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Abstract 

Nanofiltration (NF) is a relatively new membrane separation process mainly used for removing 

low molecular weight species from aqueous and non-aqueous solutions. NF membranes suffer 

from concentration polarization leading to membrane fouling thus compromised membrane 

performance. Magnetically responsive nanofiltration (NF) membranes functionalized with 

superparamagnetic nanoparticles (SPNs) attached to the chain ends of grafted polymer 

nanolayers have been shown to be effective in breaking concentration polarization at the 

membrane-liquid interface under an appropriate external oscillating magnetic field. Under an 

oscillating magnetic field, the movement of the polymer chains acts as micro-mixer leading to 

the suppression of concentration polarization and improved filtration performance. NF270 is 

one of the most commonly used NF membranes for removing low molecular weight species 

and di- and trivalent ions from the feed solutions. In this dissertation, the effects of grafted 

polymer chain length and chain density on NF performance were investigated. Feed solutions 

containing salts (NaCl, CaCl2, MgSO4, 10mM pH=7 sodium phosphate buffer and 

(CH3)3N·HCl) at varied concentrations as well as model oily wastewater were used to 

investigate the performance of these magnetic responsive membranes as anti-fouling self-

cleaning membranes. Several commonly used mathematical models for describing NF 

processes have been adopted to quantify the solvent and solute transport of the functionalized 

membranes and the effects of micro-mixing on the performance of these NF membranes. Our 

results demonstrate that there is a significant improvement in both flux and rejection in the 

presence of an external oscillating magnetic field compared to results without an external field. 

Moreover, the improvement becomes more evident as the chain length and chain density of 



grafted polymer increases. An increase in membrane selectivity due to decreased concentration 

polarization for the functionalized membranes in the presence of an external field has been 

analyzed using several models. Besides the inorganic and organic salt feed solutions, our 

functionalized magnetically responsive nanofiltration membranes exhibit anti-fouling capacity 

towards model oily waste water. 
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1. Introduction and Background 

1.1 Membrane Separation  

Nowadays, the global shortage of water and energy becomes significant. At the same 

time, the economic development is calling for more and more water and energy. Separation 

processes are critically involved during every stage of water purification and energy production. 

Membrane based separation processes have several advantages over traditional separation 

processes such as distillation and extraction. Membrane-based processes are generally more 

economical, safer, cleaner, and more energy-saving, easier to operate and environmentally 

friendlier. High separation factor under mild operational conditions can be achieved. Finally, 

membrane processes often have unmatched operational flexibility and can be widely used in 

industry.1 

Membrane separation has been widely used for wastewater treatment, water recycle and 

reuse in chemical industry. Feed and permeate are the two phases separated by the selective 

membrane materials in between. Selective transportation of species from the feed to the 

permeate side is often driven by pressure or electrochemical potential. The feed typically 

contains a mixture of products and other species whereas the permeate generally contains only 

the desired product. The mechanism of membrane separation is shown in Figure 1.1.1, 2 
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Membrane

Feed Permeate

Solute molecules
Solvent molecules  

Figure 1.1 Principle of membrane separation. Here the solute particles are to be retained by 

the membrane, and the solvent molecules are selectively transported through the membrane.2 

 

The membrane barrier layer selectively permits certain types of molecules in the feed 

to permeate through the membrane and rejects other molecules in the feed, thus increasing the 

concentrations of the rejected species in the feed and permeable species in the permeate to 

achieve separation. The driving forces for the separation include differences in pressure, 

temperature, concentration, electrical potential or pH across the membrane, both physical and 

chemical. Industrial application of membrane technology often involves synthetic ceramic or 

polymeric membranes. The membranes ideally need to have uniform thickness and very narrow 

pore size distribution for the porous membranes.1, 2 

 

1.2 Stimuli-responsive Membranes 

Stimuli-responsive membranes are membranes that can respond to stimuli around them, 

such as pH, pressure, temperature, concentration, light and electromagnetic field. Magnetically 
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responsive membranes are membranes that respond to a magnetic field exerted on them.3 

Compared to the conventional membranes, they often have improved performances. For 

example, we have developed the anti-fouling magnetically responsive micro-mixing NF 

membranes for improved separations.4 Responsive membranes often have innovative functions 

that are tunable by varying the external stimuli. Himstedt et al. and Du et al. have reported their 

work on application of the pH and temperature responsive membranes to improve separation 

efficiency.5, 6 So far, the most widely used stimuli are pH and temperature, in some cases also 

salt ions.6  

In most cases, these responsive membranes are fabricated by grafting responsive 

functional groups onto commercially available membranes. These membranes will then 

respond to the stimuli exerted.4, 7, 8 

 

1.3 Nanofiltration and Its Problems 

Nanofiltration is a relatively new pressure-driven membrane separation technology 

with diameter and molecular weight cutoff (MWCO) between those of ultrafiltration (UF) and 

reverse osmosis (RO). The schematics for the function and the range of cutoff dimension are 

shown in Figure 1.2. The typical MWCO is in the range of 100~2000g/mol.9, 10 
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Figure 1.2 Schematics of separation properties of NF membranes compared to UF and RO 

membranes.11 The membranes are represented in turquoise color.  

 

As a pressure-driven membrane separation process with a holdup diameter between UF 

and RO, NF membranes are mainly used for the removal of low molecular weight species 

dissolved in water, and tri- and some divalent ions from water. While UF processes have been 

used to separate macromolecules and colloidal particles and RO processes are often used in 

water desalination, applications of NF membranes include partial desalination of brackish 

water, partial softening of ground water and removal of micro-pollutants and small organic 

molecules during water treatment processes. NF is often more economical for water 

purification compared to RO. NF is also more efficient for water treatment compared to UF.9, 

12 

Although NF has much broader applications compared to most other membrane 
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separation processes, NF processes also suffer from membrane fouling and concentration 

polarization, both of which cause a significant decrease in productivity and rejection. Fouling 

and concentration polarization begin soon after filtration process starts. Also, for NF 

membranes fouling is mainly caused by concentration polarization from the feed. The 

mechanisms for NF membrane fouling are schematically shown in Figure 1.3, and the principle 

of concentration polarization is shown in Figure 1.4.13, 14 

(1) (2)
FluxFeed

Permeate

Membrane

 

Figure 1.3 Mechanisms of nonporous NF membrane fouling: 

(1) Deposition of big and soft particles onto the surface; 

(2) Precipitation and adsorption of solute molecules onto the surface.13, 15 

 

Membrane fouling refers to processes resulting in loss of performance of a membrane 

due to deposition of suspended or dissolved substances on its external surfaces, at its pore 

openings, or within its pores.16 It is also described as irreversible flux decline. Most fouling are 

irreversible, and can only be removed by chemical cleaning. When chemical cleaning had to 

be used, additional environmental problems would be caused, and many chemicals used for 

cleaning may potentially damage the membrane layers irreversibly.   
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Figure 1.4 Principle of concentration polarization.17 

 

As from Figure 1.4, during filtration operation, the membrane concentrates the 

impermeable solutes against the membrane wall, building up a gradient towards the upstream 

membrane surface. In such a case, the permeate flux decreases as a higher trans membrane 

pressure difference is needed to surmount the increasing osmotic pressure to maintain a 

constant flux. Furthermore, as the rejected species continuously accumulate above the 

membrane surface on the feed side, the concentrations of the rejected species increases 

reaching or exceeding their limits of solubility. In such situation, the rejected species precipitate 

or crystallize immediately onto the membrane, leading to membrane fouling.13, 17 For non-

porous NF membranes that mainly reject small organic molecules and di- or trivalent ions, their 

fouling mainly occurs on the surface and is mainly caused by concentration polarization. This 

work thus aims at investigating the effect of magnetically activated micro-mixing on 

concentration polarization of NF membranes.  
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The following methods against concentration polarization and membrane fouling are 

reported in recent year’s literature:2, 11 

1) Producing mixing during operation, such as stirring, back pulsing and cross-flow velocity. 

2) Optimization of membrane module design, such as increasing roughness of the membrane 

surface, or adding some spacers in close touch with the membrane surface. This helps to 

generate turbulent flow to increase mixing on membrane surface. 

3) Pretreatment of the feeding solution, such as changing temperature, pH, concentration or 

adding some other species into the feed.  

4) Anti-fouling surface modification of the membrane.18 

 However, these methods have their own corresponding drawbacks:1, 2 

1) It consumes a huge amount of energy to induce mixing during operation. Also, this only 

affects the bulk flow, but concentration polarization mainly occurs within the boundary 

layer close to the membrane surface.1 

2) Increasing the roughness of membrane surface or adding spacers in close touch with 

membrane surface would actually greatly reduce the active area on membrane surface. 

Moreover, in this case, the foulants are possible to accumulate in some “dead-zone” on 

membrane surface to aggravate partial fouling.1 

3) Feed pretreatment changes the physical and chemical properties of the feed, even damaging 

some of its functions. Moreover, some extreme conditions such as high temperature or high 

acidity and basicity would always cause damages to the membrane. Also, a significant 

amount of money and time is often required to pretreat the feed, or to remove the molecules 

added during pretreatment.1, 2, 11 
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4) Anti-fouling surface modification is effective to prevent fouling in some cases, but this 

cannot suppress concentration polarization. Also, for non-porous NF membranes that are 

mainly used for removing salts and small organic molecules from water, most fouling is 

actually caused by concentration polarization.19 

 

1.4 Magnetically Responsive Micro-mixing Self-cleaning NF Membranes, and Their 

Functionalization 

With the expectation to overcome the drawbacks of NF processes to make them more 

cost-effective, the magnetically responsive micro-mixing self-cleaning NF membranes are 

developed via surface modification.7 The membrane modification procedure consists of two 

steps. First, linear hydrophilic polymer chains are grafted onto the polyamide separation layer 

via surface-initiated atom transfer radical polymerization (SI-ATRP). Then, superparamagnetic 

nanoparticles (SPNs) are attached to the polymer chain ends. After membrane functionalization, 

an oscillating magnetic field with certain frequency is exerted to the membrane with the 

magnetic field direction being parallel to the functionalized surface layer.7, 20 The oscillating 

magnetic field induces a force onto the SPNs to make them move with the same frequency as 

the external oscillating magnetic field.4 The movement of tethered SPNs leads to the movement 

of polymer chains, inducing micro-mixing above the membrane-liquid interface to minimize 

concentration polarization.3, 7, 20  

In order to guarantee effective micro-mixing, grafted polymer chains with uniform 

length and density on membrane surfaces is necessary, and the SPNs only attach to the ends of 

the grafted polymer chains. In the presence of an external magnetic field, all polymer chains 
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are linear. The polymer chains will move flexibly but synchronically in water, with the same 

frequency as the external field, with minimum entangling onto each other and without showing 

individual movements.  

The NF270 membrane is among the most successfully commercialized NF membranes 

with myriad applications. It has been successfully applied to water purification through 

removal of small organic contaminants, and partial softening of surface and ground water. 

Other advantages of NF membranes lie in their relatively low operating pressure required and 

often high permeate flux generated.21 Besides industrial applications, there are active areas of 

research for further performance improvement and for developing solvent resistant NF 

membranes. Here we also chose NF membranes for this dissertation research to further 

understand and develop magnetically activated NF membranes. The physical structure of an 

NF270-400 membrane layer can be described by Figure 1.5.21 

 

Flux
Feed

Permeate

Polyamide Functional Layer

Polysulfone

Polyethersulfone

Separative

Mechanical Support

Layer

 

Figure 1.5 Physical structure of a nonporous NF270-400 NF membrane.21 

 

The NF270 membrane is composed of three different layers: a polyamide layer on the 

feed side, a polysulfone layer in the middle and a polyethersulfone layer on the permeate side. 

