was to qualitatively and quantitatively analyze water and 

solute transport in TFN membranes by resistance-in-series modeling combined with a 

Monte Carlo approach. A schematic illustration of the geometric configuration used in this 

model is depicted in Figure 11. As shown in Figure 11a, a typical thin-film composite 

membrane is comprised of two layers: a thin (~200 nm), dense PA layer, which provides 

solute/water selectively; and a strong, thick porous support layer, which provides 

mechanical stability for the active layer and allows fast solvent transport. I  assume the PA 

active layer as a uniform, isotropic flat sheet, with a thickness h. Due to the significant pore 

size discrepancies between the active layer (<= 0.6 nm114) and the support layer (around 

0.1 – 10 microns), the transport resistance of the active layer contributes majorly towards 

the transport of the solvent and the solute, and meanwhile, the resistance of the support 

layer to mass transport is neglected in this work. Figure 11b is a sample cubic of a thin film 

PA layer with one single NP. The radius of this NP is r1, and the intermediate layer is 

concentric with the NP, and its thickness is r2 ï r1, where r2 stands for the radius of the 

intermediate layer sphere. It is assumed that the NP and its intermediate layer will not 

penetrate the whole thickness of the active layer, which might create defects (r2 < h/2). 

Water and solute are treated as independent Monte Carlo water and solute probes, which 

could appear at any random location on top of the active layer (Point M in Figure 11b is a 
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sample location for one water or solute probe). All interactions between the probes are 

neglected in this work. Due to the presence of either pressure or concentration gradient, 

this water or solute probe will be driven to penetrate through the membrane active layer, 

and it will find its pathway with the lowest transport resistance (Point N in Figure 11b is a 

sample exit location for water/solute probe M). The transport resistance along the pathway, 

which may comprise of the path in the active layer, the intermediate layer and the NPs, will 

be calculated by the resistance-in series model, which will be discussed later. Detailed 

information on the algorithm of finding the lowest transport path can be found in the 

Appendix.  

All the coefficients used in this model are labeled in Figure 11c, which is a top-view of 

Figure 11b. Figure 11d and e show the multiple NPs system used in this simulation. I  

assume that if the NPs are not aggregated (Figure 11d), they will distribute uniformly over 

the whole membrane area; however, the location of each individual NP will be randomly 

selected within a periodic cell. If the NPs become aggregated  (Figure 11e), there will be 

different aggregation states.115 In this work, as shown in Figure 11e, I  simply this scenario 

and assume that the aggregated NPs cluster will be arranged in a rectangular shape.  Other 

shapes will be more realistic in practice, however, the simulation mesh used in this work 

is organized in rectangular shapes, so I  used the rectangular shape aggregated NPs cluster 

as a demo first to investigate the effect of aggregation and qualitatively understand the flux 

and rejection trends when NPs aggregates in the active layer instead of calculating the exact 

values of flux and rejections in this work. Other shapes of aggregates will be investigated 

in our future work. 
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4.3.1 Path-dependent Water and Solute Flux Calculations 

4.3.1.1 Calculation of Water Permeability Coefficient A 

The water flux (JWi) of a specific Monte Carlo water probe, i, can be expressed based on 

Figure 11 - Schematic illustrations of (a) the structure of TFN membranes, (b) a 

sample cubic of a thin film layer with one NP in the center, sphere 1 is the NP with 

radius r1 and region 2 is the intermediate layer with a thickness of r2 – r1, (c) top-view 

of single NP scenario with illustration of permeability parameters, (d) multi-NPs 

scenario with uniformly distributed NPs, and (e) multi-NPs scenario with aggregated 

NPs. 
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its path-dependent water permeability coefficient, or permeance Ai, (in units of m*s-1bar-

1), if the driving force of the transport equals to æP, for dilute solutions:116, 117 

ὐ ὃ Ўὖ  Ў“ (5) 

Accordingly, the total resistance (RWi) along the transport pathway of this specific water 

probe should be the inverse of the permeability coefficient Ai.  

ὐ ὃ Ўὖ  Ў“
ρ

Ὑ
Ўὖ  Ў“  (6) 

According to the solution-diffusion theory, the permeability coefficient A can be expressed 

as the function of water-membrane partition coefficient KW, water diffusivity in membrane 

active layer DAW and membrane active layer thickness æx, for pristine TFC membranes: 116, 

117 

ὃ
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ὠ

ὙὝ
  (7) 

The intrinsic permeability of the transport media (in this case it is the TFC active layer) 

is:118, 119 

ὖ ὑ Ὀ  (8) 

Thus Equation 7 can be formulated to: 
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Where Vm represents the molar volume of water, Rg is the ideal gas constant, T is the 

absolute temperature.  

In this work, in order to simulate and calculate the permeability coefficients in the TFN 

membranes, the water was regarded as water probes, so the permeability coefficient A will 

be path dependent. Thus, the path-dependent Ai cannot be directly calculated by Equation 

9. Instead, based on the resistance-in-series theory of heat and mass transfer, the path 

dependent resistance RWi, can be estimated by the summation of the transport resistance in 

the three layers120: 1. the transport pathway in the PA layer, with a length of hAi; 2. the 

transport pathway inside the NPs, with a length of hNi; 3. the transport pathway in the 

intermediate layer between the NP and the PA layer, with a length of hIi. In this work, I  

define the transport resistance of the PA layer, intermediate layer, and NPs as RAW, RIW and 

RNW, respectively. In each layer, the transport resistance will be the inverse of the local 

water permeability coefficient: 
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where PAW, PIW, and PNW are intrinsic water permeabilities of the membrane active layer, 
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intermediate layer and inside of NP, respectively.  

Thus, in this simulation, the total resistance of the water transport RWi and the water 

permeability coefficient Ai in thin film layer of TFN membrane can be expressed as the 

summation of the water transport resistance from the polyamide, the NPs and the 

intermediate layer base on the resistance -in -series model:120-123  
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4.3.1.2 Calculation of Solute Permeability Coefficient B  

In this model, similar to the water transport simulation, solute transport is regarded as 

Monte Carlo probes independent of the transport of water. Similarly, the solute flux is 

defined as: 

ὐ ὄ ὅ ὅ     (14) 

where Bi is the solute permeability coefficient B = (KS DS)/æx, Cm and Cp represent the 

solute concentrations at the membrane surface of the permeate side and permeate bulk 

solution, respectively. 

Similar as the path-dependent water permeability coefficient Ai, the solute permeability 

coefficient Bi and the solute resistance along the transport path RSi can be expressed as: 
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where PAS, PIS, and PNS are intrinsic solute permeabilities of the membrane active layer, 

intermediate layer and inside of NP, respectively. 

 

4.3.2 Pure water flux (J) and solute rejection (R) calculations 

The periodic cell has a size of 200 nm*200 nm*h, with one nanoparticle located at a 

random position within the periodic cell. The top views of different numbers of Monte 

Carlo probes thrown on a sample periodic cell with the same area are depicted in Figure 

26. In this work, the permeability coefficient of 10000 Monte Carlo random water or solute 

probes was calculated based on their pathway with the lowest resistance, and the mean 

permeability coefficient is defined as the average permeability coefficient of the 10000 

Monte Carlo water or solute probes. Then, the average water permeability coefficient Aavg 

and solute permeability coefficient Bavg of the whole TFN membrane are expressed as the 

summation of the permeability coefficient of all probes divided by the number of Monte 

Carlo probes (nMT)122: 
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Correspondingly, the water flux and the solute flux of the TFN membrane can be calculated 

as: 

ὐ ὃ Ўὖ  Ў“     (18) 

 

ὐ ὄ ὅ ὅ      (19) 

The solute rejection (R) is defined as 

Ὑ ρ
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ὅ
         (20) 

where Cf is the concentration of the feed solution and Cp is the concentration of the 

permeate. For dilute feed solutions, the permeate concentration Cp can be defined as:116, 117 
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Substitute Equation 18, Equation 19, and Equation 21 into Equation 20, and neglect the 

concentration polarization at the feed side (Cm = Cf) 
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(22) 

The solute permeability coefficient B varies with the types of the TFC membranes, as well 

as the type of solvent A and solute B. If solvent A = water and solute B = NaCl, for seawater 
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RO membranes, A/B is typically around 100 – 102 bar-1; For NF membranes, A/B is typically 

around 10-1 – 10-2 bar-1.117 For other solvents and solutes such as organic solvent 

nanofiltration (OSN), A/B can exhibit a variety of values which largely depends on the 

properties of solvent, solute and the membrane used.124 In this paper, in order to present 

results that can be representative to as much circumstances (RO, NF, or OSN, etc.) as 

possible, I  selected three representative A/B values: 10, 1, and 0.1 bar-1 as sensitivity 

parameters for the pristine TFC membranes.  

In this work, two different scenarios are studied: with porous or non-porous NPs. For the 

porous NPs incorporated, I  assumed that the intrinsic water and solute permeabilities for 

both the intermediate layer phase (PIW, PIS) and the NPs phase (PNW, PNS) can be 2-6 times 

of the pristine polyamide layer (PAW, PAS). For the non-porous NPs, water molecules cannot 

go into the NPs phase, thus the water molecules have to circumvent the NPs. The intrinsic 

water and solute permeabilities of the intermediate layer phase (PIW, PIS) can still be 2-6 

times of the polyamide layer (PAW, PAS). More details about parameter justifications are 

provided in Appendix. 

 

4.3.3 Estimation by the Rule of Mixtures 

To validate the effectiveness of our model, I  calculated the flux increase and the rejection 

changes based on the rule of mixtures. By its definition, the overall membrane permeability 

(Pavg) for solute and water is the result of the weighted mean permeabilities of the bulk PA 

active layer (PA) and the NPs (PN). 109 
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ὖ   Ὢ ὖ  ρ Ὢὖ (23) 

where f stands for the volume fraction of the NPs. Here I  assume the density of NPs and 

the polyamide are equal, so the volume fraction of the NPs is equal to the mass fraction of 

NPs. 

The water and solute flux can then be calculated. The solute rejection is also calculated by 

Equation 22. 

4.4 Results and Discussion 

In this work, firstly, I  begin by analyzing the flux colormaps around one single NP located 

at the center of one periodic cell, in order to better understand how different parameters 

could affect the flux atop and near the NPs (Figure 11b). Besides, the quantitative 

relationships between the physical and geometric parameters of the NPs and membrane 

performance are plotted and discussed. Then, I  extended the case into realistic conditions, 

where I  investigated the same set of NPs physical and geometric parameters but in multiple 

NPs systems under different NP mass loadings (Figure 11d). Finally, TFN membranes with 

aggregated NPs (Figure 11e) are simulated to investigate how the commonly encountered 

aggregation problems can affect membrane performance. 

4.4.1 Periodic Cubic of Thin Film Layer with Single NP 

4.4.1.1 The Influence of PNW, PIW, r1, and r2 - r1 on Water Flux Colormap  

Figure 12 shows the local water flux colormaps for a single porous NP (left columns) and 

a single non-porous NP (right columns) in one periodic cell. The pristine TFC membrane 
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has a flux of unity (flux=1), as I  defined earlier. In Figure 12a and b, as expected, the 

increase of either PNW or PIW will result in an increase of the local flux atop of the NPs (the 

areas within the white solid circles in Figure 12) and the circle of the intermediate layer 

(the areas within the white dashed circles in Figure 12). More interestingly, the membrane 

areas adjacent to the intermediate layer of the NPs (the “ring” area out of the white dashed 

circles in Figure 12) will also be affected and have an enhanced flux. This indicates that 

for random water probes in this region can also permeate faster than the bulk polyamide, 

by taking advantage of the higher permeability NPs and the intermediate layer. Besides, 

this high-flux region which is impacted by the NPs and the intermediate layer clearly 

enlarges with the increase of PNW and PIW. Thus, it can be inferred that the combined effect 

of the high water-permeable NPs and its intermediate layer, as well as significantly 

increased high-flux area outside of the NPs, contribute to the commonly observed dramatic 

flux increase in the TFN membranes.  
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In Figure 12e, the effect of PIW for the non-porous NPs case is similar to that of the porous 

NPs case, which with the increase of PIW, both the local water flux atop of the intermediate 

layer circle as well as the membrane area affected increase. In the center of the NPs, a low-

flux spot can be observed at PIW = 4 PAW, which can be clearly attributed to the existence 

of the non-porous NPs at the center. This phenomenon is more obvious at larger r1 values 

and larger r1-r2 values, which can be found in Figure 27. When a water probe arrives at the 

surface of the NP, it has to circumvent the NP around its permeable layer, which will cause 

an increase in the transport path length for this water probe (Figure 25d). Thus, it is clear 

Figure 12 - Top-view flux colormap for one periodic TFN membrane cell with a single 

porous NP (left columns) and non-porous NP (right columns) with respect to PNW (NP 

water permeability), PIW (intermediate layer water permeability), r2– r1 (intermediate 

layer thickness), and r1 (NP radius). Note: h =1, relative flux = TFN flux/ bare TFC 

flux. The solid lines are regions for NPs and the dashed lines are regions for the 

intermediate layer. 
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that near the top of the NP center, water probes have to go through longer pathways than 

the probes near the edge of the NPs, which leaves a low local water flux spot near the center 

of the NP. Therefore, compared with the porous NPs case, the non-porous NPs 

incorporated TFN membranes always exhibit smaller flux than the porous NPs under the 

same set of parameters (Figure 12). 