The polyamide layer is the functional layer that performs separation, and the other two layers 

work together to serve as a mechanical support layer. Here the focus is on the functional layer.21 

Characterizations of the modified membranes are necessary in order to achieve desired 
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membrane properties. These methods include contact angle measurement, ATR-FTIR, AFM 

and deionized water fluxes. Based on the flux and rejection data of salt solutions for the base 

membrane and modified membranes in the presence and absence of an external magnetic field, 

the effects of magnetically activated micro-mixing can be determined and quantified.3, 7 

 1.4.1 Detailed Membrane Functionalization Process 

Surface modification to graft linear polymer chains has been established earlier using 

surface-initiated atom transfer radical polymerization (SI-ATRP) reaction to grow hydrophilic 

2-hydroxyethyl methacrylate poly (HEMA) chains onto the membrane surface.20, 28 

Subsequently, the Fe3O4 nanoparticles are immobilized to the ends of grafted poly (HEMA) 

chains. After functionalization, an oscillating magnetic field that reverses direction periodically 

was applied to the membrane surface. The external magnetic field exerts a force on the SPNs 

in the direction of magnetic field, enabling the nanoparticles and the polymer chains to move 

together in the presence of the switching magnetic field direction. Resulting from the 

movement of hydrophilic polymeric chains within the alternating magnetic field, it generates a 

micro-mixing effect within the boundary layer above the feed side membrane surface.7 The 

micro-mixing disrupts concentration polarization and improves the membrane performance, 

resulting in less frequent cleaning hence leading to longer life time for the membranes. The 

detailed functionalization procedure to the NF270 NF membranes is shown in Figure 1.6.7 
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(A) Membrane functionalization chemical reaction process
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Monomer: 2-Hydroxyethyl Methacrylate (HEMA) O
OH

O

:Superpagamagnetic Fe3O4 

Nanoparticle

Superparamagnetic Fe3O4 

nanoparticle covered by 

carboxylic acid groups:

Poly (HEMA) chains:
Hydrophilic, hence flexible 
andresistant to fouling

Oscillating
Magnetic Field

Micro-mixing
Boundary Layer

Base Membrane
Functionalized 
Membrane

Flux Flux

Oscillating Magnetic Field

: Superparamagnetic Fe3O4 

Nanoparticle

(B) Expected micro-mixing effect on functionalized membrane surface

Figure 1.6 Magnetically responsive functionalization for NF270 membranes.3, 7, 20 

 

1.4.2 The Choice of Superparamagnetic Fe3O4 Nanoparticles 

Superparamagnetic Fe3O4 nanoparticles are immobilized to the ends of grafted poly 

(HEMA) chains on NF membrane surface. The differences in microstructures between such 

nanoparticles and the conventional ferromagnetic particles are shown in Figure 1.7.29 

The diameter of SPM Fe3O4 nanoparticles is smaller than that of ferromagnetic particles, 

and below the critical diameter of multiple magnetic domains. All such nanoparticles hence 
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only have a single magnetic domain, and are much lighter in weight than ferromagnetic 

particles. Flip of the magnetic field within each SPM nanoparticle is easy and quick due to 

extremely low energy barrier.30 As a result, when an external magnetic field is exerted to the 

nanoparticles, the magnetic field within each nanoparticle would immediately flip to same as 

the external field. Then, when the external field switches its direction, the magnetic field within 

each nanoparticle would flip to same as the switched external field instantaneously. As soon as 

the magnetic field within each nanoparticle becomes same as the external field, the 

nanoparticles would be immediately exerted a strong force towards the generator of the 

magnetic field.20 

Therefore, such nanoparticles are energy-efficient, and will instantaneously respond to 

the external magnetic field.30 As a result, these nanoparticles and the polymer chains 

chemically bonded to them can move back and force almost in the same frequency with the 

external oscillating magnetic field. Micro-mixing of the fluid at the membrane surface-liquid 

interface can be generated.7, 20 
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Figure 1.7 Superparamagnetic Fe3O4 nanoparticles and ferromagnetic particles: the 

differences in their microstructures.31 

1.5 Transport Modeling for the NF processes 

During the past few decades, quite a few mathematical models have already been 

developed for the evaluation of NF membrane performances and solvent and solute transport 

across the membranes. However, several of such mathematical models are already widely 

used.22, 23 For solvent transport, the Spirgler-Kedem Katchalsky model based on the Hagen-

Poiseuille-type relationship has been widely adopted.24 For solute transport, the most widely 

used model is the Nernst-Plank equation, and the Film Theory has been widely used for 

describing and quantifying concentration polarization.25 Later on, researchers such as 

Chaabane26 and Xiao27 improved the precision of NF process modeling based on the 
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combination of Nernst-Plank equation, Spirgler-Kedem Katchalsky model and the Film Theory. 

These models are widely used for the prediction of membrane performances with different feed 

compositions. But in this project, the experimental results will be fitted into these models to 

determine the effect of membrane functionalization and the external oscillating magnetic field 

on transport properties.22 

 

1.6 Hypothesis and Research Objective 

Magnetically responsive micro-mixing membranes have been primarily studied by 

Himstedt et al. in recent years.7, 20, 32 They’ve tested the flux and salt rejection of 500 ppm 

CaCl2 and 2000 ppm MgSO4 salt solutions for both base and functionalized NF270 membranes, 

in the presence and absence of an external alternating field. At the same time, Himstedt et al. 

have studied different poly(HEMA) chain density and chain length. 20 Variations among the 

flux and salt rejection data with the two different salt solutions for both base and functionalized 

NF270 have been shown.7 Then, for the functionalized NF270 membranes with different 

polymer chain length and density, the flux and salt rejection for both 500 ppm CaCl2 and 2000 

ppm MgSO4 salt solutions have shown evident improvement with an external field. 

Improvements of both permeate flux and salt rejection were demonstrated in the presence of 

an external field, but the degree of improvement seems to depend on the length and density of 

polymer chains.20 

1.6.1 Hypothesis 

Concentration polarization at the membrane-liquid interface can be significantly 

reduced by induced mixing via the movement of the polymer chains grafted on the membrane 
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surface. The movement of the polymer chains is caused by the interaction between the magnetic 

nanoparticles attached to the chain ends of the polymer and an external oscillating magnetic 

field. Both the length and density of polymer chains could affect the effectiveness of 

concentration polarization reduction by micro-mixing. Moreover, the magnetically activated 

micro-mixing affects the transport of different salt ions differently. The micro-mixing effect 

depends on the degrees of hydration of the ions, which in turn are determined by the ionic 

charges and sizes.7, 20 

1.6.2 Research Objectives 

As SI-ATRP is a controlled polymerization process, the polymer chain length and 

density can be controlled and varied independently. From prior work, it’s evident both the 

polymer chain length and density have evident effect on the performances of the functionalized 

NF membranes.20 Therefore, the combined effects of the length and density of the polymer 

chains under an alternating magnetic field is investigated in this work. Moreover, feed solutions 

containing monovalent, divalent and trivalent salt ions with various concentrations are used to 

systematically investigate the effects of micro-mixing on concentration polarization and 

transport of salt ions. Indeed, the type and concentration of salt ions will significantly affect 

concentration polarization at the membrane-liquid interface. The correlations between the 

transport coefficients and the physical and chemical properties of functionalized membranes 

have also been investigated based on the experimental results obtained. Finally, the anti-fouling 

properties for our novel magnetically activated NF membranes has been investigated by using 

model oily waste water system.  

Mathematical modeling helps to understand the transport processes of the membranes, 
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and predict membrane performances. For mathematical description of the NF processes, some 

models have already been developed and are found to agree well with experimental results.22, 

33 Most researchers make use of these membrane transport models to predict membrane quality 

and performances in order to design a process, or theoretically study some processes by 

adjusting the constants and variables in the models.34 However, some of the most widely used 

mathematical models for NF processes should be applied to correlate the experimental results 

under varied conditions, and theoretically explain the effects of membrane functionalization 

and the alternating magnetic field to base and functionalized NF270 membrane performances.22, 

24 Based on the correlation of the fluxes and the corresponding rejections as variables, the 

constants in the models that describe the characteristics and transport properties of the 

membranes can be obtained. By analyzing the values of these constants and the trends of their 

variations, the transport process across different NF membranes under various feed 

compositions and magnetic field operation conditions can be better understood.26, 35  
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2. Magnetically Responsive Self-Cleaning Micro-Mixing Nanofiltration Membranes 

2.1 Introduction 

Development of economical, efficient and durable water purification processes is called 

for in recent years to address global water shortage. Membrane separation processes have already 

demonstrated successful commercialization out of their significant advantage in seawater 

desalination and removal of organic and inorganic compounds from wastewater and drinking 

water. As discussed in Chapter 1, the cutoff size of NF membranes is somewhere between those 

of UF and RO membranes. Whereas UF processes are mainly used for the removal of organic 

compounds and RO processes are used largely for the complete desalination to obtain deionized 

water, NF processes are mostly applied for the removal of the divalent or trivalent ions and small 

organic compounds from water. NF is more economical compared to RO for water purification 

and achieves more complete water purification compared to UF. Besides water purification, NF 

has various other industrial applications as listed in Table 2.1. 

Table 2.1 Applications of nanofiltration in industry.1, 2 

Industry Application of NF processes  

Fine chemistry and pharmaceuticals   Non-thermal solvent recovery and 

management 

 Room temperature solvent exchange 

Oil and petroleum industry  Removal of tar components in feed 

 Purification of gas condensates 

Bulk chemistry  Product polishing 

 Continuous recovery of homogeneous 

catalysts 

 

However, NF processes suffer from concentration polarization leading to membrane 

fouling and compromised performance. As the membrane operation process continues, more and 

more rejected species would accumulate within the membrane surface boundary layer to cause 

concentration polarization. Concentration polarization induces precipitation, deposition and 
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adsorption of the undissolved species onto membrane surface which causes membrane fouling. 

Recent studies3 only involve direct physical or chemical modifications to the membrane surface 

to mitigate fouling. After surface modification with fouling resistant materials, the strong 

adhesive forces between the membrane surface and the foulants are reduced. However, low 

surface adhesion does not reduce concentration polarization with rejected species accumulating 

at the membrane boundary layer. This still leads to compromised membrane performance with 

declined flux and rejection. Besides substantial flux decline due to concentration polarization, the 

rejected species would precipitate and cause membrane fouling when their concentrations exceed 

their solubility. For the nonporous NF membranes used for removing dissolved small organic 

molecules and tri- or divalent salts in water, it has been demonstrated that most fouling is 

actually caused by concentration polarization.4 Our magnetically responsive micro-mixing 

membranes, when subject to an appropriate alternating magnetic field, will self-clean by 

breaking concentration polarization. Micro-mixing is generated by the movement of the polymer 

chains grafted on the membrane surface under an external magnetic field. The schematic of the 

design is shown in Figure 2.1.5 

Alternating 

Magnetic Field

Micro-mixing
Boundary Layer

Base Membrane
Functionalized 
Membrane

Flux Flux

Figure 2.1 Magnetically responsive functionalization to NF270 membrane to break 

concentration polarization and prevent membrane fouling.5, 6 

 

2.2 Experimental Section 
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2.2.1 Materials 

NF270 composite polyamide nanofiltration membranes are thin film flat-sheet 

membranes provided by Dow Chemical (Edina, MN, USA). All membrane samples were cut 

from such NF270 membrane sheets, and into small circular membrane discs with a diameter of 

44.5 mm.  

Carboxylic acid functionalized superparamagnetic nanoparticles (SPNs) conjugated to the 

polymer chain ends were directly purchased from Ocean Nanotech (Springdale, AR). The Fe3O4 

nanoparticles have a core diameter of 15 nm and 5 nm coating layer of oleic acid 

(CH3(CH2)7CH=CH(CH2)7COOH). According to the manufacturer, the approximate number of 

carboxylic acid groups on the surface of each nanoparticle is around 120. The estimated density  

2

2

120
0.0611/

4 (25 / 2)

N
nm

A 
          (2.1) 

where N is the number of carboxylic acid group and A is the surface area of the individual 

nanoparticle.  

The deionized water came from Siemens/ELGA Purelab Ultra deionizer and SCMK2 

filters, Siemens Water Technologies (Warrendale, PA). The details about all the chemicals used 

during the membrane functionalization process and membrane performance tests are listed in 

APPENDIX A6.  

 

2.2.2 Membrane Functionalization Process 

Information about chemical reactions involved in NF270 membrane functionalization can 

be found in Appendix A1. Membrane functionalization requires the grafting of uniform polymer 

chains on membrane surface, followed by the attachment of SPNs to the polymer chain ends. The 

grafting of polymer chains consists of initiator immobilization onto the membrane surface 
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followed by atom transfer radical polymerization (ATRP) to grow polymer chains. ATRP is a 

well-controlled polymerization reaction with polymer molecular weight increases linearly with 

the reaction time and results in a low polydispersity.7 In order to attach the nanoparticles to the 

polymer chain ends, a Gabriel synthesis step was used to convert the bromide group at the chain 

end to an amine group. The last step involves the conjugation of amine group with a carboxylic 

acid group on the nanoparticle. The grafting degree of the functionalized membrane is calculated 

using Equation 2.2.8 

oM M
GD

S


      (2.2) 

where 

GD is the grafting degree in μg/cm2; 

M and Mo are the weight of the membrane after and before ATRP reaction and S is the 

membrane surface area. 

 

2.2.3 Membrane Surface Characterization 

Contact angle, ATR-FTIR and XPS measurements were conducted to the NF270 base 

membranes and the functionalized membranes with a range of grafting degrees. FESEM (Field 

Emission Scanning Electron Microscopy) and AFM (Atomic Force Microscopy) were also 

performed to confirm the successful functionalization and nanoparticle conjugation.9, 10 

Contact Angle 

DI water contact angles were measured for the base NF270 membrane, and functionalized 

membranes with varying chain length and chain density. The water contact angle provides 

information on the relative hydrophilicity and roughness of the membrane surface.11, 12 The 

measurements were carried out using OCA 15EC from Future Digital Scientific Corporation 
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(Garden City, NY).  

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

ATR-FTIR measurements were conducted for the base and functionalized NF270 membranes 

under various grafting conditions. The spectra contains chemical information of the membrane.11 

Spectroscopic measurements were measured using SHIMADZU spectrophotometer. 

X-ray Photoelectron Spectroscopy (XPS) 

XPS provides elemental and chemical information of membranes during various modification 

steps. In particular, the appearance of the Fe peak is a clear indication of successful nanoparticle 

conjugation.5, 6  

XPS spectroscopy was obtained with Physical Electronics (PHI) Versaprobe XPS workstation 

(Chanhassen, MN).  

FESEM (Field Emission Scanning Electron Microscopy) 

FESEM images the membrane surface at the micro-scale.5, 6, 10, 13 FESEM used for this study was 

a FEI/Philips Sirion 12 Field Emission SEM (Hillsboro, OR, USA). Membrane samples were 

coated by a 10 nm gold layer before analysis. 

Atomic Force Microscopy (AFM) 

AFM is an alternative to FESEM in obtaining micro- or even nanoscale images of the membrane 

surfaces.10 Unlike other micro-scale imaging methods, AFM can be conducted in-situ. Moreover, 

AFM can generally provide higher resolution compared to FESEM.9, 10, 14 BRUKER (Camarillo, 

CA) AFM was used for this study.  

2.2.4 Membrane Performance Tests 

In order to investigate the effects of micro-mixing on concentration polarization of salt 

solution during NF processes, transport properties of salt solutions with varying concentration 
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and salt type were systematically investigated. Similar to our previous work,5, 6 membrane 

performance tests including flux and salt rejection measurements were conducted. This was done 

in a dead-end operation mode with a 50 mL Amicon 8050 membrane cell purchased from 

Millipore (Billerica, MA). In order to compare the effects of membrane functionalization in the 

presence and absence of an external field, the filtration experiments were conducted without 

stirring. Salt rejections were determined using a conductivity meter.5 The detailed procedures for 

membrane flux and salt rejection tests were described in Appendix A2 and Appendix A3, 

respectively. The information on pre-conditioning the base and functionalized NF270 membranes 

before filtration experiments is included in Appendix A4. Information about the solenoids and 

the external magnetic field is described in Appendix A5. 

 

2.3 Results and Discussion 

2.3.1 Grafting Degrees 

ATRP is a controlled polymerization process with polymer chain length growing almost 

proportionally to the reaction time and low poly-dispersity. The grafted polymer chain density 

can be controlled by varying initiator anchoring time and/or initiator concentration. According to 

prior work by Yang et al.,5 the grafting degree with 6 h of initiator anchoring time is almost twice 

as that of 2 h initiator anchoring time for samples with 4 hours of ATRP. The same procedure and 

reaction condition as those in earlier studies were adopted.7 

Figure 2.2 shows the grafting degree versus reaction time for high density (HD) and low 

density (LD) polymer chains. As mentioned before, grafting degree is generally found to be 

linearly depending on ATRP time. Earlier studies show that membrane samples with 1 to 4 h 

ATRP time generate pronounced micro-mixing effects.8, 15 As a result, membranes with 1-4 hours 
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of ATRP times with 2 and 6 hours of initiator anchoring times were investigated.  

As shown in Figure 2.2, grafting degrees at both high and low chain densities are linearly 

dependent on the ATRP reaction time. The grafting degree increases faster for the HD polymer 

chains than for the LD chains. Membrane samples are designated with either HD or LD and the 

ATRP reaction time. For example, LD1h represents membrane sample grafted with low density 

poly (HEMA) with 1 hour of ATRP reaction time.  

 
Figure 2.2 Grafting degrees as a function of ATRP time for low (LD) and high (HD) polymer 

chain densities with 2 or 6 hours of initiator immobilization time. 
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2.3.2 Contact Angle Measurement 

 
Figure 2.3 Contact angles for the base and functionalized membranes at various conditions. The 

estimated errors are based on three different measurements at three different locations for each 

membrane sample. The blank sample is the base NF270 membrane. 

 

DI water contact angle measurements plotted in Figure 2.3 reveal the relative 

hydrophilicity of the membrane surfaces after nanoparticle conjugation, and with different ATRP 

modification conditions.12 Before measurement, the base membrane was immersed in DI water 

for 24 hours and subsequently vacuum-dried overnight.  

The contact angle increased after poly (HEMA) chains grafting on membrane surface 

followed by SPN conjugation to the polymer chain ends. Largely due to the increased polymer 

coverage, contact angle increases with increases in polymer chain length for both the HD and LD 

grafting. For the same ATRP time thus possibly similar polymer chain length, membranes with 

higher density polymer chains show slightly larger contact angle.12 This is due to the higher 

polymer coverage for the high density grafting. In addition, for the membranes grafted with high 

density polymer chains, the density of nanoparticles should be relatively higher compared to the 

membranes grafted with low density polymer chains even though not all polymer chain ends are 
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attached by a superparamagnetic nanoparticle. As the nanoparticles are more hydrophobic than 

the polyamide barrier layer and the poly (HEMA) gel layer, it is expected that DI water contact 

angle is higher for samples with the same ATRP reaction time but increased chain density. 

 

2.3.3 ATR-FTIR Spectroscopy  

The ATR-FTIR spectroscopy of the base and functionalized NF270 membranes with the 

lowest and highest grafting degrees for both the low and high polymer chain density is shown in 

Figure 2.4.  

 
Figure 2.4 ATR-FTIR of the NF270 membrane substrates grafted with poly (HEMA) at various 

polymer chain density and chain length after nanoparticle conjugation. The blank sample is the 

base NF270 membrane. 

 

As shown in Figure 2.4, the 3450~3300 cm-1 region in ATR-FTIR spectroscopy is due to 

O-H stretching. The peak increases after functionalization particularly for the HD1h modification 

condition due to the increased number of -COOH groups on the membranes conjugated with 

nanoparticles functionalized with carboxylic acid groups. 

The peaks at 3350~3250 cm-1 region are due to N-H stretching from the primary and 
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secondary amines. The peaks increase for the HD1h modification condition after 

functionalization, indicating increased number of the N-H bonds in the surface region. Other 

modification conditions appear to have reduced intensities in this region. 

The peaks around 1650~1580 cm-1 are due to N-H bending from primary amine. The 

peaks in this region are observed to increase after surface functionalization for HD1h. All three 

regions at 1650~1580 cm-1, 3350~3250 cm-1 and 3450~3300 cm-1 show increased intensity for 

the HD1h sample. This is due to the fact that HD1h functionalized membrane should have the 

largest density of the functional groups including –COOH, -NH and –NH2 groups. The HD4h 

membrane sample will have relatively lower numbers of these functional groups due to radical 

terminations as well as buried polymer chain ends within longer chains. 

The peaks just above 3000 cm-1 come from C=C or benzene. These peaks come from the 

polyamide barrier layer of the NF270 base membranes. After functionalization, the peaks are 

somewhat reduced, indicating the effects of surface modification. 

The peaks located at 1760~1700 cm-1 region come from the C=O group of the ester bond. 

The peak appears after functionalization with poly (HEMA) grafting and the subsequent 

nanoparticle conjugation.5, 6, 11, 12 
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2.3.4 XPS Spectroscopy of Nanoparticle Conjugated Membranes 

 
Figure 2.5 XPS spectroscopy in the Fe region for the nanoparticle functionalized NF270 

membrane. 

 

XPS spectroscopy of the functionalized membrane samples in Fe region is shown in 

Figure 2.5. The two peaks located at around 708 and 723 eV belong to Fe 2p3/2 and Fe 2p1/2 in 

the Fe3O4.
16 According to earlier studies, the binding energies of Fe 2p3/2 and Fe 2p1/2 for Fe in 

Fe3O4 should be located at 710 and 725 eV, respectively.17 The 2 eV decrease of the binding 

energy for both peaks are possibly due to the charging effect. Moreover, the intensity of Fe 2p1/2 

peak is higher than the Fe 2p3/2 peak but narrower in width in agreement with previous results.17 

This indicates the successful attachment of Fe3O4 superparamagnetic nanoparticles onto the 

membrane surface.6  

2.3.5 AFM Imaging of Functionalized Membranes 

Figure 2.6 shows the AFM images of a functionalized polyamide membrane with high 

polymer chain density and 2 h of ATRP time. It is evident that the nanoparticles are successfully 

attached onto the membrane surface and are evenly distributed. It is clear that the diameters of all 
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the nanoparticles on the membrane surface are close to 25 nm, the same as the size provided by 

the supplier, Ocean Nanotech.9, 14 Moreover, these AFM images provide useful information on 

the relative density of the polymer chains grafted on the membrane substrate and show that 

membrane functionalization is successful. Most importantly, these AFM images show that no 

nanoparticle aggregation is present on the functionalized membranes and that they are attached at 

the polymer chain ends as no buried nanoparticles are seen. This is significant as nanoparticles 

are prone to aggregate which could prevent the movement of the particles in the presence of an 

external field. 
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(a) 500 nm scale. 

 

 

 
(b) 2 μm scale. 

Figure 2.6 AFM images of HD2h sample with conjugated nanoparticles at high (500 nm) and 

low (2 μm) resolutions. 
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2.3.6 Membrane Performances for the Functionalized Membranes 

According to the most recent literature on nanofiltration for water purification,18, 19 

monovalent and divalent salt ions have significantly different transport properties across the 

same NF membrane. We will investigate the transport properties of the commonly used model 

monovalent and divalent salts of NaCl and MgSO4. In addition, CaCl2, MgCl2 and trivalent 

Na3PO4 salt solutions were also investigated here in order to understand the effects of charge on 

the transport properties. The salt concentrations investigated start from 500 ppm to 1000, 2000, 

4000 and 6000 ppm.5, 6 All measurements were performed at room temperature and under 

constant pressure of 45 psig using an Amicon cell with 50 ml maximum volume. The permeate 

was accumulated, and weighted after every 3 minutes.  