Besides the permeability of the NPs, the geometric parameters of the NPs (r1) and the 

intermediate layer (r2 -r1) also have a significant impact on water flux. Figure 12c and 

Figure 12f qualitatively show that when the intermediate layer becomes thicker (the 

relative intermediate layer thickness r2 - r1 = 0.02, 0.1, and 0.25), the water flux atop of the 

shell of the intermediate layer significantly increases, as indicated by the darker blue color, 

for both porous and non-porous NP. Outside of the intermediate layer, the local water flux 

values are only slightly impacted by r2 - r1, but the “ring” area impacted outside of the 

intermediate layer circle significantly increases with increased r2-r1, due to the larger r2 

values. This also leads to an increase in membrane flux. Finally, in Figure 12d and Figure 

12g, increasing the size of the NPs (r1) can significantly improve both the water flux inside 

and outside of the intermediate layer circle. Also, the “ring” area outside of the intermediate 

layer circle that has higher water flux than bulk polyamide significantly increased with 

increasing r1. This indicates that the use of larger NPs will be beneficial for high flux TFN 

membranes; however, in reality, if the density of the NPs stays the same, the mass loading 

of the NPs will increase with larger r1, and a higher chance of NP aggregation will also 

happen. Thus, a comprehensive effect must be taken into consideration, and I  will discuss 

that later in the multiple NPs simulation part.   
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4.4.1.2 The Influence of PNW, PIW, r1, and r2 - r1 on Water Flux by Quantitative Analysis 

Besides colormaps, I  also performed a quantitative simulation on the effect of the 

permeabilities and the geometric parameters of the NPs and the intermediate layer (Figure 

13). In Figure 13a and c, when holding the PNW and PIW as constant, the increase of the 

Figure 13 -  Influence of the coefficients on one periodic TFN membrane cell with a 

single porous NP (solid lines) and a non-porous NP (dashed lines) with respect to r1,  

PNW/ PAW, r2 – r1, and PIW/ PAW.  
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geometric parameters r1 and r2 - r1 will significantly improve the water permeability, and 

this effect is more explicit at higher r1 and r2 - r1 values. This result also agrees with the 

observation in the colormaps (Figure 12 c and d). On the other hand, in Figure 13b and d, 

increase the permeability of the NPs (PNW) and its intermediate layer (PIW) can also lead to 

an increase of flux. However, the flux enhancement effect is weaker when PNW or PIW is 

larger than 4, and eventually becomes saturated. This result is in correspondence with the 

observation of the colormap results in Figure 12a and b, as the further increase of the PNW 

or PIW will not strongly impact the membrane area affected, thus the flux enhancement 

effect of the NPs will likely become saturated when further increase the NPs and the 

intermediate layer permeabilities. Yet the incorporation of more permeable NPs (with 

higher PNW values) into the membrane is still an effective technique in practice to improve 

the water flux. For instance, Liu et al. 125 reported TFN membranes incorporated with 

MCM-48 silica NPs exhibited higher water flux than MCM-41 due to the 3-D pore 

structure of MCM-48, which is more permeable than the 2-D pore structure of MCM-41.125 

Huang et al.126 found that silicalite-1 nano-zeolites exhibited better capability to improve 

TFN membrane flux than NaA zeolites, because silicalite-1 nano-zeolites possessed larger 

inner pores and higher water diffusion rate. Similarly, this trend of the intermediate layer 

permeability (PIW) also agree with the results observed in the study conducted by Ji et al.127, 

who identified that the increase of the nanocavity size at the interface between zwitterionic 

polymeric NPs (ZNGs) and PA matrix increased from 5.4 Å (the pristine TFC membrane) 

to 6.0 Å, thus increased the water flux by 80% compared with that of the pristine TFC 

membranes.  

Figure 13c and d give the comparison of the relative flux between porous and non-porous 
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NPs incorporated TFN membranes. From Figure 13c, the flux differences between porous 

NPs and non-porous NPs membranes under a certain PIW are almost fixed at different 

intermediate layer thicknesses, which are indicated by the almost parallel dashed and solid 

lines. This flux difference will also be mitigated at larger PIW values, which implicates the 

influence of the NPs permeabilities on membrane flux can be minimal upon high enough 

intermediate layer permeabilities. Figure 13d delivers similar information between porous 

and non-porous NP scenarios as Figure 13c for different intermediate layer thicknesses (r1 

– r2).  

4.4.1.3  Solute Rejection 

Figure 28 in the Appendix presents the salt rejection simulation results of the porous and 

non-porous NPs incorporated TFN membranes. The results depicted that the addition of 

NPs will benefit the water flux but only have minimal impact on the solute rejection, even 

if the NPs or its intermediate layer is very permeable to the solute. If the NPs or its 

intermediate layer is less permeable to solute than the basic scenario, I  can even expect 

both increases in flux and rejections. The simulation result explains many experimental 

observations in recent decades for TFN membrane rejections, as the addition of NPs will 

only slightly reduce the solute rejection. 38, 45, 47, 62, 125-134 

 

4.4.2 TFN Thin Film Layer with Multiple NPs 

4.4.2.1 Effect of NP Mass Loading on Water Flux and Solute Rejection 

For multiple NPs systems that without NP aggregation, the effect of NP mass loading on 
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water flux and solute rejection was analyzed. Note that the calculations are based on two 

major assumptions: 1. The NPs are fully separated and there are no aggregations; 2. NPs 

are only located at the middle plane of the membrane active layer, and there is no overlap 

of NPs across the z-direction. The mass loading of the NPs per unit volume of the 

membrane active layer is directly related to the NP size (r1) and the areal density of the 

NPs, which is calculated as mass loading= areal density × h × (4/3 π r1
3). As a result, in the 

multiple NPs system, at the same mass loading percentage, the increase of r1 will lead to a 

decrease of the NP numbers per unit area membrane. If the areal density of the membrane 

stays the same when r1 increases, then the NP mass loading will increase consequently. 

Hence, it is worthwhile to investigate the effect of r1 under different NP mass loadings. 

The colormaps depicted the water flux for TFN membranes with porous NPs (Figure 14a) 

and non-porous NPs (Figure 29a) at different r1 with mass loading of 2.0 wt%. Figure 14b 

and Figure 29 showed the water flux and solute rejections calculated for NPs with different 

r1 under 0.5 wt%, 1wt%, 2wt% and 4 wt% NP mass loadings. From Figure 14b, it can be 

recognized that when r1 increases, the water flux first increases to some optimum point 

with maximized water flux, and then gradually decreases. For lower NP mass loadings, 

this maximum point appears at smaller r1 values, where at larger NP mass loadings the 

maximum point appears at larger r1 values. From the colormap in Figure 14a, it can be 

inferred that two dominating effects contribute to the water flux: 1. the increase of particle 

size r1 will lead to reduced water transport resistance, resulting in high localized flux for 

water near the NPs (the first graph in Figure 14a); 2. due to the increase of the r1, the 

number density of the NPs decrease, which resulted in a decrease of the membrane area 

with higher water flux (the last graph in Figure 14a). These two competing effects bring in 
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the contradictory trends when varying r1. When r1 is small, the first effect dominates the 

water transport, resulting in the water flux increase initially, as evidenced by the 

interconnected higher water flux area in Figure 14a first graph; when r1 exceeds the 

optimum point, the local flux near the NPs will increase but much less membrane area will 

have higher water flux, as indicated by the scattered higher water flux spots in Figure 14a 

the last graph. This explains the simulation result presented in Figure 14b. The optimum r1 

values also increase with the increase of NP mass loadings, because the r1 values should 

increase if the particle number density per unit area keeps the same for higher mass 

loadings. Based on the previous discussions, it is clear that the optimum point with 

maximized flux takes place when most of the membrane areas are infected by the addition 

of NPs, as well as the r1 values are large enough to provide low resistance pathways for 

water flux. Thus, at higher NP mass loadings, if NPs only form a monolayer in the active 

layer, the choice of optimum particle size is crucial for the maximized performance of the 

membrane. The trends in Figure 14b are in accord with the experimental observations.128, 

129, 132-134 For instance, a series of ZIF-8 NPs with different sizes (60, 150, and 250 nm) 

were synthesized by Lee et al. and incorporated into the PA layer of TFN membranes with 

different loadings (0 to 0.4 % w/v in organic phase).128 The results were consistent with 

the trend in Figure 14b: for the same NP size, ZIF-8 NPs incorporated TFN membranes 

exhibited higher flux with the increase of NP loadings; for the same NP loading (0.2 % 

w/v), the flux first increased when the NP size increased from 60 nm to 150 nm, and then 

decreased with the increase of NP size to 250 nm.128 Lind et al.129 conducted the study on 

the influence of NP size on TFN membrane performance by adding 0.2 % w/v zeolite NPs 

in organic phase with different sizes (100, 200 and 300 nm) during interfacial 
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polymerization. TFN membranes incorporated with smaller zeolite NPs exhibited higher 

flux, due to their relatively lower loading, which indicates that the zeolite density 

dominates the water flux, and thus exhibited the trends on the right side of the optimum 

NPs size. 

The dashed lines in Figure 14b show the trends for non-porous NPs flux under different r1 

values and NP mass loadings. Generally, the flux is lower than the porous NPs, which is 

consistent with our periodic cell with single NP simulation results in Figure 13 and the 

colormap trends in Figure 12. At higher NP mass loadings, the differences between flux 

are even more clear. Similar optimum r1 with maximized flux also occurred for the non-

porous NPs case, however, they appear to be smaller compared with the porous NPs case. 

Since the NPs are not permeable, the water only goes through the intermediate layer. 

Therefore, for the same NP areal density, the area with higher flux for the porous NPs is 

significantly smaller than the porous NPs (Figure 14b). Hence, the optimum r1 will be 

smaller compared with the porous NPs case, to compensate for the loss of the area affected. 

Thus, for higher NP mass loadings, it is preferable to choose larger NPs instead of smaller 

NPs, whether the NPs are permeable or non-permeable to water. However, under the same 

NP mass loadings, for the non-porous NPs, smaller NPs will be preferred to maximize the 

water flux. The solute rejection simulation results are shown in Figure 29 and discussed in 

detail in the Appendix. Overall, similar as the periodic cell with a single NP simulation 

results, the salt rejections are not strongly affected. 
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4.4.2.2 Effect of NPs Aggregation on Water Flux and Solute Rejection 

From the discussions above, it seems that the higher the NP mass loadings in the membrane, 

the better the membrane performance; however, in reality, NP dispersibility during 

interfacial polymerization process is also another important factor that could significantly 

impact the membrane performance. The formation of NP aggregates could potentially 

Figure 14 - Multiple NPs scenario. (a) Top view colormaps of the water flux for TFN 

membranes at different r1 with mass loading of 2.0 wt%,  (b) quantitative analysis of 

the water flux for TFN membranes at different mass loadings, (c) top view colormaps 

of the water flux for TFN membranes at different aggregation fractions with mass 

loading of 2.0 wt%, and (d) quantitative analysis of the water flux for TFN membranes 

at different aggregation fractions. Scale bars in (a) and (c) show relative water flux 

range. Solid lines in (b) and (d) stand for porous NPs cases and non-porous NPs cases 

used dashed lines. 
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impair the active layer and even lead to the loss of rejection of the TFN membranes.48 

Dozens of previous reports attributed the flux loss of their high-mass loading TFN 

membranes to the potential problem of NPs aggregation, but there were only limited 

numbers of experimental evidence.43, 46, 47, 62, 130, 131, 135, 136 Here I  want to get a better 

understanding and visualization of the NPs aggregation problem on water flux by this 

simulation technique. 

I  assume that the NPs only aggregate in a rectangular shape in the middle plane of the PA 

active layer, thus no NP aggregates will penetrate through the thickness of the active layer 

and form defects. Figure 14c shows the flux colormap of the NPs aggregated TFN 

membranes with increasing aggregated fractions from 0% to 60%. From the colormap, 

when the NPs are clogged with each other, their intermediate layers overlap, which reduces 

the actual total volumes of the interlayer inside the membrane. Also, the aggregation causes 

the high flux area affected by the NPs to become smaller. A similar result was also observed 

for the non-porous NPs aggregation (Figure 30a). The flux decline and the rejection change 

ratios (calculated as the flux/rejection of aggregated TFN membrane divided by non-

aggregated TFN membranes) of the TFN membrane with different aggregation fractions 

were thoroughly studied. The TFN membranes with no aggregations (0%) are used as the 

reference (flux decline ratio=1 and rejection change ratio=1). From Figure 14d and Figure 

30b, it seems that the flux decreases linearly with more NPs aggregated in the membrane, 

for both porous and non-porous NPs. Therefore, from the aspect of increasing the water 

flux by adding NPs, NP aggregation should be avoided by any effort. With increased 

particle mass loadings, the flux decline caused by aggregation also becomes more severe, 

which can be attributed to the increasing number of NPs that aggregate at higher mass 
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loadings (Figure 14c and Figure 30a). Figure 30 also shows the effect of NP mass loadings 

on membrane solute rejections under different aggregation fractions. Similar to previous 

results, as long as there’s no NP penetration or defects formed by the aggregates, the 

rejection maintained around 85% - 87%, with its original TFC membrane rejection around 

86.5% (Figure 30 c and d). Details are discussed in the Appendix.  

4.5 Model Validation  

To examine the effectiveness of our model, I  selected several representative studies 

published in the last 10 years and calculated their solvent and solute permeance change 

ratios before and after the addition of NPs, based on the reported fluxes and rejections. The 

new water permeability coefficient after the modification were marked as Aô, and the new 

solute permeability coefficient after the NPs modification were marked as Bô. The bare 

TFC membrane still have the original water permeability coefficient A and solute 

permeability coefficient B. In order to make a clear comparison and eliminate the effect of 

the baseline TFC membranes, only Aô/A and Bô/B values can be used for different TFN 

membrane reports. Due to the difficulties in figuring out the real mass loading in the PA 

layer and lack of real permeability data such as PNW and PIW values, here I  are giving an 

upper and lower limit of flux and rejection by using the simulation method in this work 

and make a comparison with the values in real experiments. Besides, I  also used the rule 

of mixtures to predict the Aô/A and Bô/B ratio ranges (Equation 23). As shown in the green 

area from Figure 15, from a range of NPs water permeability between 1PAW to 100 PAW, 

the NPs modified membrane exhibited 1.1 times to 2.5 times permeance compared with 

the original TFC, which is in good agreement with the majority of the published results 38-

40, 43-45, 47, 61, 62, 87, 114, 125-129, 131-134, 136-150. The linear combination model (rule of mixtures) 
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overestimated the effect of NPs on both the water and solute flux and thereby gives a much 

larger range for possible flux and rejection values, as shown in the yellow shaded area in 

Figure 15. These results provided strong proof that the addition of the NPs into the active 

layer of the TFC membrane is not simply changing the hydrophilicity and the permeability 

of the active layer, but rather complex interactions also occur in the NPs embedded active 

layers, which significantly altered the structural and the physicochemical properties of the 

active layer. 

 

 

Figure 15 - Literature summary results (original data and citations are provided in 

Table 3), Monte-Carlo prediction (this work), and rule of mixtures (Equation 23) 

prediction results. The parameters used for the prediction of the upper and lower 

boundaries can be found in the Supporting Information.  
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4.6 Perspectives 

I  used the results from the simulation to provide the following perspectives for engineering 

future TFN membranes. 

(1) Firstly, the permeability of NPs matters. The fabrication of the high water-flux TFN 

membrane can be possibly done by adding highly permeable NPs to improve the PNW.47, 

114, 128, 129, 144 Via the discoveries of next-generation nano-porous materials which could 

provide ultrafast water transport channels, more candidates of the NPs made of these 

materials can be used to improve the PNW values. It has already been proven that 

incorporating these nanomaterials into the TFC membrane can significantly enhance the 

water flux from 100% -300% (summarized in Table 3), which agrees with our simulation 

results. Further improvement of the permeabilities of the nanomaterials can improve the 

water flux, but once PNW > 4 PAW, the gain from the high permeability of the NPs will 

become less. Since the PNW values of these materials are generally larger than 4 PAW, the 

intrinsic water transport properties of these materials may not be a decisive factor in the 

overall water flux of the TFN membranes.  

(2) Increase PIW when PIW < 4 PAW will also significantly improve the membrane 

permeability, which is crucial for both porous and non-porous NP cases, but particularly 

important for non-porous NPs. In practice, the value of the PIW is difficult to measure or 

theoretically predict, due to the challenges in the characterization of the intermediate layer. 

Besides, the formation mechanism of the intermediate layer still remains unclear; thus, it 

will be challenging to raise up a guaranteed strategy in improving the water flux by tuning 

PIW. Here are some possible strategies that may improve PIW: a) Incorporate NPs with 
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hydrophilic functional groups. If the NPs are dispersed in the water phase, the increased 

concentration of the hydrophilic functional groups may increase the thickness of the water 

layer, which will hydrolyze the trimesoyl chloride and terminate the interfacial 

polymerization reaction.39 Also, the higher concentration of the hydrophilic functional 

groups could hinder the diffusion of amines, which may also lead to the formation of more 

nanochannels and nanovoids.90 If the NPs are dispersed in the organic phase, probably 

more hydrophilic groups on the NPs surface will also increase the thickness of the NPs – 

organic interface, which may also lead to more nanochannels and nanovoids. Grafting 

solute-selective functional groups, molecules and polymers on to the NPs can also tune the 

selectivity toward solutes, particularly salts and small organic-molecule environmental 

pollutants with molecular weight less than 300 Da (such as dioxane, antibiotics and 

hormones). A series of fundamental work by Luo et al.119, 151-153 systematically investigated 

how different functional group configurations on the polymer chains could improve the 

solute/water selectivity. It can be referred from Luo’s work that more evenly distributed 

functional group configurations on the NPs - PA intermediate layer or the NPs surface 

modification polymer can improve the solute/water selectivity more than the vicinal 

functional group-rich configuration, which can be taken into consideration in the further 

consideration in engineering the NPs in TFN membrane. b) The use of gas precursors. Ma 

et al. used NaHCO3 in the interfacial polymerization (IP) process, and the generation of the 

gaseous CO2 induced by the heat and the HCl released from the polymerization reaction 

resulted in the formation of nanovoids and nanopores.154 If the NPs used in the TFN 

fabrication can provide reactive sites for the generation of CO2, or release heat by physical 

and chemical methods during IP reactions, the generation of nanocavities and 
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nanochannels might be likely to form around the NPs, which not only improves the KIW 

but also may reduce the risk of membrane defects formation, by providing sites for CO2 

nucleus thus avoiding the generation of large CO2 bubbles.  

(3) Increasing the intermediate layer thickness (r2 - r1) will be more beneficial for a high 

flux TFN membrane. Practically, based on the previous discussion on the possible 

formation mechanism of the intermediate layer, I  infer that r2 - r1 can be possibly tuned by 

grafting molecules, chains, polymers,131 quantum dots with hydrophilic functional groups, 

thus the nanochannels and nanovoids might be created even far outside of the NPs, depends 

on the length of the grafted objects.110 Tuning the surface roughness of NPs to create more 

surface area of the NPs are also feasible and may also impact the r2 - r1 value. Other possible 

factors that could impact the layer thickness include modifying the reaction temperature, 

adding surfactants, and the modification of the NPs surface properties, in where more 

experimental efforts are needed. However, further increase of r2 should be cautious when 

r2 is approaching the membrane thickness h/2, as when r2 is larger than h/2, the 

nanochannels/nanovoids will throughout the membrane thickness, which may result in the 

loss of solute rejection.  

(4) As previously discussed, tuning the NP size r1 under the same NP mass loadings will 

be tricky. Experiments are needed to determine an optimal r1 value under the same NP 

loadings. Increase the NP mass loadings will always benefit the membrane flux, as long as 

the NPs keep well dispersed and not aggregated. However, aggregation should be always 

avoided in any condition. In order to mitigate the negative impact of NP aggregation, many 

efforts can possibly be made to better disperse the NPs in the post-synthesized polyamide. 

Here are three possible examples: a) NPs functionalization by surfactant molecules. By 
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grafting PEG brushes on the polydopamine shell, Zhang et al. 131 observed no NP 

aggregation in the TFN membranes due to the good compatibility between polymeric nano-

capsules and PA matrix. b) Adjust the properties of the organic phase in interfacial 

polymerization. In the research conducted by Butler et al, nitrobenzene was firstly used as 

the solvent for MIL-101 NPs in the organic phase to create well-disperse organic 

suspension at high loadings.130 c) In-situ growth of NPs in the PA layer. For instance, Shen 

et al. applied the in-situ polymerization of SiCl4 to synthesize silica NPs uniformly in the 

PA layer to avoid NP aggregation problem.62  

(5) For solute rejections, the simulation results show that as long as the NPs are not too 

large (penetrating the active layer), the rejection will not be sacrificed much by adding NPs. 

If the NPs added are more selective to solvent than bulk TFC, the rejection can even be 

slightly improved. Practically, searching for nanomaterials that are more selective to 

solvent even than the TFC active layer will be challenging. Some ultra-selective materials, 

such as MOFs, porous graphene, aquaporins, etc. will be expensive and challenging for 

large scale continuous fabrications. The benefit of using TFN membranes is that adding 

just ~0.1 wt% of such nanomaterials in the monomer solution could potentially have 

tunable selectivity and improve rejection, as well as convenience in large scale continuous 

production by simply dispersing these ultra-selective nanomaterials in the precursor 

solution. In this way, both the flux and rejection might be improved by adding NPs, which 

is possible to break the trade-off between the water permeability and solute selectivity. NPs 

that are more permeable for solutes only reduce rejections slightly, particularly when the 

original TFC membrane has high enough rejection. In practice, if the permeate water 

quality or solvent purity can meet the specifications or regulations, adding highly solvent-
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selective NPs will yield significantly improved solvent flux but may slightly sacrifice 

solute rejections, which can also be beneficial for energy-efficient membrane-based  

desalination and wastewater reclamation. 
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CHAPTER 5.  MODELING THIN FILM COMPOSITE 

MEMBRANES COMPACTION: EFFECTS OF SUPPORT 

MEMBRANE MORPHOLOGIES AND MECHANICAL 

PROPERTIES 

5.1 Abstract 

Membrane aging under transmembrane pressure (TMP), also named as “membrane 

compaction”, is one of the major challenges in the practical application of thin film 

composite (TFC) nanofiltration (NF) and reverse osmosis (RO) membranes. Modeling the 

membrane flux decline during compaction is crucial to predict the steady-state flux, 

understand membrane filtration system dynamics for plant start-up, and gain insights into 

the fundamental properties of the TFC membrane. However, previous models only give 

empirical relationships between the flux and time by fitting factors instead of investigating 

intrinsic properties of the support membranes. In this work, for the first time, I  develop a 

novel mathematical model to study the influence of substrate layer on flux decline during 

TFC membrane compaction based on the scaling-law calculations combined with the 

viscoelastic behavior of the polymer. This simulation correlates the flux decline versus 

time with the morphological and mechanical properties of the support membrane. The 

effect of different morphological and mechanical properties, as well as the TMP are 

thoroughly discussed. The results demonstrate that support membranes with thin, highly 

porous and low tortuosity pores are preferable. Besides, support membranes with 

mechanical properties including small Poisson ratios, small creep compliance and large 

retardation time can help TFC membranes exhibit better anti-compaction performance. Our 
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scaling-law & viscoelastic model fits well with the existing experimental data, which not 

only provides further fundamental understandings for the effect of support membranes 

during membrane compaction, but also gives future perspectives on the prediction and 

optimization of support membranes for improved TFC anti-compaction performance. 

 

5.2 Introduction 

In the past several decades, thin-film composite (TFC) membranes have been proved 

to be successful in seawater desalination, nanofiltration (NF), forward osmosis and many 

other useful separation processes in chemical purification and wastewater management.4, 

108, 155 However, membrane fouling has always been one of the top challenges towards the 

industrial application of the TFC membranes. Despite the fouling caused by the large 

molecules, bacteria and other substances that leads to cake formation and pore blockage, 

which have been well studied and understood by both phenomenal observations and math 

modeling, the physical aging of these TFC membranes have not yet been fully 

understood.156 Particularly, for TFC membranes applied in liquid phase filtration, this 

physical aging are normally caused by the transmembrane pressure exerted on the 

membrane surface, which will lead to the deformation of the polymers backbones and 

“tighten” the membrane pores over time, and finally leads to the decline in flux. Such 

phenomenon is called “membrane compaction”. 

In order to explore the mechanism of the membrane compaction, one must know the 

structural aspects of the TFC membranes. The separation capabilities of the TFC 

membranes are achieved by the dense selective layer, which is located atop of the porous 
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polymer support. The support layer of the TFC membranes have long been considered as 

a major contributor to the membrane mechanical strength, but its role in the membrane 

separation performance were constantly overlooked. Ramon et al.157 performed both 

computational fluid dynamics (CFD) calculations and analytical scaling law (ASW) model 

calculations on the TFC membranes and proved that the pore structures of the support 

membranes will have some impact on the membrane flux. Until very recently, Davenport 

et al.56 did a thorough experimental work on the TFC membrane compaction by scanning 

electron microscopy (SEM), positron annihilation lifetime spectroscopy (PALS) as well as 

liquid-liquid porosimetry, and presents the following conclusions: 1. the support layer of 

TFC membrane is influenced significantly during compaction, as its pore size and porosity 

reduces, while the selective layers are not compacted irreversibly; 2. the decrease of 

support surface pore size and porosity will increase the transport path length of water, but 

the intrinsic water permeability of the selective layer will not be impacted. All these 

previous works give strong proof and opens up possible ways to explain the membrane 

compaction, as the deformation of polymers does reduce the support membrane pore size 

and porosity, which would possibly lead to the flux decline of TFC during compaction. 

Despite the experiments, auxiliary math modeling of membrane compaction is also 

important. One most commonly used empirical correlation is the membrane hydraulic 

resistance related to the time elapsed either by a power-law relationship158, 159, or an 

exponential relationship.160 However, the empirical math models on membrane 

compaction are more relying on the experimental observations, rather than providing 

mechanistic insights and be able to predict the membrane flux vs. time. An important step 

forward is the incorporation of viscoelastic modeling in the empirical relationship. The 
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creep compliance behavior of polymers is commonly described as the term “viscoelastic”, 

as the polymer will behave like the combination and coupling of multiple Hookean springs 

and liquid dashpots when a stress is applied.161 Hussain et al.162 used the Voigt-Wiechert 

model to describe the strain vs. time correlation of the NF-90 membrane during compaction. 

Handge161 performed a detailed study on the effect of polymer morphology on the flux of 

the ultrafiltration (UF) support membranes, by using the Burgers model of polymer creep 

compliance. However, for the TFC membranes, a math model that takes both the 

mechanical properties and the support membrane morphology parameters into 

consideration, is still in absence to capture the important dynamic characteristics during 

membrane compaction. Previous studies also indicated that different transmembrane 

pressures (TMPs) will result in different steady state flux values after compaction, which 

must be taken into consideration when designing membrane separation systems. Also, the 

flux-decline dynamics of membrane compaction is very crucial for the industrial membrane 

systems, such as membrane plant start-up operations and process control systems of the 

membrane separation unit. This raised up the question of how to mathematically correlate 

the polymer deformation dynamics with the support membrane properties that are useful 

in the membrane process simulations and design.  

In this work, I  developed a novel math model for TFC membrane compaction based on 

scaling-law calculation and viscoelastic theory. Both the effect of support membrane 

morphology parameters such as pore size, porosity, and pore tortuosity, as well as the 

mechanical properties of the support polymer such as creep compliance, Poisson ratio and 

the retardation time on the membrane flux are investigated, to build up a correlation 

between the flux and the compaction time. Experimental data were also used to examine 
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the correctness and the robustness of the model. By fitting several parameters, such as the 

pore size, porosity, the creep compliance and the retardation time, the model well matches 

all the trend for the same membrane under different operating pressures. The simulation 

results indicate that upon knowing one set of the flux data, the model will be able to predict 

the membrane flux decline under all TMPs. In summary, the math model developed in this 

work will not only provides new insights and understandings of the TFC membrane 

compaction and the optimization of the support membrane to mitigate compaction, but may 

also provide valuable predictions in the design, operation, and process control of the 

membrane systems.  