The previous work5, 6 show that an oscillating magnetic field of 20 Hz demonstrated the 

best performance for NF270 membranes compared to other field conditions. Therefore, for all 

the results under external field listed in this dissertation, 20 Hz magnetic field was used 

throughout unless stated otherwise. The duration for all the performance measurements was kept 

at 33 minutes. The flux reported for performance improvement study is the average flux during 

the last 12 minutes of each 33-minute testing. This period was used since the flux tends to 

stabilize during this time period compared to the first 21 minutes. Also, in order to guarantee 

consistency, salt rejection was based on the conductivity of all the permeate collected at around 

2.6~3.0 g. Performances of base and functionalized NF270 membranes for 2000, 4000 and 6000 

ppm NaCl and MgSO4 salt solutions are given in Table 2.1 and Table 2.2, respectively. Table 2.1 

shows the flux and rejection data for functionalized LD1h and HD1h membranes at three NaCl 

concentrations. Table 2.2 shows the transport data for functionalized LD1h and LD4h 

membranes at three MgSO4 salt concentrations. 
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Table 2.2 Flux and rejection for filtration of NaCl solutions using LD1h and HD1h membranes 

with and without 20 Hz oscillating magnetic field. 

 Magnetic field Membrane  2000 ppm  4000 ppm  6000 ppm  

Flux 

L/(m
2

*h) 

Under 20 Hz magnetic field Base 21.7±0.2 19.7±0.2 18.0±0.4 

LD1h 13.8±0.1 13.6±0.1 13.4±0.1 

HD1h 11.6±0.1 11.4±0.2 11.2±0.2 

No magnetic field Base 21.4±0.2 19.3±0.1 17.8±0.2 

LD1h 12.7±0.1 12.4±0.1 12.1±0.2 

HD1h 10.4±0.1 10.1±0.2 9.8±0.2 

Rejection 

% 

Under 20 Hz magnetic field Base 4.7±0.1 3.6±0.1 2.8±0.2 

LD1h 12.2±0.1 10.7±0.1 8.6±0.2 

HD1h 21.2±0.2 18.8±0.3 16.1±0.2 

No magnetic field Base 4.6±0.1 3.5±0.1 2.8±0.1 

LD1h 10.8±0.2 9.1±0.2 7.2±0.1 

HD1h 17.8±0.1 15.7±0.2 13.1±0.1 
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Table 2.3 Flux and rejection for filtration of MgSO4 solutions using LD1h and LD4h membranes 

with and without 20 Hz oscillating magnetic field. 

 Magnetic 

field 

Membrane  2000 ppm  4000 ppm  6000 ppm  

Flux 

L/(m
2

*h) 

Under 20 Hz 

magnetic 

field 

Base 8.3±0.1 7.8±0.2 7.3±0.2 

LD1h 7.3±0.1 7.0±0.1 6.7±0.1 

LD4h 5.4±0.1 5.0±0.1 4.6±0.1 

No magnetic 

field 

Base 8.2±0.1 7.7±0.2 7.3±0.1 

LD1h 6.7±0.2 6.3±0.1 5.9±0.2 

LD4h 3.8±0.1 3.4±0.1 3.0±0.1 

Rejection 

% 

Under 20 Hz 

magnetic 

field 

Base 30.4±0.5 28.5±0.3 26.6±0.3 

LD1h 74.1±0.1 73.7±0.2 73.0±0.2 

LD4h 76.9±0.2 76.6±0.3 75.5±0.2 

No magnetic 

field 

Base 30.4±0.1 28.3±0.2 26.5±0.1 

LD1h 70.0±0.1 68.3±0.2 67.0±0.1 

LD4h 70.9±0.2 70.2±0.2 68.6±0.2 

 

Both Table 2.1 and 2.2 show that flux decreases after surface modification due to 

increased membrane resistance to the permeate flow after grafting poly (HEMA) layer. The 

rejection also improves after functionalization. The decreases in flux and the increases in 

rejection both depend on salt type and salt concentration as well as on the surface modification 

condition. For each functionalized membrane, presence of an external 20 Hz oscillating magnetic 

field affects the transport properties substantially. It can be seen that both flux and salt rejection 

increase in the presence of an external field compared to the data without field. In addition, flux 

and rejection improvements are salt type and salt rejection dependent. Meanwhile, the flux and 

rejection for the base membranes do not seem to be affected much by the external magnetic 

field.5, 6  
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For all the functionalized membranes, it seems that the improvement in flux and rejection 

increases with the increase of the feed concentration for both NaCl and MgSO4. At a higher bulk 

feed concentration, concentration polarization is severer due to the larger concentration gradient. 

The micro-mixing effect induced by the movement of the nanoparticle functionalized polymer 

chains in the presence of an oscillating field helps break down the concentration polarization. 

Thus the effects are more evident for higher concentration feed solutions. More quantitative 

analysis and detailed discussions on this topic will be presented in Chapter 3. 
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2.3.7 Flux Results for Functionalized Membranes with CaCl2 Feed Solutions  

 
Figure 2.7 The effect of magnetic field on flux for functionalized LD2h, LD4h, HD2h and HD4h 

membranes with 6000 ppm CaCl2 feed solutions. 

 

Figure 2.7 shows the flux measurement over time for functionalized LD2h, LD4h, HD2h 

and HD4h membranes using the 6000 ppm CaCl2 feed solution. The solid lines represent the 

fluxes in the presence of 20 Hz magnetic field. It can be seen that they remain more or less the 

same during the entire measurement. The dashed lines represent the fluxes without an external 

magnetic field. It can be seen that they decrease continuously during the entire testing period. 

Moreover, it appears that fluxes are higher in the presence of an external field than those without 

the field for the same functionalized membrane. Clearly, an external magnetic field reduces 
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concentration polarization thus improves the transport properties. In the absence of an external 

field, the fluxes decrease continuously over time due to the accumulation of rejected salt ions at 

the membrane-liquid boundary layer. However, when an oscillating magnetic field is exerted at 

the membrane-liquid intrface parallel to the membrane surface, the superparamagnetic 

nanoparticles attached to the chain ends experience an oscillating magnetic force proportional to 

the gradient of the external magnetic field and the magnetic moment of the superparamagnetic 

nanoparticle. The movement of the nanoparticles causes the polymer chains to move back and 

force at the same frequency as the external field. Movements of the polymer chains generate 

micro-mixing effect within the boundary layer, decreasing the concentration of rejected salt ions 

on membrane surface and reducing the salt concentration difference across the membrane. 

Therefore, for the same feed, flux is higher when the field is present. The micro-mixing effect 

due to the movement of the grafted polymer chains also improves rejection.  

To note, for all the results listed in this dissertation, “improvement” and “percentage 

improvement” concern flux and rejection for the same functionalized NF270 membrane with the 

same feed solution in the presence of an external field compared to those in the absence of the 

field. 

 

2.3.8 Flux and Rejection Improvements for LD Membranes with MgSO4 Feed Solutions  

Figures 2.8 and 2.9 show the flux and rejection percentage improvements for the LD1h, 

LD2h, LD3h and LD4h functionalized membranes with various concentrations of MgSO4 feed 

solutions. The corresponding grafting degrees for ATRP 1-4 hours are 35.8, 49.6, 60.6 and 74.8 

μg/cm2, respectively. It’s evident that percentage improvements of both flux and rejection tend to 

increase with the increases of grafting degree as well as feed salt concentration. Concentration 
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polarization is severer under higher feed solute concentrations due to a higher concentration 

gradient. In the presence of oscillating magnetic field, the micro-mixing generated by the 

movements of polymer chains on the functionalized NF membranes effectively breaks 

concentration polarization within the boundary layer thus improves the membrane’s flux and 

rejection. The effects therefore are stronger for the higher salt concentration feed solutions. 

Moreover, with the same polymer chain density, longer polymer chains tend to generate stronger 

micro-mixing in the presence of an external 20 Hz oscillating magnetic field. As a result, the 

effect of magnetic field on flux improvement increases with the increase of grafting degree. This 

is in agreement with the earlier results.5 

 
Figure 2.8 Percentage flux improvement for LD1h, Ld2h, Ld3h and LD4h membranes with 

different concentrations of MgSO4 feed solutions in the presence of a 20 Hz magnetic field, with 

G.D. representing the grafting degree. 
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Figure 2.9 Percentage salt rejection improvement for LD1h, LD2h, LD3h and LD4h membranes 

with various concentrations of MgSO4 feed solutions in the presence of 20 Hz magnetic field, 

with G.D. representing the grafting degree. 

  

0

5

10

15

500 ppm 1000 ppm 2000 ppm 4000 ppm 6000 ppm

R
ej

ec
ti

o
n

 Im
p

ro
ve

m
en

t 
(%

)

Concentration

G.D.=35.8

G.D.=49.6

G.D.=60.6

G.D.=74.8



42 
 

2.3.9 Performance of Functionalized LD and HD Membranes with CaCl2 Feed Solutions 

 
Figure 2.10 Flux improvement vs. ATRP time for functionalized LD and HD membranes with 

1000 ppm and 4000 ppm CaCl2 feed solutions. 
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Figure 2.11 Percentage improvements in rejections for functionalized HD and LD membranes 

with 1000 ppm and 4000 ppm CaCl2 feed solutions. 

 

Figures 2.10 and 2.11 show the percentage improvement in flux and rejection for CaCl2 

salt feed solutions at 1000 and 4000 ppm concentrations with HD and LD functionalized 

membranes at various chain lengths (ATRP time). These results are consistent with previous 

conclusions that increasing chain length or chain density would improve the percentage 

improvements of both flux and rejection of functionalized membranes.5 Moreover, the 

percentage improvement is more significant at higher feeding salt concentrations when 

concentration polarization is more severe.6, 20 

The differences in percentage improvement for different functionalized membranes in the 
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explained by the different micro-mixing effects under varied chain length and density. Generally, 

longer polymer chains and higher polymer chain density induces stronger micro-mixing effects 

leading to the more effective suppression of concentration polarization.  

However, further increase in polymer chain length or chain density may not improve the 

performance any longer. The increase in grafting degree might actually weaken the effect of 

magnetic field due to chain entanglement during chain movements.5 Moreover, longer polymer 

chains will encounter higher resistance during movement in the liquid solution. Higher polymer 

chain density would increase the chance of radical termination during the slow polymerization 

process.6, 7 In addition, higher polymer chain density would increase the chance of conjugating 

multiple polymer chains to the same nanoparticle, increasing the resistance of polymer 

movement. Due to the presence of a denser and thicker layer of poly (HEMA) on membrane 

surface, excessive increase in polymer chain length or density also increases membrane layer 

resistance to permeate flow. Therefore, the following discussion focuses on the performances of 

LD functionalized membranes. 

 

2.3.10 Performance of LD Functionalized NF270 Membranes 

Percentage improvements in flux and rejection for the functionalized LD membranes 

using feed solutions with different salts at 2000 ppm concentration are shown in Figure 2.12 and 

Figure 2.13, respectively. The feed salt solutions investigated include NaCl, CaCl2, MgCl2, 

MgSO4 and Na3PO4 involving salt ions with different valences.5, 6, 21  
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Figure 2.12 Percentage improvement in flux for various 2000 ppm feed solutions as a function 

of grafting degree in the presence of 20 Hz magnetic field, with G.D. representing the grafting 

degree. 
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Figure 2.13 Percentage improvement in salt rejection for 2000 ppm feed solutions in the 

presence of 20 Hz magnetic field, with G.D. representing the grafting degree. 
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polarization under the effect of micro-mixing only improves salt rejection slightly. The opposite 

is true for flux. For mono- or divalent salt solutions, the flux improvement is slight as flux is 

relatively high. However, for salt with cations and anions both being divalent ions or salt 

containing one trivalent ion, flux improvements are significant reaching over 60% for the 

trivalent Na3PO4. It is also clear that flux percentage improvement increases for the same salt 

feed solution as grafting degree increases, with the effect stronger for high valent salt solutions. 