5.3 Model Development 

5.3.1 Scaling-law Modeling of Water Transport and the Effect of Support Membrane 

Morphology on Flux 

The changes of the support membrane morphologies due to polymer deformation are 

believed to be the primary reason for the observed flux decline during compaction.5, 56, 162  

Davenport et al.56 prove that for the dense active layer during compaction, the active layer 

pore size stays almost the same before and after compaction, as evidenced by PALS. 

Meanwhile, the support membrane undergoes pore collapse during this compaction process, 

as indicated by the liquid porosimetry and SEM.56 Thus, if the relationship between 

membrane flux and the support membrane pore size (r) and surface porosity (ɚ) are known, 

and the selective layer have a constant water permeability as well as layer thickness during 

compaction, I  may estimate the membrane flux by Equation 24157, based on the scaling-

law of water transport, 
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where ŭ represents the transport pathlength of water, which can be calculated by Equation 

25, proposed by Ramon et. al157, 
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where h stands for the active layer thickness, and it was assumed constant during 

compaction process in this work. 

In Ramon’s model, the water flux changes in regard to the support morphology are 

quantified, but only the water probes at the edge of the periodic box are counted. This might 

overestimate the resistance in the active layer, as the water probes may have probabilities 

of landing randomly on the whole periodic box, but not just the edge. Thus, in this work, I  

used large numbers of evenly distributed water probes on the periodic box to better estimate 

the water flux with respected to support membrane morphologies. For every single water 

probe, four adjacent support surface pores are taken into consideration (Figure 16a), in 

order to determine the shortest path of the water transport, and it is assumed that the water 

probe will take the path with the least resistance (shortest path). This calculation was 

repeated 10,000 times on a periodic cell to generate a statistically reliable mean value of 

the water flux, by the summation of the water flux of all the water probes and divided the 

number of points used. Figure 16b shows the 3D model of one period cell with one support 

pore (pore size r1) in the center of the interface between active layer and the support layer 
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surface. One sample water probe P enters from the top surface of active layer. ŭ1 represents 

the shortest water transport pathlength for this sample water probe P to exit from the 

support pore in this periodic cell. d1 is the horizontal distance for probe P to the center of 

the support pore.  

Once the relationship between flux and support morphology ( support surface pore size r1 

and surface porosityɚ) is built up, the membrane flux decline can be calculated and 

simulated if I  know the correlation between the support membrane morphology with time 

elapsed, which will be shown below. 

 

Figure 16 - Schematic of the geometry used in the water transport path calculation. (a) 

TFC membrane surface top view. The dashed lines show the edges of four sample 

squares with four pores (random pore sizes r1, r2, r3, and r4) located in the center of each 

sample square. Water probes that fall within the solid square area (for example, Probe 

P) need to calculate their shortest water transport pathways (ŭ1, ŭ2, ŭ3, and ŭ4) with 

regard to the 4 pores located at the vertex of the solid square. (b) 3D model of the 

periodic pore cell with one support pore in the center of the interface (between active 

layer and the support layer surface) with pore size r1 from (a). One sample water probe 

P enters from the top surface of active layer. ŭ1 represents the shortest water transport 

pathlength for water probe P to exit from the support pore. d1 is the horizontal distance 

from probe P to the center of the support pore O.  



 81 

 

5.3.2 Viscoelastic Model of the Support Membrane Morphology vs. Time 

For polymer materials, their deformation under pressure can be described by Burgers 

model (Equation 26), where the transient tensile creep compliance (Dpolymer) is calculated 

by the combination of a Hookean spring, a Kelvin-Voigt element and a dashpot:161 
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where D0 is the compliance of the Hookean spring part, DKV represents the compliance of 

the Kelvin–Voigt element, Űbur,0 is the retardation time, and ɖ0 represents the viscosity of 

the material.  

Equation 26 captures the feature where the polymer is under compression, the polymer will 

exhibit the properties of both Hookean spring and fluid. When a uniaxial pressure is applied 

on the polymer, it will deform as time elapses, which are considered as the primary reason 

for support membrane compaction. The deformation in the direction of normal stress will 

result in the expansion in the shear direction, which resulted in the expansion of the 

membrane. For the support membranes, this expansion will “eat up” the pore spaces, 

resulted in a reduced pore size and porosity. The ratio of the strains in the normal direction 

and the shear direction are defined as a well-known term “Poisson ratio”. Handge proposed 

that if the uniaxial Poisson ratio remains constant and independent to the membrane 

compaction progress, then the following equation (Equation 27) can be derived to describe 

the correlation between the support membrane porosity (Ů) and the compaction time 
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elapsed:161  
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where Ů0 is the initial support membrane porosity, æP is the stress exerted on the support 

membrane polymer. In this work, I  assume the surface porosity is the same as the support 

overall porosity, so I  use the same symbol Ů here.  

Dmembrane represents the compliance of the support membrane and its equation is shown 

below: 161  
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where Űtor is the support membrane tortuosity. The influence of different support pore 

tortuosity under TFC membrane compaction by a transmembrane pressure Δp are shown 

in Figure 17a and b.161 For TFC membranes, as the transmembrane pressure (TMP) is æp, 

the top surface of the whole TFC membrane will be compressed by a force of æp*A, where 

A is the membrane area. Different from the polymer support alone, for example UF 

membrane in Figure 17c, the transmembrane pressure ΔP= Δp on UF membrane surface.  

For the support membrane of TFC membrane, if the total area of TFC membrane surface 

is A, then the area of surface support will be A*(1- Ů). To maintain force balance, ΔP*A (1- 

Ů) = Δp *A, thus, the pressure exerted on the support membrane polymer (ΔP) will be Δp/ 

(1- Ů). Illustration is provided in Figure 17d. 
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Equation 27 simply assumes that for the support membrane, as the compaction time elapses, 

the normal stress exerted on to the membrane surface will result in an expansion of the 

bulk polymer in the other two axis in the shear direction, and this expansion in the shear 

direction will “eat up” the available pore spaces in the support membrane, which leading 

to a reduced porosity, at a constant Poisson ratio until all the void spaces have been taken 

up by the bulk polymer. If the pore density remains the same, the pore size change with 

time can also be derived by: 

Figure 17 - Influence of support membrane pore tortuosity (Űtor) on TFC membrane 

compaction by a transmembrane pressure, Δp: (a) perpendicular pores Űtor =1, and (b) 

non-perpendicular pores Űtor >1. Comparison of the transmembrane pressure on 

porous polymer membrane surface (ΔP) with and without thin film active layer: (c) 

transmembrane pressure exerted on ultrafiltration (UF) membrane ΔP=Δp, and (d) 

transmembrane pressure exerted on TFC support membrane ΔP=Δp/ (1-Ů), where Ů 

represents the porosity of TFC support membrane. 
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In the real application of the TFC membranes, the TMP will be much higher than that of 

the support ultrafiltration membrane. Thus, a new question arises when the pore sizes 

becomes small. It is clear that the Poisson ratio can be regarded as a constant when the 

expansion are free expansions for the bulk materials; however, for the confined expansion 

into the pores, this expansion may be “competitive” as the pores are becoming smaller and 

smaller.163 Under high shear stress case, such as nanofiltration and reverse osmosis, the 

changes in Poisson ratio with regarding the support pore size will not be negligible, as 

comparing to the ultrafiltration support membranes. Especially, when the pore sizes are 

approaching the dimensions of the polymers (typically with MWs between 10 kDa to 100 

kDa, which are equivalent to 3-10 nm molecular radii), further collapse of the pores might 

be hard, due to the intermolecular forces that are described by the well-known Lennard-

Jones potential (or 12-6 potential).164 Thus, when the pore size is large enough, the Poisson 

ration will be the same as the bulk polymer; as the pore size is reduced to some threshold 

values, the “competitive” effect takes place, which makes the change in the Poisson ratio 

proportional to r2; as the pore sizes becomes small enough, the repulsive intermolecular 

forces will further inhibit the expansion effect, which may be proportional to r 12. Thus, 

upon the above justifications, I  assume that the Poisson ratio have an exponential 

relationship with the support pore size: 

 ’ ὺ ρ Ὡ  (30) 
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where ɜ0 is the bulk Poisson ratio, k is the characteristic length in nm, r is the pore size.  

Substitute Equation 29 and the stress in the TFC support membrane (ΔP/ (1-Ů)) into 

Equation 27, I  can get the porosity expression during compaction for TFC membranes: 
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Once I  have the correlation of porosity with time elapsed, I  will be able to calculate the 

flux of the TFC membrane, by assuming a constant pore density. The relationship between 

support pore morphology and the flux will be modeled and calculated by scaling-law of 

water transport which have already been presented in previous section. The whole detailed 

computer program flowsheet for solving membrane flux vs time can be found in the 

Appendix. 

 

5.4 Results and Discussion 

5.4.1 Relate Support Membrane Surface Morphology with TFC Water Flux using 

Scaling-Law Model 

In order to get the real-time water flux change during compaction process, the scaling-law 

model was firstly applied to connect the support membrane morphology parameters 

(support membrane surface pore size r and surface porosity Ů) with TFC membrane water 

flux. Water flux colormaps for different support surface pore sizes at a porosity of 0.1 was 

plotted in Figure 18a. It can be demonstrated that once the pore size is increased at a fixed 
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pore size, there are more “dead areas” for water transport, due to the distance between the 

pores are increasing. Thus, this results in a loss of effective water flux overall. The effect 

of different support porosity on the transport of the membranes was evaluated with the 

colormaps (Figure 18b). With the increase of the membrane porosity, the membrane flux 

increases significantly, due to the increases of the pore density per unit area. The control 

volumes of water, if located right at the top of the support pores, will have a higher transport 

area. Those located outside of the pore regions will get easier access to the open support 

pores. Both factors play into the role. Figure 18c shows the relationship between TFC 

membrane support surface pore radius and surface porosity effect on flux. The relative pore 

size is defined as the ratio of the thickness to the support layer pores. As seen from the 

graph, the relative flux generally goes down with the increase of the pore size at a certain 

porosity. As for a certain porosity, the support membrane pore area is fixed, but when the 

pore size increases, the pore density of the support membrane decreases. Thus, the water 

probe has gone through a longer pathway towards the end of the active layer. At a higher 

porosity, the membrane flux only slightly decreases with the increase of the pore size, 

which indicates that although the pore density has decreased, the high porosity of the 

support membrane can compensate for the flux loss and have water transport pathways. At 

lower porosities, as the pore size increases, the flux goes down significantly, due to the 

reduced the number of the pores on a certain area of the membrane, and thus increases the 

effective transport path length. Thus, from Figure 18c, at all relative pore radius from 0.1 

to 4, the water flux increases significantly with the increase of the porosity. For smaller 

pores, the effect is even more significant as the porosity increases from 0.01 to 0.05. The 

simulation results agree with the experimental observations. Yan et al. 165 applied 
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secondary pore-forming method to produce TFC RO substrate with larger surface porosity 

at most 291%, which resulted in an improved TFC membrane flux. 

 

 

5.4.2 Analyze TFC Membrane Compaction with Viscoelastic Model 

The viscoelastic model was applied to understand the influence of support membrane 

morphological and mechanical parameters on the real-time water flux during TFC 

membrane compaction. The support membrane morphological parameters analyzed in this 

work include initial porosity (Ů0 at t =0), initial pore size (r0 at t =0) and pore tortuosity 

(Űtor). For support membrane mechanical parameters, I  analyzed Poisson ratios (ɜ0 at t =0), 

Figure 18 - Relationship between TFC membrane support morphology effect on flux. 

(a) Top-view flux colormaps of TFC membranes with different surface pore size of 

support membranes under the same support surface porosity of 0.1. The value of 

surface pore size is relative to the active layer thickness (r=0.5 means r/ h=0.5).  (b) Top-

view flux colormaps of TFC membranes with different surface porosity (Ů) of support 

membranes under the same support surface pore size of 0.1. (c) The relationship of 

support membranes’ surface pore size and porosity with TFC membrane relative water 

flux.  
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creep compliance (Dkv) and retardation time (Űbur,0). Besides, different transmembrane 

pressures were also studied. 

5.4.2.1 Effect of Support Membrane Morphological Parameters 

As an important part of the TFC membrane, the support membranes’ morphological 

parameters are essential in TFC membrane performance, especially during compaction 

process.  Figure 19 shows the effects of the support membrane morphological parameters 

on the membrane compaction. Three main morphological parameters are investigated, 

namely the initial porosity (Ů0 at t =0), initial pore size (r0 at t =0) and pore tortuosity (Űtor). 

Figure 19a shows the effect of initial porosity on membrane permeability over time with 

constant initial pore size. All the 5 different initial porosity takes roughly 60 min to reach 

steady state, which indicated that the initial porosity might not have strong impact on the 

time for compaction. Similar degree of flux decline can also be observed at different initial 

porosities. Membranes with higher porosities will be benefited from the high initial flux, 

and a good steady state flux can also be reached. Lee et al.166 applied highly porous 

CNT/PSf  nanocomposites as the TFC RO membrane support and demonstrated that highly 

porous support can significantly enhance the TFC membrane pure water flux. As I  assumed 

the pore size are constant for all the 5 different porosities, and the pore density will not be 

changed during compaction, this further indicates that the support membranes with higher 

pore densities will have both high initial flux and steady state flux, though they will have 

similar degrees of flux decline comparing to the low pore density supports. Figure 19b 

shows the effect of initial pore size on the membrane compaction flux vs. time. As the 

porosity is holding constant, the support membranes with larger pores – obviously have 

lower pore densities – exhibited lower initial membrane flux as well as stronger compaction. 
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This indicates that the pore densities play a significant role in the membrane compaction 

process, as membranes with high pore densities will have the potential to mitigate 

membrane compaction, and meanwhile, provide a higher initial flux. Identical conclusions 

were obtained by Shi et al.167 in their study to reconstruct the TFC membrane support 

surface pore structure with high surface density, leading to an improved flux. All results in 

Figure 19a and b proved that for the optimum support morphology with anti-compaction 

purposes, high pore density plays a dominate role. Upon the high pore density, the larger 

pore sizes – consequently higher porosities – will be able to mitigate compaction further. 

Obviously, this conclusion was drawn the assumption that the compaction will not lead to 

the decrease of the pore density, that means, all pores will not be fully collapsed during 

compaction, due to the increased difficulties in compacting small pores. The effect of 

support tortuosity on membrane compaction is shown in Figure 19c. The increased 

tortuosity will lead to stronger flux decline, but at high tortuosity, the impact will be less. 

This indicated that support membranes with pores as straight as possible will have less 

impact of membrane compaction, as the support membrane will have increased compliance 

that are easier to deform under TMP, as shown in Equation 5. 161 The tortuosity seems to 

have negligible impact on the time to reach steady state. These results are in good consistent 

with Huang et al.’s results that TFC membranes with thin, highly porous and low tortuosity 

support layer pores are preferred.168 

5.4.2.2 Effect of Polymer Mechanical Properties 

To understand the TFC membrane compaction process, the support polymer’s mechanical 

properties are vital factors. First of all, the polymer’ Poisson ratio describe the deformation 

of a polymer in the direction perpendicular to the direction of loading (for example, 
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transmembrane pressure). For most polymer materials, the range of Poisson ratio is 

between 0 to 0.5.169 Figure 19d shows the effect of intrinsic Poisson ratio of the bulk 

polymer on the membrane compaction. As expected, polymers with lower Poisson ratios 

will have better anti-compaction performance. The less expansion in the shear direction, 

indicate by the low Poisson ratios, will resulted in less effect of pore collapse, and will 

retain its original high flux. As the Poisson ratio goes up further from 0.2- 0.5, the stronger 

membrane compaction will be inhibited by the increased rigidity of the support pores. 

Besides Poisson ratio, the creep compliance is another important mechanical property of 

viscoelastic polymer material. Figure 19e shows the effect of creep compliance on the 

membrane compaction. With increased compliance, stronger compaction can be observed. 

With normal polymer materials, Dkv is roughly about 10-7, which indicates a 30 – 50% flux 

decline for the TFC membranes, according to the simulation result. Since Dkv is an inherent 

property of the viscoelastic materials, this simulation result in Figure 19e can give some 

guidelines toward the discovery of an optimized support material. When Dkv is around 1E-

8, there will be almost no compaction, which means the membrane polymers are strong 

enough to hold the stress induced by the TMP. As the creep compliance are in a reverse 

relationship with the creep modulus, this indicates that such materials with around 1E-8 

creep compliance will have mechanical strength ~ 5-10 times higher than the conventional 

polymer-based support membranes. Thus, it is necessary to find the polymer supports with 

enhanced mechanical properties. In practice, one useful strategy is to incorporate 

nanomaterials into the support membrane, to increase the strength of the polymer matrix.166, 

170-172 For instance, Pendergast et al. found that nanocomposite support incorporated with 

silica and zeolite NPs exhibited better anti-compaction performance (less flux-decline 
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under TMP) compared with bare TFC membranes due to their improved mechanical 

properties.170 The use of emerging materials with high mechanical strength as support 

membrane are also be favored to mitigate membrane compaction. Such materials possibly 

includes: 1. Vertically-aligned carbon nanotubes,31, 173, 174 which exhibited strong 

mechanical properties along the tube direction; 2. Wood fibers, also have water transport 

channels formed by the cellulose fibers with strong mechanical properties in the same 

direction with the water flow. These supports with low creep compliances may minimize 

the support membrane compaction. 

The effect of retardation time of the support polymer on the membrane compaction is 

presented in Figure 19f. The retardation time is defined as the characteristic time, which is 

calculated by the ratio of the viscosity to the modulus of the Kelvin-Voigt element. Longer 

retardation times indicates that the material is more viscous than elastic, which would take 

longer times to reach the stable deformation state under a certain stress.175 As seen from 

Figure 19f, for a retardation time of 10 min and 20 min, it takes nearly 40 min and 80 min 

to reach steady state flux, respectively. This gives an empirical relationship that the time 

to reach steady state will be 4 times of the retardation time. In the real membrane plant 

operation, it is vital to reach the steady state as fast as possible, thus membrane support 

materials with shorter retardation times will be favored, as the retardation time may not 

affect the steady state support morphology and thus the membrane flux.  
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Figure 19 - Viscoelastic model results of the influence of different support membrane 

parameters on scaled permeability vs. time: (a) initial porosity 0᷾, (b) initial pore size 

r0, (c) membrane tortuosity Űtor, (d) Poission ratio ɜ0, (e) membrane compliance DKV, 

and (f) retardation time Űbur,0. 
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5.4.3 Effect of Transmembrane Pressure 

For TFC membranes, different transmembrane pressures will be applied based on different 

applications (NF or RO). The flux decline process is different for TFC membranes under 

different transmembrane pressures.56, 162  The  Figure 20 shows the effect of transmembrane 

pressure (TMP) on the permeability decline. A set of TMPs from 10 bar to 120 bar are used, 

which covers the common pressure ranges from NF to RO membranes. As expected, the 

higher the TMP, the stronger the permeability decline. This can be well explained by the 

final porosity values, as for the higher TMP, lower final porosity and pore sizes will be 

reached. When the pressure reached a relatively high value (e.g. above 80- 100 bar), which 

lies in the region of the high pressure reverse osmosis (HPRO), the further reduction in the 

pore size will become more difficult, resulting in less permeability decline.56 In real 

membrane applications, the flux is also a key parameter to investigate, by simply multiply 

the permeability by membrane thickness and the TMP. In this work the membrane 

thickness is assumed to be unity and constant, thus the flux decline is calculated and plotted 

in  Figure 20a. The compaction is not obvious at the lower pressures, but at the higher 

pressures the compaction effect becomes very significant, which matched very well with 

the experimental observations in the experiment conducted by Hussain et al.162 The steady 

state flux values are read from  Figure 20a and plotted in  Figure 20b.  

In  Figure 20b, I  can clearly see that under certain pressure (~ 40 bar), upon the increase of 

the TMP, the increase of the steady state flux becomes smaller and smaller, due to the 

membrane compaction that makes the pores smaller and smaller; for even higher pressures, 

the support pores will becomes more rigid, the stability in the support structures will lead 

to the linear dependence of the flux versus the TMP. This result has strong practical 
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implications, as most of the NF membranes are operated in a relatively lower TMP; RO 

membranes are operated in higher TMPs. For NF membranes, higher TMP used in the 

filtration process may not resulted in a desired flux, thus the economy of the energy 

consumption should be taken into consideration to determine an optimum operating 

pressure. For the RO membrane, the high TMPs used in the operation will deform the pores 

to the maximum possible extent, thus the higher TMPs will resulted in a linear increase in 

the flux. Thus, for the RO membranes, high pressures are always favored to generate higher 

permeate fluxes. 

 

 

5.5 Model Validation and Perspectives 

To examine the effectiveness of our model, I  picked up the TFC & TFN membrane 

compaction papers published in the last twenty years and fitted their experimental results 

Figure 20 - Effect of Transmembrane Pressure. (a) Scaled permeability under 

different TMPs. (b) Scaled flux under different TMPs. 
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by our scaling-law viscoelastic combined models, and the results are presented in Figure 

21. From the figure, I  can see that the model performed well in capturing the trend of the 

membrane permeability decline at different TMPs, using the same set of parameters for 

each membrane. From the discussion in previous sections, the parameters other than the 

TMP that could affect the membrane compaction includes: pore size, porosity, tortuosity, 

retardation time, creep compliance, Poisson ratio, and the characteristic length scale of 

pores to correct the differences between the free expansion and the confined expansion into 

pores. Since most of the works used commercial membranes with straight, finger-like pores, 

as evidenced by the SEM characterization in the papers, the tortuosity is assumed to be 1 

in all the works. I  also assumed that the characteristic length scale of pore compaction is 

around 1 um, for all kinds of supports. The variables used to fit the compaction curves are 

the pore size, porosity, retardation time, creep compliance, and the Poisson ratio.  

The simulation results may give valuable guidance toward the design of the optimum 

support membranes. The support polymer materials will be preferred to be as strong as 

possible, so the relatively small creep compliance under stress will result in less collapse 

of the pores. This may be achieved by using a polymer material with higher tensile strength, 

or by incorporation of materials with better rigidity, such as some nanomaterials including 

carbon nanotubes, zeolites and many other potential candidates. The nanocomposite 

support membranes have already been proved to have higher water flux when comparing 

to their bare TFC counterparts. Polymers materials with smaller Poisson ratios will also be 

of help to have less shrink in the pore size during compaction. Polymers with shorter 

retardation times will also lead to the fast stabilization of the membrane water flux, which 

will be preferred in order to rapidly establish a steady state operation in practice. Support 



 96 

membranes with larger initial pore size and porosity will benefit the final water flux, at the 

fixed pore density. Support membranes with straight pores will be favored in the mitigation 

of membrane compaction than the tortuous support pores. Membranes operating in high 

pressures will have more significant membrane compaction than the membranes operating 

at lower pressures. In summary, this math model of membrane compaction not only 

provides new insights into the possible mechanisms of membrane compaction, but also 

provides predictions suitable for membranes prepared with a variety of different support 

polymer materials. The flux vs. time correlation predicted based on known properties such 

as creep compliance, Poisson ratio and other morphology parameters will also provide 

design, operation, and process control guidance towards the future membrane filtration 

systems. 

 

  

Figure 21 - Simulation validation by fitting with published experimental data. (a) 

Comparison between simulation results (solid lines) and experimental data by 

Hussain et al. 11 (scattered dots); (b) comparison between simulation results (solid 

lines) and experimental data by Davenport et al. 6 (scattered dots).  
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CHAPTER 6. CONCLUSION AND FUTURE WORK 

The key conclusions from this thesis include: 

 ̧ Chapter 3: By incorporating multi-functional CNC/Ag nanocomposites, the CNC/Ag 

nanofiltration membranes exhibited high water flux, high salt rejections, and excellent 

anti-fouling, and antibacterial performance simultaneously. Besides, CNC/Ag 

membranes can achieve a low Ag releasing rate and long duration time with a small 

amount of total Ag loading, which implies its low potential environmental risks and 

the potential for practical water treatment. The novel multifunctional CNC/Ag NF 

membranes have strong positive implications towards the NF membranes incorporated 

with nanocomposites and provide future guidelines and even new standards for the 

development of next-generation NF membranes that are more useful in practice. 

 ̧ Chapter 4: Based on the simulation I  have developed on mass transport in TFN 

membranes, a small amount of permeable or even non-porous NPs addition would 

result in a significant flux increase due to either high NP permeability, high 

intermediate layer permeability, shorter water transport pathways, or the combined 

effects of the abovementioned factors. Besides, I  find that the overlaps of high flux 

regions caused by NPs could limit TFN membrane flux enhancement for high NP 

loadings or NPs aggregation scenarios. This simulation can be used to predict TFN 

membrane performance and provide guidance on engineering the next-generation TFN 

membranes with high flux as well as improved rejections.  

 ̧ Chapter 5: According to the mathematical model using scaling-law calculations 

combined with the viscoelastic behavior of the polymer, I  find that morphological and 
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mechanical properties of the support membrane can influence TFC membrane 

compaction process including flux decline ratio and flux sharp decline time. Besides, 

it indicates that, with the help of this model, I  can improve TFC and TFN membrane 

anti-compaction performance by adjusting support membrane mechanical and 

morphological parameters.  

 

In the future, I  will continue working on the performance enhancement and mechanism 

exploration of TFN membranes based on the current conclusions from this thesis. 

Specifically, I will firstly continue exploring the multi-functional NPs influence on the 

TFN performance and its mechanism. Besides, I will also analyze NP aggregation, the 

placement of NPs in TFN active layer scenarios in details with the simulation work in 

Chapter 4. Finally, I will investigate the TFN membrane compaction mechanism based on 

the simulation work about TFC membranes in Chapter 5.    
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 3 

 This appendix provides supporting information for CHAPTER 3- Cellulose 

Nanocrystal/Silver (CNC/Ag) Thin-film Nanocomposite Nanofiltration Membranes with 

Multifunctional Properties.  

A.1 Schematic of Crossflow System 

 

 

 

 

 

Figure 22- Schematic of crossflow system used in this study. 
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A.2 Size Distribution of CNCs  

 

 

 

 

 

 

 

Figure 23 - Size distribution of CNCs. Measured by Malvern Zetasizer Nano ZS 

(Malvern Instruments Ltd, Malvern, UK).   
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A.3 FT-IR and Ag 3d XPS spectrum for CNC/Ag TFN membrane 

 

 

 

 

 

 

 

 

  

Figure 24 - (a) FT-IR and (b) Ag 3d XPS spectrum for CNC/Ag TFN membrane.  
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 4 

B.1 Justification of simulation parameters 

B.1.1 Parameters Justification for PIW, PNW  

For a typical TFC based RO membrane, the water permeability coefficient A is around 1 L 

m2 h-1 bar (2.67*10^-7 m/s bar).116 The typical thickness of the active layer is ~200 nm. 