On the other hand, the effects of grafting degree on salt rejection percentage improvement are 

very slight for the same feed salt solution.19, 20, 23 

As shown in Figure 2.12, DI water flux improvement within the magnetic field also 

increases with increasing grafting degree. This is due to the fact that grafted polymer chains with 

attached SPNs change their conformations under an external magnetic field. For NF membranes, 

surface modification mostly occurs on the membrane surface, leading to the decreased flux. The 

alignment and stretching of polymer chains by applying an external magnetic field leads to the 

reduced resistance for water permeation. Decreases in membrane layer resistance are more 

evident after the alignment and stretching of longer polymer chains on the membranes with 

higher grafting degree. 

 

2.4 Conclusions 

Our results show that polymer chains were successfully grafted on membrane surfaces 

with polymer grafting degree increasing linearly with ATRP time. Superparamagnetic 

nanoparticles were also successfully attached onto the ends of grafted poly (HEMA) polymer 

chains. Magnetically responsive functionalization of NF membrane is effective in breaking 

concentration polarization by generating micro-mixing effect within the membrane’s upstream 
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side concentration boundary layer. Micro-mixing increases both the flux and rejection therefore 

the overall performance of the NF membranes. Membrane performance improvement under an 

external magnetic field always increases with the increase of grafted polymer chain length or 

density. This is because with increases in either the chain density or chain length, a stronger 

micro-mixing effect would be generated within the boundary layer to more effectively minimize 

concentration polarization. Moreover, for the studied salt solutions with concentrations in the 

500-6000 ppm range, performance improvements always become more evident at higher salt 

concentration and after longer periods of performance testing.24 
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3. The Effect of Magnetic Field on Concentration Polarization and Transport Properties 

for the Magnetically Activated Nanofiltration Processes 

3.1 Introduction 

Nanofiltration (NF) is a widely adopted membrane-based water purification process 

that is driven by pressure difference across the membrane. NF is a relatively new water 

purification technology that is more economical than reverse osmosis (RO) and that achieves 

more complete water purification than ultrafiltration (UF). With both size and molecular weight 

cutoff between those of RO and UF, NF membranes are capable of achieving selective 

separation of different ions. Currently NF membranes are mainly used for the removal of small 

and low molecular weight organic molecules and di- or trivalent ions from water. The most 

common applications of NF membranes include softening or partial desalination of water, 

purification of groundwater by removal of pesticides or other organic pollutants.1, 2 Other 

industrial applications of NF processes include sugar concentration, organic solvent recovery 

and water reuse. 

Membrane fouling refers to the loss of productivity due to adsorption, precipitation or 

accumulation of the particulate or other organic or inorganic matter onto the membrane surface 

or into the pores of the membrane barrier layer. Membrane fouling leads to the loss of flux and 

rejection. Similar to RO and UF membranes, NF membranes also suffer from fouling after 

some periods of usage. Since NF membranes are non-porous and mainly used for the removal 

of ions and small molecules dissolved in water, the main cause of NF membrane fouling is 

concentration polarization. Concentration polarization refers to the reversible accumulation of 

the rejected species within the thin layer immediately above the upstream membrane surface, 
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forming a concentration boundary layer with a concentration gradient that increases towards 

the membrane surface. Flux decreases continuously due to increased osmotic pressure 

difference across the membrane when operated under constant pressure. The rejected species 

would precipitate and adsorb onto the membrane surface, leading to membrane fouling when 

the concentration immediately above the upstream membrane surface exceeds the solubility of 

the rejected species.3-5  

In recent years, there have been extensive investigations and publications on developing 

anti-fouling NF membranes. These methods often include chemical modification of membrane 

structure, or inducing turbulence in the membrane-liquid interface. Surface modification 

reduces the affinity of the foulant to the membrane surface whereas turbulence improves 

mixing of the solutes between the concentration polarization boundary layer and the bulk feed. 

However, chemical modification does not suppress concentration polarization since the 

rejected species still accumulate continuously at the boundary layer.3 Moreover, introducing 

stirring generally affects only the bulk feed above the concentration polarization layer. In order 

to mitigate concentration polarization and fouling for the NF membranes, magnetically 

responsive micro-mixing self-cleaning NF membranes have been developed in our group.6 The 

procedures for developing these magnetically activated membranes include grafting 

hydrophilic polymerized 2-hydroxyethyl methacrylate (poly (HEMA)) chains onto the 

upstream membrane surface followed by conjugating superparamagnetic nanoparticles (SPNs) 

to the ends of grafted polymer chains. Applying an external oscillating magnetic field exerts 

oscillating magnetic force to the SPNs, causing the polymer chains to move laterally and 

generating localized mixing at the membrane-liquid interface. Such micro-mixing effect 
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suppresses concentration polarization.7  

NF270 is one of the widely commercialized NF membranes in industry, and one of the 

most frequently used NF membranes for investigations. Similar to most polymeric NF 

membranes, NF270 is a thin film composite (TFC) membrane which consists of a polyamide 

barrier layer that selectively permits ions and molecules to cross the membrane, and two 

polysulfone mechanical support layers beneath the barrier layer.8 Chapter 2 investigates the 

flux and rejection improvement in the presence of an oscillating magnetic field for the 

functionalized NF270 membranes with varying polymer chain length and chain density using 

different concentrations of mono-, di- and trivalent feed salt solutions. The filtration 

experiments were conducted under a constant operation pressure of 45 psig and in the presence 

or absence of a 20 Hz magnetic field. All filtrations were performed in a dead-end mode 

without stirring. Compared to tangential flow filtration, dead end filtration is easier to operate 

and requires less operation volume. In order to investigate the effects of an external magnetic 

field on concentration polarization, all the tests were done without stirring.7 From the results 

in Chapter 2, membrane performances and their percentage improvements in the presence of 

an oscillating 20 Hz magnetic field demonstrate systematic trends for functionalized 

membranes with varying polymer chain length and chain density for the same feed salt solution, 

as well as for a specific modification condition with feed solutions of different salt ions at 

various concentrations.  

Built upon earlier works from our group,6, 7, 9 the objective of this part of the dissertation 

is to quantify and understand solvent and solute transport across these magnetically activated 

NF membranes. Modeling the transport of solvent and solute through these functionalized 
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membranes will enable us to better understand these transport processes occurring within the 

membrane barrier layers as well as within the concentration boundary layer above the 

membrane surface. Developing quantitative models will be helpful to predict the membrane 

performances under various operation conditions. For quantitative description of the NF 

processes, several models have already been developed and are found to agree well with 

experimental outcomes.10 In recent years, many researchers have adopted these models to 

predict the physical and chemical properties of NF membranes, and to optimize the membrane 

separation processes. By adjusting the physical parameters in these models, membrane 

performance can be determined. Some other researchers also relied on these models to 

theoretically investigate separation and transport processes based on their experimental 

outcomes.11, 12 In this work, several commonly used mathematical models for NF and RO 

processes are adopted to correlate the parameters based on the experimentally measured 

membrane performances. This could help us obtain more insights into the effects of an 

oscillating magnetic field on the performances of both the base and functionalized NF270 

membranes with different polymer chain length and chain density when tested with different 

feed salt solutions.13  

Two different transport mechanisms coexist within the NF membranes. They are the 

convective transport as in the porous UF membranes and the diffusive transport as in the non-

porous RO membranes. In the solution diffusion imperfection model (SDIM),14 one assumes 

that the transport through NF membrane occurs both convectively through the pores and 

diffusively through the membrane layer outside the pores. There are only detailed theoretical 

descriptions of this model in the literature since the values of most coefficients are still 
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unattainable using current experimental methods.11, 14 Therefore, direct fitting of SDIM 

equation using the experimentally measured fluxes and rejections is not possible at this time.  

The dynamical characteristics of the ions in solutions are described by the Stokes 

Einstein (S-E) Equation. Since anions and cations need to move together to maintain charge 

neutrality, the S-E Equation should be used to correlate the dynamical properties of the salt as 

a whole with those of its ions. The Hagen-Poiseuille model (HPM) was originally used to 

describe the UF processes assuming uniform pore diameter. The non-porous NF membranes 

are generally considered tight UF membranes with large free volumes in the barrier layer, 

especially for the loose thin film composite NF270 membranes.8 Therefore, researchers 

frequently made use of the HPM to get information about the physical properties of the NF 

membrane’s barrier layer.15, 16 Based on the dynamical properties of the salt and the physical 

properties of the membrane, the retention coefficient of a certain membrane to a certain salt 

could be calculated by an appropriate steric hindrance model.16, 17  

The Spiegler-Kedem Katchalsky model (SKKM) has been widely used to describe 

solute and solvent transport across NF membranes. By considering the membrane as a ‘black 

box’, this irreversible thermodynamic model was developed without knowledge of the exact 

mechanisms of solute and solvent transport across the membrane that are based on the complex 

morphological details of the membrane layer.18-23 Moreover, the SKKM assumes the transport 

of solvent and the transport of solute are not coupled with each other. Along with the SKKM, 

more recently, researchers frequently adopted the Extended Nernst-Planck equation (ENP) to 

theoretically describe ion and molecule transport within NF membrane layers. Based on the 

ENP, transport of ions across the layers of NF membranes is composed of convection, diffusion 
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and electromigration.19, 22-25 It’s worthwhile to integrate SKKM and ENP to model the NF 

processes. However, both SKKM and ENP do not contain any coefficient that could reflect 

transport within the concentration polarization layer, and researchers making use of ENP 

always assume complete elimination of concentration polarization under fast stirring or high 

enough tangential flow rate.18  

The main goal of this research is to investigate concentration polarization under various 

membrane functionalization and feed conditions. Based on the theoretical work by Zydney in 

1997,26 the film theory model (FTM) has been commonly used to quantify concentration 

polarization and describe transport within the concentration polarization layer during NF and 

RO processes.24, 26-29 Since the presence of concentration polarization significantly affects the 

transport of solvent and solute, FTM was used in combination with several other models to 

describe salt transport across the NF membranes taking into account concentration 

polarization.24, 28, 29 Nagy et al. developed a predictive model by considering the coupled effects 

of concentration polarization and transport via the membrane layer. The predicted results are 

almost the same as those observed experimentally.30 More recently, Fang et al. also showed 

improved modeling results for NF membrane performance by combining ENP and FTM 

models.23 Therefore, integration of FTM with SKKM and ENP models has been adopted in the 

current work.24, 28, 31, 32 

Most previous studies used cross flow to model the NF processes. The experimentally 

observed flux and retention were correlated with the physical properties of the membrane layer 

and the dynamical properties of solutes. These models have been applied to quantify the solvent 

and solute transport across the NF membranes.24, 28, 29 Hence these models could also be used 
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for analyzing concentration polarization and cross-membrane transport for the dead end 

filtration mode in this work. The cross membrane pressure was kept at constant 45 psig 

throughout the investigation. Based on the correlation between the experimentally observed 

fluxes and rejections, concentration polarization could be quantified. Moreover, mass transfer 

coefficients and other transport parameters could also be obtained. Most importantly, through 

the analysis of concentration polarization and salt transport in the presence or absence of a 

magnetic field for the same feed salt and concentration, the effect of oscillating magnetic field 

on concentration polarization and ion transport properties could be better quantified and 

understood.28, 29 

Based on the flux and salt rejection of the functionalized membranes in the presence 

and absence of oscillating magnetic field as shown in the previous chapter, it is evident that 

increasing polymer chain length or chain density would produce more effective micro-mixing 

effect at the membrane-solution boundary layer. However, it also leads to a greater sacrifice of 

permeate flux. In addition, further increase in polymer grafting degree could cause one 

nanoparticle conjugating to multiple polymer chains and chain entanglements resulting in 

substantial reduction in polymer chain mobility. The results shown in Chapter 2 demonstrate 

that flux and rejection exhibit systematic trends with regard to polymer chain length for the LD 

functionalized membranes. The longer the grafted polymer chain length is, the lower the flux 

becomes and the higher the rejection is. The improvement in flux and rejection in the presence 

of an external oscillating field also demonstrates systematic trends. The longer the polymer 

chain, the higher the improvement in both flux and rejection due to the more effective micro-

mixing effects produced by the longer polymer chains. Moreover, the improvement in the 
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transport properties in the presence of a magnetic field is also shown to be dependent on the 

feed solution type and concentration. The higher the feed concentration is, the more effective 

the polymer chain is in breaking down concentration polarization to lead to better performance 

improvements for both flux and rejection. The lower valence salt ions show better improvement 

in rejection whereas higher valence ions show larger improvement in flux in the presence of an 

oscillating field. In order to quantitatively investigate the effects of micro-mixers on 

concentration polarization using the integrated FTM, SKKM and ENP models, transport 

properties of LD1h, LD2h, LD3h and LD4h functionalized membranes were used. The feed 

solutions investigated include 2000, 4000 and 6000 ppm NaCl, CaCl2 and MgSO4 salt solutions. 

The improvement in both flux and rejection was correlated with the concentration polarization 

in the presence and absence of 20 Hz magnetic field. The results from the base NF270 

membranes with the corresponding feed salt solutions were also investigated and modeled for 

comparisons. 
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Nomenclature 

Ak: effective porosity of the NF membrane 

Cb: bulk feed solute concentration, mol L-1 

Cm: maximum concentration of solute at membrane surface, mol L-1 

Cm/Cb: concentration polarization modulus  

(Cm-Cb)/δ: average concentration gradient within the concentration polarization layer, mol L-1 

m-1 

Cp: solute concentration in the permeate, mol L-1 

ci: concentration of ion i in the ENP, mol L-1 or kmol m-3 

Di,b: bulk diffusivity coefficient of species i, m2 s-1 

Di,p: pore diffusion coefficient of species i, m2 s-1 

F: Faraday constant, equals to 96487 C mol-1 

Jv: volumetric flux of solvent across the membrane, m s-1  

Js: overall salt transport rate across the membrane layer, mol m-2 s-1 

ji: ionic flux of ion i based on pore area in the ENP, mol m-2 s-1 

KH,c: hindrance factor for the convection in the ENP, dimensionless,  

KH,c=(1+2ℷ-ℷ2)(1+0.054ℷ-0.988ℷ2+0.44ℷ3) for 0<ℷ<0.8 and  

KH,c=(1+2ℷ-ℷ2)(-6.830+19.348ℷ-12.518ℷ2) for 0.8<ℷ<1 

KH,d: hindrance factor for diffusion, dimensionless, KH,d=1-2.3ℷ+1.154ℷ2+0.224ℷ3 for 0<ℷ<0.8 

and KH,d=-0.105+0.318ℷ-0.213ℷ2 

k: mass transfer coefficient of solute within the concentration boundary layer, m s-1 

kB: Boltzmann constant, equals to 1.381e-23 J K-1 

km: membrane diffusive mass transfer coefficient, m s-1 
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Lp: hydraulic permeability, equals to pure water permeability, m3 N-1 s-1 

l: effective membrane thickness, can be considered equal to the effective thickness of NF270’s 

polyamide functional layer, m  

n: Van Hoff coefficient, which is the number of individual particles that a compound generates 

after dissolving in water, such that it’s 3 for MgCl2, 4 for Na3PO4, 2 for NaCl and 1 for glucose 

np: average number of pores per m2 of membrane surface  

∆P: pressure of operation, equals to the pressure exerted by the pressurized gas cylinder or the 

pump, N m-2 

∆Pe: effective operation pressure, N m-2  

Pel: Peclet number within the concentration boundary layer, dimensionless 

Pem: Peclet number within the NF membrane’s barrier layer, dimensionless 

R: intrinsic rejection, R=1-Cp/Cm 

Rg: universal gas constant, Rg=8314.46 L Pa K-1 mol-1 or 8.314 m3 Pa K-1 mol-1 

Ro: observed rejection, and Ro=1-Cp/Cb 

ri: Stokes Einstein radius of the ions and salts, m 

rm,p: effective pore radius, m  

T: absolute temperature, K 

x: axial position within the pore, m 

zi: valence of ion i 
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Greek letters 

Ψ: potential within the pore used in the ENP, V 

μ: water viscosity within the pore, N s m-2 

μo: bulk viscosity of water, equals to 8.91E-4 N s m-2 under T=298.15 K, and μ/μo=1+18d/rm,p-

9(d/rm,p)
2,30 where d=0.28 nm for water 

δ: concentration polarization boundary layer thickness, m 

β: concentration polarization factor, β=(Cm-Cp)/(Cb-Cp), dimensionless 

ℷ: ratio of the Stokes Einstein radius of salt i (ri) to the effective pore size within NF membrane 

layer (rm,p) 

σ: Staverman reflection coefficient, ranged between 0 and 1, dimensionless   

πi: osmotic pressure of salt i, kPa or kN m-2 

∆π: osmotic pressure difference across the membrane, N m-2 

∆πeff: effective osmotic pressure difference across the membrane, ∆πeff =φ·∆π, N m-2 

σ·∆π: defined as the critical pressure that the trans-membrane pressure difference has to 

overcome to get permeate flux, N m-2 

φ: osmotic coefficient, dimensionless 
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3.2 Review of Theoretical Models 

In this section, the theories and analytical methods to correlate experimentally observed 

fluxes and rejections are discussed. Several commonly used mathematical models used in 

literature to analyze concentration polarization and ion transport under different conditions are 

reviewed. They were subsequently applied to evaluate the effects of membrane 

functionalization and external oscillating magnetic field on the transport properties.31 

3.2.1 Spiegler-Kedem Katchalsky Model (SKKM) 

The SKKM is a widely used irreversible thermodynamics model for solvent transport 

across NF membranes.33 The SKKM was originally used for evaluating RO processes based 

on non-equilibrium thermodynamics equations. By considering both NF and RO membrane 

layers as a “black box”, SKKM allows to model the transport properties without the detailed 

knowledge of the structural properties and transport mechanisms inside the membrane layer.18-

23, 33 The SKKM model for NF processes is based on the Hagen-Poiseuille model (HPM).19, 30, 

34 HPM and SKKM are based on the correlation of permeate flux (Jv), effective operation 

pressure (∆Pe) and the membrane’s hydraulic permeability Lp described by Equation 3.1.12, 16 

Jv= Lp∆Pe    (3.1) 

The HPM was originally used for hindered transport across porous UF or MF membranes. The 

strict application of HPM requires uniform pore size. However, HPM has been used widely for 

UF and MF processes. Based on the assumption of a homogeneous NF membrane layer full of 

theoretically long and narrow cylindrical pores,35 the HPM has been frequently used for NF 

processes. The HPM is given by Equation 3.2.10, 19, 34, 36-38 

𝐽𝑣 =
𝐴𝑘𝑟𝑚,𝑝

2

8𝜇

∆𝑃𝑒

𝑙
= 𝐿𝑝∆𝑃𝑒    (3.2) 
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where Ak is the NF membrane’s effective porosity and is equal to 𝐴𝑘 = 𝜋𝑛𝑝𝑟𝑚,𝑝
2  

Assuming a homogeneous membrane layer, np is the number of theoretical pores within each 

unit area of membrane surface. The effective radius of the theoretical pore across the membrane 

layer is rm,p.  

The µ in Equation 3.2 is the solution viscosity within the theoretical NF membrane 

pores. The water viscosity within the confined pores of NF membranes is enhanced due to the 

restricted structural orientation of water molecules close to the pore wall. According to Bowen 

and Julian,10 Nagy et al.30 and Bandini and Vezzani:39 

𝜇

𝜇𝑜
= 1 + 18

𝑑

𝑟𝑚,𝑝
− 9(

𝑑

𝑟𝑚,𝑝
)

2

 

Where µo is the bulk water viscosity outside the membrane layer, rm,p is the effective pore size 

and d=0.28 nm for water. 

The SKKM is given by Equation 3.3.18-23, 34, 38, 40 

( )v p eff p eJ L P L P           (3.3) 

Osmotic pressure calculation on each side of the membrane was primarily based on the Van’t 

Hoff equation incorporating osmotic coefficient φ:38, 41-43 

πi=nφciRgT     (3.4) 

The value of osmotic coefficient is solute and concentration dependent. However, based on the 

osmotic coefficient data in the literature and the observed Cb and Cp and the estimated Cm 

values, the osmotic pressure coefficient on the permeate side is extremely close to that on the 

feed side during each of our filtration test.41-44 Hence the effective osmotic pressure difference 

across the membrane can be calculated with Equation 3.5. 

∆πeff=nφRgT(Cm-Cp)=φ∆π    (3.5)  
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where 

∆π: osmotic pressure difference, N m-2; 

Cm: salt concentration immediately above the upstream membrane surface, mol l-1;  

Cp: permeate solute concentration, mol L-1 and  

Cp=Cb(1-Ro)     (3.6) 

where Cb is salt concentration in the bulk feed, Ro is the experimentally observed salt rejection. 

The value of osmotic coefficient φ in this work equals the average of those under the 

concentrations of Cp and Cb. Based on the effective osmotic pressure difference at constant 

T=298.15 K, Cm can be calculated by Equation 3.7. 

(1 )
eff eff

m p b o

g g

C C C R
n R T n R T

 

 

 
         (3.7)  

Based on the value of Cm, the intrinsic rejection can be obtained with Equation 3.8.  

R=1-Cp/Cm     (3.8) 

The Staverman reflection coefficient σ is a parameter that directly indicates the 

selectivity of a certain membrane towards a certain ion or molecule. The value of σ ranges from 

0 to 1. For a membrane completely rejects solute species, σ=1. For a membrane that allows 

solute species to go through completely, σ=0.37, 45 According to Kelewou et al.12 and Sherma 

and Chellam,25 the intrinsic rejection of a salt by a NF membrane approaches σ under a large 

value of Jv. Since the membranes were defined as a selective barrier, membrane separation 

relies on the different reflection coefficients of different species in the feed stream. Similar to 

the original consideration of membranes as sieves, the reflection coefficient was originally 

based on steric hindrance of the membrane. However, besides steric hindrance, transport of 

salts across charged polyamide TFC NF membranes is affected by membrane surface charge 
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and charge distribution in the membranes.46 Earlier studies showed that surface charge for poly 

(HEMA) functionalized NF270 membranes is negligible.47 Moreover, strong charge screening 

effects arising from concentration polarization leading to the relatively high salt concentration 

concentration at the membrane-liquid interface weakens the electrostatic interaction between 

the salt ions and membrane surface charge.28, 48 Hence we neglect the surface charges for both 

the functionalized and base NF270 membranes here. 

Often considered as loose RO or dense UF membranes, NF membranes possess large 

percentage of free volumes in the barrier layer. The uniform pore sizes in NF membranes 

considered here are more hypothetical.49 Cylindrical pores across the membrane barrier layer 

are assumed during the quantitative description of NF processes here.21, 50 The reflection 

coefficients of each salt to both the base and functionalized NF270 membranes are calculated 

with the steric hindrance pore (SHP) model described by Equation 3.9.38, 39 

          𝜎=1-(1-λ)2(1+2λ-λ2)(1+0.054λ-0.988 λ2+0.441λ3) for 0<λ<0.8 

𝜎=1-(1-λ)2(1+2λ-λ2)(-6.830+19.348λ-12.518λ2) for 0.8<λ<1     (3.9) 

ri is the ion’s Stokes-Einstein (S-E) radii determined by the Stokes Einstein equation given by 

Equation 3.10.51 

,
6

B
i b

i

k T
D

r
     (3.10)  

For the low salt concentrations investigated here, there is no study on effects of magnetic field 

to the viscosity of water or S-E radii. As a result, we assume ion’s diffusivity is unaffected by 

an external magnetic field.52 At the same time, diffusivity coefficient of the salt (Di,b) molecule 

as a whole can be calculated by correlating those of the cation and anion using Equation 3.11.51, 

53 
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1 2 1 2

,

1 1 2 2

( )
i b

z z D D
D

z D z D





     (3.11)  

where 

Di,b: bulk diffusivity of the salt, m2 s-1; 

zi: valence of the ions, dimensionless; 

Di: bulk diffusivity of the ions, m2 s-1; 

The suffixes 1 and 2 represent the cation and anion, respectively. 