The diffusivity of the water in the TFC active layer (DAW) can be estimated by the bulk 

diffusivity of the water and the hindrance factor for diffusion in pores (DAW=DÐW*Ki,d).176-

179 Given the radii of water molecule (0.14 nm)180 and the typical pore radius of the 

polyamide active layers (0.21-0.27 nm),181 and the correlation by Dechadilok and Deen,178 

it is reasonable to estimate that the order of magnitude of Ki,d is around 0.1. At 298 K, the 

self-diffusivity of water molecule in the bulk solution is 2.57*10-9 m/s.182 This gives a 

rough value for the KAW, which is around 30000 for the pristine active layer of the TFC 

membranes. However, for the partition coefficient and the water diffusivity in the 

intermediate layer and the NPs, there is no molecular simulations results available, and 

may also quite difficult to measure experimentally. Qualitatively, the water partition 

coefficient between the bulk water phase and the membrane phase/NPs phase are positively 

correlated with the hydrophilicity of the membrane phase and the NPs phase. As the 

incorporated NPs are always hydrophilic or solvent favored, and also have hydrophilic (or 

solvent favored) functional surface groups, both KNW and KIW will be higher than KAW. The 

diffusivities in the intermediate layer might be higher than in the bulk polyamide, which 

might be attributed to the enlarged network pores in such intermediate layers that gives 

larger Ki,d values according to the hindrance factor correlation. 178 The diffusivities of the 
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water molecule in the NPs depends on the pore structures of the NPs, which will be either 

more permeable or less permeable than the bulk polyamide. Therefore, based on the above 

reasoning, instead of using data which are unlikely to be experimentally measured, we 

examined the sensitivity of the water permeance towards different K*D values for either 

the intermediate layer phase or the NPs phase. Two different scenarios are studied: with 

porous or non-porous NPs. For the porous NPs incorporated, we assumed that both the 

K*D intermediate layer phase (KIW*DIW) and the NPs phase (KNW*DNW) can be 2-6 times 

of the pristine polyamide layer (KAW*DAW). For the non-porous NPs, water molecules 

cannot go into the NPs phase, thus the water molecules have to circumvent the NPs. The 

intermediate layer phase KIW*DIW can still be 2-6 times of the polyamide layer KAW*DAW.  

B.1.2 Parameters Justification for PIS, PNS 

The solute permeability coefficient B varies with the types of the TFC membranes, as well 

as the type of solvent A and solute B. If solvent A=water and solute B = NaCl, for seawater 

RO membranes, A/B is typically around 100 – 102 bar-1; For NF membranes, A/B is 

typically around 10-1 – 10-2 bar-1.117 For other solvents and solutes, A/B can exhibit a 

variety of values which largely depends on the properties of solvent, solute and the 

membrane used. In this paper, in order to present results that can be representative to as 

much circumstances (RO, NF, or OSN, etc.) as possible, we selected three typical A/B 

values: 10, 1, and 0.1 bar-1 as sensitivity parameters. In estimating the diffusivity of the 

solute B in water and in the membranes (DAS), we searched the literature values for 

common solutes such as Na+, Cl- and small organics such as glucose, and found out their 

solute-water diffusivities in the bulk solution are on the same order of magnitude as the 

water molecules. However, these molecules also undergo hindered transport in membrane 
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pores, and given their hydrated radius, which are typically 2-5 times larger than the water 

molecule, the hindrance factors of these molecules are below 0.01 according to hindrance 

factor correlation. 178 Similarly, two different scenarios are studied: with permeable or non-

porous NPs. For the porous NPs incorporated, we also assumed that both the K*D 

intermediate layer phase (KIS*DIS) and the NPs phase (KNS*DNS) can be 2-6 times of the 

pristine polyamide layer (KAS*DAS). For the non-porous NPs, solute molecules cannot go 

into the NPs phase, thus the solute molecules have to circumvent the NPs. The intermediate 

layer phase KIS*DIS can still be 2-6 times of the polyamide layer KAS*DAS.  
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B.2 Path-Dependant Transport Resistance of Water (Rw) and Solute (Rs) 

B.2.1 TFN Membranes with Porous NPs  

Porous NPs with permeability larger than both intermediate layer and PA active layer (PNW > 

PIW > PAW) were incorporated into the polyamide layer thin film layer, indicating that 

Monte Carlo water particles prefer to go towards the center of the NP (Point O) after 

entering the upper side of PA layer from Point M (Figure 11b in the manuscript). In this 

scenario, four different water transport pathways are taken into consideration. The first 

water transport pathway is depicted in Figure 25a, where water particles move towards the 

center of NP and go across the NP after reaching NP surface. The water transport resistance 

for this case can be expressed as Equation 32 
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, where Ὠ ὼ ὼ ώ ώ Ὤ ᾀ , the 3-D coordinates of Point M 

and Point O are M (xii, xjj, h) and O (x0, y0, z0), respectively. 

Besides, Monte Carlo water particles will probably go towards the center of intermediate 

layer (Point O) due to the high PIW before reaching the intermediate layer, then water 

particles will choose water paths with the smallest water transport resistance (high water 
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permeability and short water transport distance). Figure 25b and Figure 25c listed two 

different cases with relevant to the r1 and d (the vertical distance from Point O to the secant 

of the NP sphere).  
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When d < r1 (Figure 25b), which means water transport pathway will be tangent to NP 

sphere, then RMN can be expressed as 
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(34) 

When d >= r1 (Figure 25c), which means water transport pathway will not be tangent to 

NP sphere, then RMN can be expressed as 
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Besides these three pathways, when the Monte Carlo water particle enters from the outside 

area of the top of the NP and intermediate area, the resistance of water transport pathway 
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MN’ in Figure 25 also needs to be taken into comparison as the water transport distance is 

much shorter than pathway MN.  
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  (36) 

Thus, the real water transport resistance should be the smallest water transport pathway 

resistance among the above mentioned four resistance,  

 Ὑ ÍÉÎὙ ȟ ȟὙ ȟ ȟὙ ȟ ȟὙ ȟ  (37) 

 

Figure 25 - Schematic of different water transport pathways for TFN membranes with 

porous NPs (a) (b) and (c); non-porous NPs (c) and (d).  
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B.2.2 TFN Membranes with Non-Porous NPs  

Non-porous NPs (PIW > PAW > PNW) were incorporated into the PA active layer. Monte 

Carlo water particles will avoid the non-porous NP region due to the low permeability 

compared with the intermediate layer. Thus, when d < r1, instead of being tangent to NP 

sphere (Figure 25b), water transport pathway will pass through the arc of the NP spherical 

surface for TFN membranes with non-porous NPs (Figure 25d). RMN can be expressed as 
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When d >= r1, the expression of RMN is the same as porous NP conditions (Figure 25c). 

Besides, Pathway MN’ also needs to be taken into consideration when the Monte Carlo 

water particle enters from the outside area of the top of the NP and intermediate area. Thus, 

the real water transport resistance for TFN membranes with non-porous NPs should be the 

smallest water transport pathway resistance among the above mentioned three resistance, 

 Ὑ ÍÉÎ  Ὑ ȟ ȟὙ ȟ ȟὙ ȟ  (39) 
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B.3 Number of Monte Carlo Water/ Solute Probes 

Figure 26 is a sample top view of the 3D periodic cell with one NP in the PA active layer. 

The inner and the outer circles are the projection of the NP and the intermediate layer to 

the top surface of the PA layer, respectively. In our study, the water flux of 10000 Monte 

Carlo water particles (shown as colorful dots in Figure 26) were calculated and the top 

view flux heatmaps were plotted based on the calculation. 

 

 

 

 

 

 

Figure 26 - Different numbers of Monte Carlo points thrown on the sample mesh: (a) 100 

points (b) 1000 points (c) 2000 points. 
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B.4 Top-view Flux Colormap for One Periodic TFN Membrane Cell with Single 

Non-Porous NP (Larger Basic r1 and r2-r1 Senario).  

 

 

 

 

 

Figure 27 - Top-view flux colormap for one periodic TFN membrane cell with single 

non-porous NP.  
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B.5 One Periodic TFN Membrane Cell with Single Porous and Non-porous NP Salt 

Rejection.  

 

As in the base case scenario, the water permeabilities of the NPs, intermediate layer and 

the polyamide layer are PNW = 6, PIW = 2, PAW= 1, solute permeability of the unmodified 

solute permeabilities, PNS=6 and PIS=2, the water permeability coefficient/ solute 

permeability coefficient A/B=1 for bare TFC membranes and ∆P- ∆́  =10 bar. The detailed 

relationship between A/B and the rejection is depicted as Figure 28a. Here, with the 

Figure 28 - Influence of coefficients on TFN membrane solute rejection: (a) A/B, water 

permeability coefficient/ solute permeability coefficient, (b) porous NP solute 

permeability (PNS) and NP radius (r1), (c) porous NP intermediate layer permeability 

(PIS) and intermediate layer thickness (r2- r1), and (d) non-porous NP intermediate 

layer permeability (PIS) and intermediate layer thickness (r2- r1). For (b), (c), and (d) I 

assume A/B=1 for bare TFC, ∆P- ∆  ́=10 bar for analysis. 
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increase of A/B, higher solute rejections can be achieved. Varying the solute permeability 

of the NPs (PNS) or the surrounding intermediate layer (PIS) will impact the solute 

rejections.144, 147 As shown in Figure 28b, when PNS goes down to 4, the solute rejection 

subsequently increases, which indicates the addition of NPs that are less permeable to 

solute will be beneficial to improve the rejection. However, if PNS increases, the rejection 

will be lower than the base case scenario, due to enhancement of the solute flux. The 

changes in the solute rejections are amplified when the size of the NPs become larger, due 

to the larger membrane area with elevated solute flux. Varying PIS will have similar results 

as varying PNS, as shown in Figure 28d, and the changes in rejection are also amplified 

when the intermediate layer becomes thicker. More interestingly, further increase of PNS or 

PIS even to extreme values (PNS =60 in Figure 28b and PIS =20 in Figure 28d), which are 

10 times of their basic reference values, will result in less and less impact on solute 

rejection. This indicates that when the water flux is fixed, the solute flux will also reach 

saturation similar as we discussed previously. Quantitatively, this result indicates that even 

adding a NP (or its intermediate layer) that is extremely permeable to solute will not result 

in a significant loss of solute rejections. As indicated in Figure 28b, the rejection only goes 

down from 90.9% to 90.3% for PNS =60. For the non-porous NPs, similar phenomenon can 

be observed when varying the PIS or r2-r1, as shown in Figure 28d. The simulation result 

explains many experimental observations in recent decades for TFN membrane rejections, 

as the addition of NPs will only slightly reduce the solute rejection. 38, 45, 47, 62, 125-134 As 

shown in Equation 22 in the Model Development section in the Chapter 4, the salt rejection 

can be expressed as Ὑ
Ў Ў

Ў Ў
. This indicates that if the original TFC 

membrane already has high rejections (A>>B), the change in A/B induced by the addition 
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of NPs will not affect the rejection very much. Thus, as long as the NPs do not penetrate 

the whole thickness of the active layer, which might create defects throughout the active 

layer, and the original TFC has high enough salt rejection, the addition of NPs will benefit 

the water flux but only have minimal impact on the solute rejection, even if the NPs or its 

intermediate layer is very permeable to solute. If the NPs or its intermediate layer is less 

permeable to solute than the basic scenario, we can even expect both increases in flux and 

rejections.  
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B.6 NP Mass loading  

 

The solute rejection simulation results are shown in Figure 29. Overall, similar as the 

periodic cell with single NP simulation results (Figure 28), the salt rejections are not 

strongly affected, even when the NPs has a very large solute/water selectivity (SS/W= PNS/ 

Figure 29 - Influence of NPs mass loading for the multi-NPs scenario. (a) Top view 

water flux colormaps with different r1 at 2.0 wt% non-porous NPs mass loadings. 

Influence of NP mass loadings on solute rejection: (b) water permeable NPs with 

different NP water/ solute selectivity, (c) water permeable NPs with different 

intermediate layer water/ solute selectivity, and (d) non-water permeable NPs with 

different intermediate layer water/ solute selectivity. The dot lines in (b), (c), and (d) 

represents more water selective (SS/W < 1) and solid lines stands for more solute 

selective (SS/W > 1). 
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PNW or PIS/ PIW) compared with the active layer of TFC membranes. Figure S5b, c and d 

show the effect of PNS and PIS on the solute rejections. Different values of mass loadings 

and r1 will not pose any significant differences towards salt rejection,40, 128, 129, 132-134 but 

the solute/water selectivity of the NPs or the intermediate layer matters. Based on the 

relationships between PNS (or PIS) and PNW, the results can be summarized into two 

categories, based on the solute/water selectivity compared with the bare TFC membrane 

(PAS = 1, PAW = 1, SS/W=1): (1) more water selective (SS/W < 1) and (2) more solute selective 

(SS/W > 1). When the NPs or its intermediate layer is more selective to water (PNS = 4, PNW 

= 6, SS/W = 0.7), the rejections first increase with increased r1, and then reached an optimum 

at certain r1 then start to decrease, and vice versa when the NPs/intermediate layer are more 

selective towards solute (PNS = 10, PNW = 6, SS/W = 1.7). The trends for rejections are similar 

as the water flux, which can be explained by Equation 22 in the main manuscript ( Ὑ

Ў Ў

Ў Ў
). As the NPs/intermediate layers that are more selective to the 

water are more sensitive towards the change in water flux compared to the solute flux, 

which leading to the increase followed by decrease in the rejections. Similarly, when the 

NPs/intermediate layer are more solute selective, the solute flux exhibits the first increase 

followed by decrease trend, which resulted in the decrease in the rejection initially and then 

the increase. Since the rejection is not sensitive towards the change in the NPs size, 

different from the water flux, r1 values are not required to be optimum during TFN 

membrane preparations. 
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B.7 NP Aggregation 

 

Figure 30 - Influence of NPs aggregation for the multi-NPs scenario. (a) Top view 

water flux colormaps with different aggregation fractions at 2.0 wt% non-porous 

NPs mass loadings. (b) Influence of aggregation fractions and r2-r1 values on water 

flux, and solute rejections (c)(d). Note: The dash line in Figure (b) represents non-

permeable case and solid line stands for permeable case. The dot lines in (c) and (d) 

represents more water selective (SS/W < 1) and solid lines stands for more solute 

selective (SS/W > 1).  
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Figure 30 shows the effect of NP mass loadings on membrane solute rejections under 

different aggregation fractions. Similar as previous results, as long as there’s no NP 

penetration or defects formed by the aggregates, the rejection maintained around 85% - 

87%, with its original TFC membrane rejection around 86.5%. For more solute-selective 

NPs or intermediate layer, the rejection slightly increased with the increased level of 

aggregation. The loss on the membrane higher fluxes area poses stronger impact on solute 

than water, which result in the decrease of the solute flux and improved the rejection 

slightly. Vice versa, the aggregation of water-selective NPs will decrease the rejection. The 

intermediate layer thickness (r2-r1) have significant impact on the flux decline during 

aggregation, due to these regions surrounding the NPs will be merged together and 

disappear, which resulted in reduced areas of high-water-flux regions. As shown in Figure 

30b, when r2-r1 increases, more significant flux decline can be observed, for both porous 

and non-porous NPs. The rejections are not changing much with r2-r1, for both water 

selective and solute selective intermediate layers (Figure 30d). 
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B.8 Literature summaries 

Table 3 - Literature summaries of current TFN membrane performance. 

No. NPs 
A A' 

A'/A B B' B'/B Cite 

LMH/bar LMH/bar 

1 mesoporous_SiO2 1.19 3.31 2.78 0.69 2.50 3.613678 
137

 

2 

SiO2 (MCM-41) 1.23 2.20 1.79 0.47 1.02 2.19503 

47
 

non-porous SiO2 1.25 1.49 1.19 0.47 0.79 1.667442 

3 SiO2(MCM-48 ) 

1.50 2.19 1.46 0.74 1.08 1.46 

125
 1.50 2.38 1.59 0.74 1.18 1.586667 

1.50 2.00 1.33 0.44 0.16 0.365531 

4 NaA zeolites 

0.88 2.12 2.41 0.90 0.69 0.770254 

61
 

1.69 2.16 1.28 2.67 4.71 1.762238 

5 Silicalite-1 zeolites 1.25 4.19 3.35 1.05 2.50 2.37839 
126

 

6 ZIF-8 1.28 3.35 2.62 0.38 0.79 2.05781 
139

 

7 ZIF-8 

2.76 3.41 1.24 0.48 0.48 1.008829 

128
 

2.76 3.95 1.43 0.48 0.49 1.037696 

2.76 3.53 1.28 0.48 0.61 1.278986 

8 UiO-66 2.37 3.67 1.55 0.34 0.37 1.091092 
144

 

9 AQP 3.20 4.00 1.25 0.61 0.62 1.006199 
150
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Table 3 continued 

10 MOF 17.17 39.50 2.30 320.51 948.00 2.957817 
114

 

11 HHNs ZIF-8 10.20 19.4 1.90 4.47 5.87 1.314355 
143

 

12 zeolite 

0.23 0.34 1.47 0.15 0.40 2.655484 

129
 

0.23 0.29 1.27 0.15 0.29 1.945532 

0.23 0.29 1.24 0.15 0.23 1.566316 

13 phenolic resin NPs 2.13 3.44 1.62 0.48 0.72 1.500579 
147

 

14 
PDA/PEG 

nanocapsules 
5.40 11.70 2.17 0.44 2.46 5.587719 

131
 

15 Zwitterionic dopamine 5.87 10.63 1.81 0.72 1.30 1.810903 
132

 

16 silica from SiCl4 4.80 9.70 2.02 0.49 1.76 3.591429 
62

 

17 P-8Phenyl 1.29 2.13 1.65 0.41 0.60 1.481976 
138

 

18 ZIF 

1.00 2.70 2.70 5.38 11.57 2.14898 

133
 

1.00 2.70 2.70 1.36 5.93 4.346341 

19 zwitterionic nanogel 5.87 10.63 1.81 0.54 1.44 2.67736 
127

 

20 UiO-66 

5.50 8.20 1.49 6.11 9.11 1.490909 

134
 5.50 7.40 1.35 6.11 8.22 1.345455 

5.50 5.70 1.04 6.11 6.33 1.036364 

21 SN-PEI 0.87 1.275 1.47 1.45 2.13 1.462156 
149

 

22 hollow mesoporous 
silica 

1.12 1.62 1.45 2.08 3.79 1.826468 
148

 

23 TiO2 1.41 1.6 1.13 0.46 0.57 1.245368 
140
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Table 3 continued 

24 

commercial SiO2 0.53 1.24 2.34 0.93 1.46 1.560178 

40
 

lab SiO2 0.52 0.87 1.67 0.98 0.77 0.784551 

25 SiO2 0.73 1.13 1.55 2.79 4.32 1.547945 
146

 

26 Fluorinated silica 2.66 2.5 0.94 1.72 0.55 0.320273 
145

 

27 aPES/HBP-g-silica 22.1 34.5 1.56 24.81 44.67 1.800761 
141

 

28 CeO2 NPs 1.83 2.75 1.50 0.39 0.90 2.328409 
136

 

29 Ag NPs 2.41 2.12 0.88 0.77 0.81 1.042518 38
 

30 Ag NPs 0.93 2.5 2.69 0.50 0.45 0.914559 
39

 

31 Carbon Dots 4.6 5.72 1.24 1.09 0.90 0.824799 
142

 

32 GOQD 1.54 2.34 1.52 0.38 0.45 1.211893 
43

 

33 N-GOQDs 0.62 1.66 2.68 0.70 1.87 2.677419 
44

 

34 Na-CQDs 1.74 2.56 1.47 0.34 0.55 1.586045 45
 

35 CNC 1.5 3.15 2.10 0.46 1.42 3.102045 
87

 

 

B.9 Literature summaries 

Monte Carlo calculation: 

Basic values: r2-r1=0.1, r1=0.25, A/B=1, loading= 0.1, PNW= PIW =100 

 



 121 

Rule of mixture prediction: 

loading= 0.1, PNW= PIW =100 

 

B.10 Simulation Code 

%% Author: Chunyan Xu; November 2020  

 

%% Single NP Case 
clear all  
close all  
% random point location  

  

z=1; % z is thickness  

  

% center of the nanoparticle  

  

x0=2;  
y0=2 ;  
z0=0.5;  

  

  
% ball radius? adjust coefficient  
%r1=0.25*z;  

  
rratio=1.2;  

  

  

% define the transport coefficients  

  

K1=4;  
K2_value=[2 3 4 5 6];  
K3=1;  
r1_value=[0:0.02:0.5];  

  
AVGflux=zeros(length(K2_value),length(r1_value));  

  

%anlysis of different paramet ers influence on TFN flux, coefficients 

can also be  
%modified to other parameters in this work  
for i=1:length(K2_value)  

     

    K2=K2_value(i);  

     
    for j=1:length(r1_value)  

       



 122 

        r1=r1_value(j);  

  

        r2=rratio*r1;  

         

         

delt a_X=1;  
z=delta_X;  
z0=z/2;  

  
A=2;  
x0=A/2;  
y0=A/2;  

  

% directly penetrate  
Rbasic=delta_X/K3;  
% goes into the ball  

  

nn=10000;%10000 monte carlo points throwed on the membrane  
flux=zeros(1,nn);  

  

  

figure(1)  
         rectangle('Position',[x0 - r1,y0 -

r1,2*r1,2*r 1],'Curvature',[1,1])  
         hold on  
         rectangle('Position',[x0 - r2,y0 -

r2,2*r2,2*r2],'Curvature',[1,1])  

  

%if  K1>=K2  

         

        x=A*rand(1,nn);  
        y=A*rand(nn,1);  

         

for ii=1:nn  

                

        flux (ii) = calldMT(x(ii),y( ii),dMT,r1,r2,K1,K2,K3);  

            

end  

  

%end 

  

AVGflux(i,j)=mean(flux);  

  

    end  
    plot(r1_value,AVGflux(i,:))  
    hold on  
end  

  

title('Effect of P_I on Flux')  
xlabel('r1')  

ylabel('Relative Flux')  
legend('P_I=2','P_I=3','P_I=4','P_I=5','P_I=6')  
legen d boxoff  
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%% Author: Chunyan Xu; November 2020  

 

%% Multi -  NP Case  
clear all  
close all  
clc  

  
%% --------------------------------------------------  

  
% Generate pores in A*B mesh  

  
loading=0.02;  
mu=1;% particle size  

     

z=1;  

  

particle_size=0.1;% mean par ticle size  

  

A=particle_size^2*1000;  

  
sigma=0.3*particle_size;  

  
%sigma=[0 0. 25]  

  
% particle shape?  

  
% sphere  

  
particle_volume=4/3*3.1416*particle_size^3;  

  
particle_density=A^2*1*loading/particle_volume;  

  
nside=round(sqrt(particle_density));  

  

d=A/ns ide;  

  

%mesh location (xx, yy)  
error=100;  

  
while error>10  
R = normrnd (particle_size,sigma,nside+1,nside+1);  

  

% plot the distribution  
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% figure(100)  
% histogram (R)  
% set(gca,'Fontsize',16)  

  

R = max(R,0);  

  

meanR=mean(mean(R));  

  

V=0;  

  

for i=1:nside  
    for j=1:nside  
    r=R(i,j);  
    V=V+4/3*3.14159*r^3;  
    end  
end  

  

checkloading=V/(A*A);  
error=abs(checkloading - loading)/loading*100;  

  
end  

  

xx=(2*[0:1:nside - 1])/2*d;  
yy=(2*[0:1:nside - 1])/2*d;  

  
real_loading=nside^2*particle_volume/A^2;  

  
XX=zeros(nside,n side);  
YY=zeros(nside,nside) ;  
figure(1)  

  
xlim([0 A])  
ylim([0 A])  
daspect([1 1 1])  

  

for i=1:nside  
    for j=1:nside  

     
    % particle location (xxxx, yyyy)  
%     XX(i,j)=rand*(d - 2*particle_size)+xx(i)+particle_size;  
%     YY(i,j)=rand*(d - 2*particle_size )+yy(j)+particle_size;  

  

    XX(i,j)=rand*(d - 2*R(i,j))+xx(i)+R(i,j);  
    YY(i,j)=rand*(d - 2*R(i,j))+yy(j)+R(i,j);  

     
    rectangle('Position',[XX(i,j) - R(i,j),YY(i,j) -

R(i,j),2*R(i,j),2*R(i,j)],'Curvature',[1,1])  

     

    hold on  

     

    end  
end  
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  figu re(1)  

  

  

  for ij=1:part icle_number  
       rectangle('Position',[x(ij) - particle_size,y(ij) -

particle_size,2*particle_size,2*particle_size],'Curvature',[1,1])  
  end  

  
% define the transport coefficients  
K1=6;  
K2=4;  
K3=1;  

  

delta_X=1;  
z=delta_X;  
z0=z/2;  

  
% directly penetrate  
Rbasic=delta_X/K3;  
% goes into the ball  

  

nn=1001;  
flux=zeros(nn,nn);  

  

  

figure(2)  
         rectangle('Position',[x0 - r1,y0 -

r1,2*r1,2*r1],'Curvature',[1,1])  

          

         hold on  
         rectangle('Position',[x0 - r2,y0 -

r2,2*r2,2*r2] ,'Curvatu re',[1,1])  

  
if  K1>=K2  

         
        x=linspace(xx(2),xx(nside),nn);  
        y=linspace(yy(2),yy(nside),nn)';  

         

         
for ii=1:nn  

         
       for jj=1:nn  

                   
            number_X=ceil(x(ii)/d);  
            number_Y =ceil(y(jj)/d);  
            Xxiangxian=round(x(ii)/d) - ceil(x(ii)/d);  
            Yxiangxian=round(y(jj)/d) - ceil(y(jj)/d);  

             
            if Xxiangxian == 0 && Yxiangxian == 0  

                 
                aa=1; bb=1;  
            elseif Xxiangx ian == - 1 && Yxiangxian == 0  
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                aa=- 1;bb=1;  

                                    

            elseif Xxiangxian == - 1 && Yxiangxian == - 1 

                     

                aa=- 1;bb= - 1;  
            else  

                     
                aa=1;bb= - 1;  
            end     

                           

                particle=zeros(4,2);  
                distance_NPs=zeros(4,1);  
                rr=zeros(4,1);  

                              

                

particle(1,:)=[XX(number_X,number_Y),YY(numb er_X,number_Y)];  
                

particle(2,:)=[XX(number_X+1*aa,number_Y),YY(number_X+1*aa,number_Y)];  
                

particle(3,:)=[XX(number_X+1*aa,number_Y+1*bb),YY(number_X+1*aa,number_

Y+1*bb)];  
                

particle(4,:)=[XX(number_X,number_Y+1*b b),YY(number_X,number_Y+1*bb)];  

                 

  

  

                rr(1)=R(number_X,number_Y);  
                rr(2)=R(number_X+1*aa,number_Y);  
                rr(3)=R(number_X+1*aa,number_Y+1*bb);  
                rr (4)=R(number_X,number_Y+1*bb);  

                 

                distance_NPs(1)=sqrt((x(ii) -

XX(number_X,number_Y))^2+(y(jj) - YY(number_X,number_Y))^2) - rr(1);  
                distance_NPs(2)=sqrt((x(ii) -

XX(number_X+1*aa,number_Y))^2+(y(jj) - YY(number_X+1*aa,number_Y))^2) -

rr(2);  
                di stance_NPs (3)=sqrt((x(ii) -

XX(number_X+1*aa,number_Y+1*bb))^2+(y(jj) -

YY(number_X+1*aa,number_Y+1*bb))^2) - rr(3);  
                distance_NPs(4)=sqrt((x(ii) -

XX(number_X,number_Y+1*bb))^2+(y(jj) - YY(number_X,number_Y+1*bb))^2) -

rr(4);  

                 
                min imum_distance_NPs=min(distance_NPs);  
                

particle_number(ii,jj)=find(distance_NPs==minimum_distance_NPs);  

                 

                x0=particle(particle_number(ii,jj),1);  
                y0=particle(particle_number(ii,jj),2);  
                r1(ii,jj)=rr(particle_number(ii,jj));  

                                

             

             

            r2_r1=0.1;  
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            r2(ii,jj)=r2_r1+r1(ii,jj);  