According to Equation 3.10, ,

1
i b

i

D
r

  at constant temperature, pressure and solvent 

viscosity. 

The Stokes, Born and Pauling radii have all been used during the modeling of ion 

transport across NF membranes.54, 55 However, only the Stokes radius correlates with the 

dynamic ionic transport across the NF membranes. Combining Equations 3.10 and 3.11, the S-

E radius of a salt r12 can be obtained by correlating those of the cation and anion:  

1 2 1 2 1 1 2 2 1 2 2 1

12

12 1 1 2 2 1 2 1 2 1 2

( ) / / /1

/ / ( ) /

z z r r z r z r z r z r
r

r z r z r z z r r z z

  
   

  
   (3.12) 

Based on the ratio of the salt’s S-E radius to the membrane’s effective pore radius, the 

reflection coefficient is determined using the SHP model given by Equation 3.9. However, 

Equation 3.9 is only applicable for the salt species with S-E radii smaller than the effective 

membrane pore radius. 

3.2.2 Film Theory Model (FTM) for Quantifying Concentration Polarization 

During nanofiltration, water molecules could go through the membrane but salt ions 

are partially rejected. The rejected salt ions accumulate at the membrane boundary layer 

forming a concentration gradient from the bulk to the upstream membrane surface, as shown 
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in Figure 3.1.3 The FTM to quantify concentration polarization is given by Equation 3.13.24, 29 

l



Jv

Cp

Cb

feed permeate

membraneconcentration
boundary layer

Cm

 

Figure 3.1 Concentration profile within the concentration polarization layer.26 
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b p i b

C C J J

C C D k


 


     (3.13)  

In Equation 3.13, k is the solute mass transfer coefficient within the concentration 

boundary layer, δ is the concentration boundary layer thickness and k=Di,b/δ. During 

concentration polarization, accumulation of rejected ions tends to increase the thickness of 

concentration boundary layer, while rejected ions with higher bulk diffusivity are easier to 

diffuse back into the bulk feed from the membrane surface. Therefore, for the same salt, k is 

proportional to the bulk diffusivity of salt and inversely proportional to the thickness of 

concentration boundary layer.24 The order of magnitude for k is generally the same as Jv.
23 

While the value of k indicates the intensity of mixing above the membrane surface,56 k is also 

affected by cross-membrane solute transport. 

Based on the film theory, the concentration polarization modulus Cm/Cb and the 

concentration polarization factor β=(Cm-Cp)/(Cb-Cp) have been widely used for quantifying 
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concentration polarization in recent literature on RO, NF and UF processes.4, 5, 26 They were 

also used here to investigate the effects of membrane functionalization and micro-mixing on 

concentration polarization. Since the objective is to quantitatively investigate concentration 

polarization and salt transport under various conditions, FTM together with other models are 

used to quantify concentration polarization during the non-stirred dead end NF processes 

here.24, 27-29 

3.2.3 Extended Nernst-Planck Equation (ENP) 

The Extended Nernst-Plank Equation (ENP) has been widely used to 

phenomenologically describe ion transport within the layer of NF membranes. ENP is given 

by Equation 3.14: 19, 39, 57-59 

𝑗𝑖 = −𝐷𝑖,𝑝
𝑑𝑐𝑖

𝑑𝑥
−

𝑧𝑖𝑐𝑖𝐷𝑖,𝑝

𝑅𝑔𝑇
𝐹

𝑑Ѱ

𝑑𝑥
+ (1 − 𝜎)𝑐𝑖𝐽𝑣     (3.14) 

ENP is one of the most widely used mechanistic models for predicting and describing 

NF performances.19, 22-25 ENP takes into account particle size and membrane structure to 

describe the transport of particles across the membranes.25 Equation 3.14 is generally 

applicable only for the low-pressure NF processes.10, 34, 60 Equation 3.14 assumes the theoretical 

pore size in NF membrane is significantly smaller than the membrane barrier layer thickness. 

ENP assumes ideal solution both in the bulk feed and in the membrane pores within a 

homogeneous NF membrane barrier layer. In addition, ENP assumes all of the ions within the 

membrane layer are mobile, with Jv defined by the Hagen-Poiseuille model and 𝜎 determined 

by the ratio of rs to rm,p. Therefore, ion transport across the NF membrane layer consists of 

diffusion due to concentration gradient, electromigration due to the presence of an 
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electromagnetic gradient and convective flow due to pressure difference across the 

membrane.19, 22-25, 38, 58, 61 

However, the ENP described in Equation 3.21 does not necessarily follow charge 

neutrality principle in the feed and permeate. According to earlier work, the surface charge of 

functionalized membranes covered by poly (HEMA) is negligible around a neutral pH.47 The 

surface charge for the base NF270 membrane is also insignificant due to the screening effects 

caused by concentration polarization.28 Therefore, the following charge neutrality conditions 

should be taken into account: 

0i i

i

z c   and 0i i

i

z j   

Reducing the ENP to Equation 3.15, which is also called the Kedem-Speigler equation, by 

neglecting the electromigration effect.24, 25, 28, 39, 57 

, (1 )i
i i p i i v

dc
j D c J

dx
         (3.15) 

3.2.4 Integrated Model of SKKM, FTM and ENP (ISFE) 

As described earlier, ENP only considers ion transport within the membrane barrier 

layer in the absence of concentration polarization. SKKM treats the membrane barrier layer as 

a “black box”. Therefore, the integration of all three SKKM, ENP and FTM models (ISFE) will 

be more suitable to quantitatively describe salt ions and water transport during NF processes 

in the presence of concentration polarization.62 According to Lee et al.18 and Chaabane et al.28, 

integrated Equation 3.16 has been frequently used to improve the accuracy of NF modeling. 

By coupling the concentration boundary layer and the NF membrane’s barrier layer using ISFE, 

Chaabane et al.28 and Murthy et al.31, 32 have obtained solute mass transfer coefficients 
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considerably close to experimentally observed.24, 28  

𝑅𝑜

1−𝑅𝑜
= (

𝜎

1−𝜎
) [1 − exp(−𝑃𝑒𝑚)] ∙ 𝑒𝑥𝑝 (−

𝐽𝑣𝛿

𝐷𝑖,𝑏
)      (3.16) 

where the concentration boundary layer thickness δ equals to: 

𝛿 = −
𝐷𝑖,𝑏

𝐽𝑣
∙ 𝑙𝑛 [

𝑅𝑜
1−𝑅𝑜

∙
1−𝜎

𝜎

1−𝑒𝑥𝑝(−𝑃𝑒𝑚)
]      (3.17) 

Although Equation 3.16 was originally used for uncharged solutes or membranes, other 

researchers have extended its application to salt ions63 transport through charged membranes.31, 

32, 64 Equation 3.16 does not require complex derivations and calculations in which many 

experimentally unavailable variables and coefficients are needed.32 Considering salt cation and 

anion as one particle to ensure charge neutrality, salt transport across the NF membranes is 

dominated by both diffusion and convection.27 Peclet number has been widely used to 

investigate transport during the NF processes.4, 18, 30 The Peclet number for the membrane (Pem) 

given by Equation 3.18 quantifies the ratio of convective to diffusive solute transport rates 

within the NF membrane barrier layer.4, 18 

𝑃𝑒𝑚 = 𝑙𝑛 [
𝜎(1−𝑅)

𝜎−𝑅
]     (3.18) 

The Peclet number for the solution (Pel) quantifies the ratio of convective to diffusive solute 

transport rates within the concentration boundary layer and is given by Equation 3.19. 

𝑃𝑒𝑙 = 𝐽𝑣/𝑘    (3.19) 

Solute transport in both the membrane layer and the concentration boundary layer are 

dominated by diffusive or convective transport depending whether the Peclet number is smaller 

or larger than 1, respectively.4, 18 

3.2.5 Quantification of Total Cross-Membrane Solute Transport  

Based on the work by Kedem and Spiegler,20 Kelewou et al.12, Lv et al.65 and Nagy et 
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al.30, total solute transport rate across the membrane layer in the presence of concentration 

polarization can be determined using the non-equilibrium thermodynamic Equation 3.20.12, 19, 

20, 30, 65, 66 

𝐽𝑠 = 𝑘𝑚(𝐶𝑚 − 𝐶𝑝) + (1 − 𝜎)𝐽𝑣
𝐶𝑚−𝐶𝑝

ln(
𝐶𝑚
𝐶𝑝

)
     (3.20) 

Solute transport across the NF membranes includes diffusive and convective transport 

terms.66 Convective transport is mainly influenced by the operation pressure and the 

hydrodynamic conditions.12 Diffusive transport is mainly affected by solute concentration 

difference across the membrane layer and the interaction between solute particles and 

membrane layer. According to Nagy et al., the value of membrane diffusive mass transport 

coefficient (km) is based on both the dynamical and physical properties of salt and the physical 

properties of membrane layer.30 Based on the hypothetical pores within a homogeneous NF 

membrane layer, km is calculated with Equation 3.21.67 

𝑘𝑚 =
𝐷𝑖,𝑏𝐾𝐻,𝑑𝐴𝑘

𝑙(𝜇/𝜇𝑜)
     (3.21) 

3.2.6 Assumptions Made in the Current Study 

In order to describe quantitatively the effects of magnetic field on concentration 

polarization and transport properties of salt permeation through the functionalized NF270 

membranes, a number of assumptions have to be made in order to adopt the models described 

above for the current investigation. These assumptions are listed below. 

 A fully developed concentration polarization layer leads to stabilized Cm and Cb. 

 No precipitation or cake formation occurs above the upstream membrane surface. 

 Uniform membrane layer structures with homogeneous barrier layer thickness and pore 

size distribution for the base and all functionalized membranes. 
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 Constant temperature at T=296.15 K during operation leads to constant water viscosity and 

solute diffusivity.16, 68 

 The 33-minute dead end filtration NF processes operated with low initial feed salt 

concentration and low permeate flux leads to slight to medium concentration polarization. 

Therefore, both the diffusivity coefficient of salt and the viscosity of water within the entire 

concentration boundary layer are assumed to be the same as in the bulk feed.26 

 The polysulphone mechanical support layers beneath the selective layer of NF270 

membranes do not exert any resistance to water and salt transport. Therefore, salt 

concentration immediately below the barrier layer and within the entire mechanical support 

layer is assumed equal to Cp. 

 Charge neutrality needs to be guaranteed within the bulk feed, the concentration boundary 

layer, the polyamide barrier layer and the permeate. Therefore, the cations and anions have 

to move together. Each single salt is considered to be a charge neutral component.20 

 Surface modification reduces the effective pore size and increases the effective barrier layer 

thickness simultaneously due to the grafting of a poly (HEMA) nanolayer above the NF270 

membrane’s polyamide layer surface. Hypothetical pore density remains constant before 

and after membrane functionalization.  