                 
         xlim([0 A])  
         ylim([0 A])  
         daspect([1 1 1])  

         
            flux(ii,jj)=calldMT_multi(x(ii),y(ii), 

minimum_distance_NPs,x0,y0,r1(ii,jj),r2(ii,jj));  
       end  

        
       figure(2)  

        

        pcolor(x,y,flux);shading interp%????  
        colorMap = jet(256);  
        colormap(flipud(j et)) ;  
        colorbar;  
        hold on  

  

  
end  

  

  

  
end  

  

  
figure(2)  
for i=1:nside  
    for j=1:nside  

     

     

    rectangle('Position',[XX(i,j) - R(i,j),YY(i,j) -

R(i,j),2*R(i,j),2*R(i,j)],'Curvature',[1,1])  

     
    hold on  

     
    end  
end  

  

figure(2)  
xl im([0 A])  
ylim([0 A])  

  
pcolor(x,y,flux');shading interp%????  
colorMap = jet(256);  
colormap(flipud(jet));  
colorbar ;  
caxis([0.8 2])  
% title('TFN single pore heatmap K1>K2>K3')  

  
axis square  
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set(gca,'xtick',[],'ytick',[])  
colorbar('FontSize',16)  

  
% figure (1)  
% % xlim([0 25])  
% % ylim([0 25])  
% plot(particle(:,1),particle(:,2),'o')  
% plot(x(ii),y(jj),'o')  

  
total_flux=mean(mean(flux))  
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 5 

This appendix lists supporting information for CHAPTER 5. A resistance-in-series 

model combined with Monte Carlo simulation is provided in Matlab code. Additional 

functions are well commented. 

clear all  
close all  
clc  

  
%% part 1 porosity vs time  
%Define values for all parameters  

  

surface_pore=0.3;  
thickness=200;  
normalized_su fpore=surface_pore/thickness;  

  
support_pore=500;  
support_thickness=2*1000;  

  

h2=support_thickness/thickness;  

  

mu_0=support_pore/thickness;  

  

t=[0:200:600,800:200:1800,2100:300:7200];  

  

tau_bur0=3600;  

  

D0=1*10^ - 9;  
Dkv_poll=[2.8*10^ - 8 1*10^ - 7 1.5*10^ - 7 2 *10^ - 7 2.02*10^ - 7]; % strong 

impact!!!  
eita_0=5*10^12;  

  

  
% External operation effect  
% delta_P_poll=1000000*[1 2 3 4 5];  

  

delta_P_poll=100000*[30 70 110];  

  

% Effect of Support morphology  
epsilon0_poll=[0.04 0.10 0.10 0.10 0.10];  
d0=1;  
tautor_poll=[1 1 .5 2 2.5 3];  

  

  
% Effect of support mechanical property  
tau_bur0_pol l=[600 1200 1800 2400 3600];  
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niu_poll=[0.01 0.025 0.05 0.075 0.10];  

  

% for finger like pores  we need a surface to volume porosity 

converting  
% factor  

  

porosity_factor=1;  
nnn=3;  

  
fpri ntf('Select the factor you want to investigate')  

  
fprintf (' \ n 1. Initial porosity 2. poission ratio 3. transmembrane 

pressure')  

  

fprintf(' \ n 4. Tortuosity 5. Retardation time 6. Tensile creep 

compliance Dkv' )  

  

% key_value = input(' \ n please enter your choice option  ');  

  

key_value = 3;  

  

  
epsilon=zeros(leng th(t),nnn);  

  

  

for L=1:nnn  

     

     
    L 

     

    % Effect of porosity  
    % n = 5  

     
    epsilon0=epsilon0_poll(1);  

     

  

    % Effect of poission ratio  (poision ratio = 0.4 is the basic 

con dition  
    % n = 5  

     

     niu=niu_poll(5);  

      
    % Effect of compaction pressure  
    % n = 3  

     

    delta_P=delta_P_poll(3);  

     

     
    % Effect of tortuosity  

    % n = 2;  

     

    tautor=tautor_poll(1);  
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    % Effect of retardation time  
    % n = 1;  

     

    tau_bur0=tau_bur0_poll(1);  

     

     
    % Effect of TCC (Dkv)  
    % n = 1;  

     

    Dkv=Dkv_poll(1);  

     

     

    if key_value == 1  

         
    epsilon0=epsilon0_poll(L);  

      
    elseif key_value == 2  

     

    niu=niu_poll(L);  

          

    elseif key_value == 3  

         

    delta_P=delta_P_poll(L);     

         

    elseif key_value == 4  

            

    tautor=tautor_poll(L);  

     

    elseif key_value == 5  

         

    tau_bur0=tau_bur0_poll(L);  

     
    else  

     
    Dkv=Dkv_poll(L );  

         
    end     
    % Effect of tortuosity  
    % n = 2;  

     

     

    % Effect of retardation time  
    % n = 1;  

  

     
% epsilon=1 - ((1 - epsilon0)*(1 - (1 - 2*niu).*Dpolymer*delta_P)./(1 -

Dmembrane*delta_P));  
%  

% surface_epsilon=epsilon/porosity_factor;  

  

Dpolymer=D0+Dkv*(1 - exp( - t/tau_bur0))+t/eita_0;  
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Dmembrane=Dpolymer./(1 - epsilon0*(tautor - 1)/tautor);  
omega=Dmembrane./Dpolymer;  

  
A=mu_0*20;  

  

pore_d=A^2*epsilon0/3.1416/mu_0^2;  

  
% Solving the inexplict compaction equation  

  

  

for ijk=1:length(t)  

     

  

  

epsilon(ijk,L)=fsolve(@fx,0);  

     

end  

  

  

  
mu=sqrt(A^2*epsilon(:,L)/3.1416/pore_d);  

  

  

%% --------------------------------------------------  
%% Part 2  Flux vs time calculation  

  
% Generate pores in A*B mesh  

  
% h is the mormalized thickness  
h=1;  

  

% mu is the relative pore size  

  

n=A*A*epsilon(1)/(3.14159*(mu_0^2));  

  
nside=round(sqrt(n));  

  
A=sqrt(3.14159*mu_0^2*nside^2/epsilon0);  

  

d=A/nside;  

  

  

% number of points  
pr=length(mu);% pore radius  

  
meanR=zeros(pr,1);  

  
sigma=0.0*mu(1);  
Rbasic=1 - sigma+2*s igma*rand(nside,nside);  
Rbasic = max(Rbasic,0);  

  

for pt=1:pr  
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%   A=mu(pt)*20;  

  
pt  
% change sigma  

  

% redefine A to match porosity  

  

xx=(2*[1:1:nside] - 1)/2*d;  
yy=(2*[1:1:nside] - 1)/2*d;  

  
mn=0;  

  
error=100;  

  
iteration=0;  

  

  
% R=mu(pt) - sigma+2*sigma*ran d(nside,nside);  
% R = max(R,0);  
% meanR(pt)=mean(mean(R));  

  

R=Rbasic.*mu(pt);  

  

  

S=0;     

  

for i=1:nside  
    for j=1:nside  

     

     

%     if R(i,j)^2 <= (1/200)^2  
%         R(i,j)=1/200;  
%     end  
%      
    r=R(i,j);  
    S=S+3.14159*r^2;  
    end  
end  

  

Perm_sup=1/(normalized_sufpore^2)*R.^2;  
Res=1./Perm_sup;  
Res=zeros(size(Res));  

  

  

% Generate a satisfactory mesh  

  

%%  ----------------------------------------------------  

  

% calcualtion of monte carlo  

  
i=1;  
j=1;  
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nn=100;%1000 monte carlo points throw ed on the membrane  

  
dup=10;  

  

dflux=0;  
flux=0;  

  

fluxvec= zeros(dup,1);  
avgflux=zeros(nside - 1,nside - 1);  

  
xwhole=zeros(1,(nside - 1)*nn);  
ywhole=zeros((nside - 1)*nn,1);  
zwhole=zeros((nside - 1)*nn,(nside - 1)*nn);  

  

for i = 1:nside - 1 
    for j = 1:nside - 1 

         
    r1=R(i,j);  
    r2=R(i+1,j);  
    r3=R(i+1,j+1);  
    r4=R(i,j+1);  

  

    h=1;%active layer thickness  
    abflux=1; %permeability  

  

    relative_flux=abflux/h;  
    %10 is the absolute flux when membrane thickness = 10 at no support  
    %condition  

     

  
    dup=1;% number of monte carlo experiments  

    

  

    for dup1to10=1:dup  

     

         
%         x=d.*rand(1,nn)+(i - 1)*d+d/2;%specify the unit square to 

calcula te  
%         y=d.*rand(nn,1)+(j - 1)*d+d/2;  

         

        x=d.*linspace(0,1,nn)+(i - 1)*d+d/2;% specify the unit square to 

calculate  
        y=(d.*linspace(0,1,nn)+(j - 1)*d+d/2)';  

         

        xwhole(1,(i - 1)*nn+1:i*nn)=x;  
        ywhole ((j - 1)*nn+1:j*nn,1)=y;  

         

        % figure(1)  
        % plot(x,y,'o')  

        % hold on  

         

        tp =0;%initial value transport path  
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        ii=1;  

  

        for ii=1:nn  
            for jj=1:nn  

         

        % find the distance of the point to the boundary of the circle  

             

         

            d1=sqrt((x(ii) - (d*(i - 1)+d/2))^2+(y(jj) - (d*(j - 1)+d /2))^2) -

r1;  
            d2=sqrt((x(ii) - (d*i+d/2))^2+(y(jj) - (d*(j - 1)+d/2))^2) - r2;  
            d3=sqrt((x(ii) - (d*i+d/2))^2+(y(jj) - (d*j+d/2))^2) - r 3;  
            d4=sqrt((x(ii) - (d*(i - 1)+d/2))^2+(y(jj) - (d*(j)+d/2))^2) - r4;  
            D=[d1 d2 d3 d4];  

         

        % If any point is lying in the circle  

         

            product=d1*d2*d3*d4;  

   

     
    avgflux(i,j)=funccalc(fluxvec);  
    fluxvec=zeros(dup,1);  

             

    j=j+1;  

     
    end  

     
    i=i+1;  

     
        end  

  

%% want animation? run belo w 

         
 figure(pt)  
        hold on  
        X=repmat(xwhole,length(xwhole),1);  
        Y=repmat(ywhole,1,length(ywhole));  
        pc olor(X,Y,zwhole);shading interp%????  
        colorMap = jet(256);  
        c = jet;  
        c = flipud(c);  

        colorma p(c);  
        colorbar;  
        caxis([0.2 1.2])  

     
        figure(pt)  

  

  

        for ii=1:nside  
        for jj=1:nside  

        r=R(ii,jj);  
        rectangle('Position',[xx(ii) - r,yy(jj) -

r,2*r,2*r],'Curvature',[1,1])  
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        S=S+3.14159*r^2;  
        end  
        end  

         

        figure(pt)  

         

        xlim([2 17.8])  
        ylim([2 17.8])  
        axis square  
        axis off  

  

         
    hold on  
    hold off  

     

    h=findobj('type','figure');  
    folder='C: \ Users \ Documents \ MATLAB\ Monte Carlo 

s imulation \ simulation';  
    Animitionseries=sprintf('%d.jpg',pt);  
    file=fullfile( folder,Animitionseries);  
    saveas(h,file)  
    close all  

  

memflux(L,pt)=mean(mean(zwhole));%membrane flux  

  

  

end  

  

memflux_norm(L,:)=memflux(L,:)/memflux(1,1);  

  

figure(8 )  

  

plot(t/3600,memflux_norm(L,:),'LineWidth',2)  

  
% figure(9)  
% plot(t/3600,epsilon,'LineWidth',2)  

  

hold on  

  

end  

  

  
    if key_value == 1  

         
    legend('Surface porosity = 0.08','Surface porosity = 0.16','Surface 

porosity = 0.24','Surface porosit y = 0.32','Surface porosity = 

0.40','Fontsize',18)  

      

    elseif key_value == 2  

         

    legend('Poission ratio = 0.3','Poission ratio = 0.35','Poission 

ratio = 0.4','Poission ratio = 0.45','Poission ratio = 

0.5','Fontsize',18)  
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    elseif key_value == 3  

         
    legend('30 bar','70 bar','110 bar','40 bar','50 bar','Fontsize',18)  

         

    elseif key_value == 4  

            
    legend('Tortuosity = 1','Tortuosity= 1.5','Tortuosity = 

2','Tortuosity = 2.5','Tortuosity = 3','Fontsize',18)  

     

    elseif key_value == 5  

         

    legend('Retardation time = 10 min','Retardation time = 20 

min','Retardation time = 30 min','Retard ation time = 40 

min','Retardation time = 60 min','Fontsize',18)  

     
    else  

         
    legend('Dkv = 5E - 7','D kv = 1E - 6','Dkv = 2E - 6','Dkv = 3E - 7','Dkv = 

4E- 6','Fontsize',18)  

  

     

    end     

  
legend boxoff  

  
set(gca,'Fontsize',18,'LineWidth',2)  

  
xl abel('Compaction time (h)','Fontsize',18)  
ylabel('Scaled permeability','Fontsize',18)  

  

  

    h=findobj('type','f igure');  
    h=flipud(h);  

     
    for k=1:numel(h)  
    folder='C: \ Users \ Documents \ MATLAB\ Monte Carlo 

simulation \ simulation';  
    Animitionseries=sprintf('%d.jpg',k);  
    file=fullfile(folder,Animitionseries);  
    saveas(h(k),file)  
    end  

  

measure=[1  1   1 
0.963764292 0.973852467 0.871232533  
0.95180299  0.941215765 0.80688013  
0.927704485 0.921652829 0.746788646  
0.903605981 0.888920699 0.712450655  
0.903605981 0.869357763 0.673789085  
0.903605981 0.84321023  0.656620089];  

  
t=[0  
10  
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20  
30  
40  
50  
60]/60;  

  

hol d on  

  

plot(t,measure,'o')  
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