 

3.3 Experimental Procedures 

The following chemical were purchased from Alfa Aesar (Ward Hill, MA): 2-

hydroxyethyl methacrylate (HEMA), 97% purity, ethanol, trietnylamine (TEA), potassium 

phthalimide, hydrazine monohydrate, 1-ethyl-3-(3-dimethyl- aminopropyl) carbodiimide 
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(EDC) and magnesium chloride (all ACS grade). Calcium chloride was purchased from EMD 

Chemicals (Billerica, MA) in 96% purity. The following chemical were all ACS grade: boric 

anhydride, sodium chloride and magnesium sulfate purchased from Avantor (Center Valley, PA) 

Acetonitrile, methanol and hydrochloride acid were purchased from from EMD Chemicals 

(Billerica, MA), α-bromoisobutyrylbromide, aluminum oxide, 2, 2’-bipyridine (Bpy), copper 

(I) chloride, copper (II) chloride and N, N, N’, N”, N”- pentamethyl diethylenetriamine 

(PMDETA), were obtained from Aldrich (St. Louis, MO). 4-N’, N’-dimethylamino-pyridine 

(DMAP) was obtained from Fluka (St Louis, MO). Copper (II) bromide and N-

hydroxysuccinimide (NHS) was purchased from ACROS Organics (Thermo Fisher Scientific, 

NJ), and disodium phosphate was purchased from AMRESCO (Solon, OH). Monosodium 

phosphate was purchased from VWR (Radnor, PA) but produced by BDH Chemicals (Umm 

Ramool, Dubai, United Arab Empires). Superparamagntic nanoparticles (diameter, 15 nm) 

coated with a 5 nm polymer coating containing carboxylic groups were obtained from Ocean 

Nanotech (Springdale, AR). NF270 thin film composite polyamide nanofiltration membranes 

were provided by Dow Chemical (Edina, MN, USA). All DI water required was made with 

Siemens/ELGA Purelab Ultra deionizer using SCMK2 filters, Siemens Water Technologies 

(Warrendale, PA).  

Magnetically responsive membrane functionalization included the grafting of polymer 

chains onto the membrane surface, and the subsequent attachment of SPM NPs at the polymer 

chain ends. Detailed procedure and reaction mechanisms are same as in the prior work by 

Himstedt et al.7 During membrane functionalization, polymer chain density was controlled by 

the ATRP initiator immobilization time. The membranes functionalized with initiator 



75 
 

immobilization time 2 h and 6 h are designated as low density (LD) and high density (HD) 

membranes, respectively. The polymer chain length is controlled by the ATRP ATRP time 

varying from 1 to 4 hours. As a result, functionalized membranes are designated as LD1h, 

LD2h, LD3h, LD4h, HD1h, HD2h, HD3h and HD4h.7  

All membrane performance tests were done using the Amicon 8050 filtration cell which 

has a total feed volume of 50mL and an operational membrane diameter of 44.5 mm. In order 

to investigate the micro-mixing effect on concentration polarization, dead end filtration mode 

without stirring was used for all tests. A constant operation pressure of ∆P=45 psig and a pH 

of about 7 were kept during all the tests. The procedures for flux and rejection measurement 

and the operation of oscillating magnetic field system were same as in the prior work by 

Himstedt et al.6, 7  

The zeta potentials of the membranes were measured with a Delsa Nano HC particle 

analyzer manufactured by Beckman Coulter (Brea, CA).  

The volume of feed salt solution was fixed at 50mL at the beginning of all the tests. The 

length of each membrane filtration experiment lasted 33 minutes. Fluxes used in the modeling 

were averaged during the last 12 minutes of the test. The observed salt rejections were 

determined by the conductivity measurement after collecting the first 2.6-3.7 g permeate. 

During the filtration experiments, fluxes appear to stabilize after 12-20th minute of run, which 

corresponds to about 2.6 g of permeate. The smallest amount of permeate should be collected 

to minimize concentration increase in the dead end filtration feed reservoir. In order to avoid 

any possible error in flux measurement, the accumulated permeate was weighted with 3 minute 

intervals. Since each membrane has different conditions, variation in permeate volume for 



76 
 

conductivity measurement was expected. Moreover, flux stabilizes just before conductivity 

measurement, making the observed flux and rejection generally agree with each other.  

 

3.4 Phenomenological Modeling 

According to AFM imaging of the cross sectional barrier layer in NF270 by Freger et 

al., the thickness of hydrated polyamide barrier layer l is about 16.0 nm.69 The bulk viscosity 

of water μo at room temperature is 8.91·10-4 N s m-2.68 The constant operation pressure of 

∆P=45 psig (310264.078 N/m2) was kept during all the filtration experiments. For DI water 

flux tests, the osmotic pressure difference was neglected therefore the effective operation 

pressure (∆Pe) was assumed equal to the pressure applied. An increased water viscosity within 

the pores was considered when applying the HPM model. The hydraulic permeability of the 

base NF270 membrane Lp is determined to be 2.75×10-11 m3 N-1 s-1. Based on earlier studies, 

the effective porosity Ak of base NF270 membrane is 0.21.69 The effective pore radius rm,p of 

our base NF270 membrane was obtained using the HPM and equals to 0.36 nm. Pore density 

within the barrier layer of base NF270 membrane was subsequently obtained using Equation 

3.2, and equals to np=4.39×1017 m-2.  

During our modeling, it was assumed that membrane functionalization makes pore 

narrower and barrier layer thicker, without changing the number of pores np. Further, our 

grafting degree results show linear growth for polymer chains over ATRP time. As a result, the 

increase in barrier layer thickness is assumed constant for each hour of ATRP reaction at the 

same chain density. The water viscosities in the pores are calculated bases on the barrier layer 

thickness and effective pore radius for each functionalized membrane. For a base NF membrane, 
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µ/µo is around 10. Based on our earlier studies,70 the most possible increase rate of the effective 

barrier layer thickness during polymerization is 1.5 nm/h for LD functionalized membranes.71 

Subsequently, the effective pore radius of each functionalized membrane was obtained using 

Equation 3.2. The DI water flux, barrier layer thickness and effective pore radius for the base 

and functionalized membranes are listed in Table 3.1.  

 

Table 3.1 DI water fluxes, barrier layer thicknesses and effective pore radius of the base and 

functionalized NF270 membranes. 

Membrane  DI water flux at 

45 psig 

(L/(m2·h)) 

Barrier layer 

thickness 

(nm) 

Effective pore 

radius (nm) 

Base 30.6 16.0 0.360 

LD1h 19.3 17.5 0.344 

LD2h 17.5 19.0 0.343 

LD3h 15.8 20.5 0.341 

LD4h 13.7 22.0 0.335 

 

Table 3.2 lists the literature values of S-E radius and bulk diffusivity for the ions 

investigated.51, 54 Table 3.3 lists the bulk diffusivity and S-E radius for NaCl, CaCl2 and MgSO4 

salt obtained by Equations 3.11 and 3.12. Based on the ratio of S-E radius to effective 

membrane pore radius, the reflection coefficient of each salt to each membrane was obtained 

by Equation 3.9 and listed in Table 3.3 (a).38, 54, 55, 72 Meanwhile, km values for each salt and 

membrane were obtained using Equation 3.21, and listed in Table 3.3 (b).30  

Table 3.2 S-E radius and bulk diffusivity of each ion. 

Cation S-E radius 

(nm) 

Bulk 

diffusivity 

(m2/s·109) 

Anion S-E radius 

(nm) 

Bulk 

diffusivity 

(m2/s·109) 

Na+ 0.184 1.33 Cl- 0.121 2.03 

Ca2+ 0.309 0.79 SO4
2- 0.230 1.07 

Mg2+ 0.341 0.72    
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Table 3.3 (a) Physical properties of each salt. 

Salt Bulk 

diffusivity 

(m2/s·109) 

S-E 

radius 

(nm) 

Reflection coefficient (σ)  

Base LD1h LD2h LD3h LD4h 

NaCl 1.61 0.153 0.5726 0.6066 0.6096 0.6146 0.6285 

CaCl2 1.33 0.184 0.7173 0.7518 0.7548 0.7598 0.7734 

MgSO4 0.86 0.290 0.9531 0.9714 0.9728 0.9752 0.9812 

 

Table 3.3 (b) Membrane diffusive mass transfer coefficients. 

Membrane Diffusive mass transfer coefficient (km) 

NaCl CaCl2 MgSO4 

Base 4.70E-04 2.43E-04 1.31E-05 

LD1h 3.52E-04 1.73E-04 9.75E-06 

LD2h 3.19E-04 1.56E-04 8.79E-06 

LD3h 2.87E-04 1.39E-04 7.86E-06 

LD4h 2.46E-04 1.16E-04 6.57E-06 

 

Based on the flux and rejection from the base membrane by varying ∆Pe, R and ∆π were 

obtained using Equations 3.1-3.8. The osmotic coefficient was taken into consideration when 

calculating Cm based on ∆πeff and Cp. Since all membrane performance tests were done under 

constant temperature between 24-25℃, the osmotic coefficients for each salt at different 

concentrations were primarily obtained from the literature and shown in Table 3.4 (a). Based 

on the φ value, Cm and ∆π were obtained using Equation 3.7 and 3.5, respectively. 

 

Table 3.4 (a) Osmotic coefficients for each salt under different concentrations. 

Salt Molar 

concentration 

(2000 ppm) 

φ Molar 

concentration 

(4000 ppm) 

φ Molar 

concentration 

(6000 ppm) 

φ 

NaCl 41 0.034 M 0.95 0.068 M 0.94 0.103 M 0.93 

CaCl2 
42 0.018 M 0.93 0.036 M 0.91 0.054 M 0.89 

MgSO4 

43 

0.017 M 0.60 0.033 M 0.59 0.050 M 0.59 
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In order to guarantee the accuracy of our approach using a dead end filtration NF system, 

feed concentration increase during the course of 33 minute test was taken into account. The 

accumulated weight of permeate generated from the original 50 mL of feed at the time of 

permeate conductivity measurement is listed in Table 3.4 (b). During the determination of δ, k, 

Pem and Pel using the ISFE and the subsequent calculations of Cm/Cb, β and (Cm-Cb)/δ, a 

modified feed concentration Cb’ and a modified observed rejection Ro’ had to replace the 

original Cb and Ro, respectively. The values of Cb’ and Ro’ are: 

𝐶𝑏
′ = 𝐶𝑏

50

50−𝑚
 and 𝑅𝑜

′ = 1 −
𝐶𝑝

𝐶𝑏
′  

where m is the weight in g of permeate at the permeate conductivity measurement. 

 

Table 3.4 (b) Permeate amount (g) at the moment of permeate conductivity measurements. 

N.F. and 20 Hz refers to in the absence of an external magnetic field and in the presence of a 

20 Hz magnetic field, respectively. 

Salt NaCl CaCl2 MgSO4 

Concentration 

in ppm 

2000 4000 6000 2000 4000 6000 2000 4000 6000 

base N.F. 3.45 2.77 3.79 3.33 3.4 3.33 3.19 2.94 3.02 

base 20 Hz 3.39 2.69 3.76 3.02 3.35 3.27 3.11 2.87 3.29 

LD1h N.F. 2.78 2.61 2.75 3.11 3.06 2.95 2.88 2.97 2.94 

LD1h 20 Hz 2.75 2.74 2.61 3.20 3.07 3.12 2.98 2.90 2.90 

LD2h N.F. 2.95 3.36 2.65 2.91 2.82 3.10 2.86 3.04 2.92 

LD2h 20 Hz 2.70 2.73 3.34 3.04 2.92 2.76 2.75 3.12 2.92 

LD3h N.F. 3.33 3.20 2.63 2.69 3.11 2.91 2.93 2.94 2.81 

LD3h 20 Hz 2.73 2.69 3.21 2.87 2.81 2.97 2.82 3.01 3.01 

LD4h N.F. 3.12 2.97 3.34 2.91 2.81 2.97 2.77 2.94 2.83 

LD4h 20 Hz 2.66 3.02 2.92 2.76 3.08 2.97 2.94 2.88 2.88 

 

Zeta potential of our base NF270 membrane as a function of pH is shown in Figure 3.2. 

Surface charge of the base NF270 membrane is due to the protonation of polyamine end groups 

and the dissociation of carboxylic end groups on polyamide layer surface. Zeta potential 
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directly indicates the surface charge of NF membranes. Similar to most other researchers, zeta 

potential for our base NF270 membrane becomes more negative with the increases of pH. 

There is an isoelectric point around pH=2.8. At pH 7, base NF270 membranes are negatively 

charged with an absolute zeta potential of about -27 mV, which is normal for a commercial 

NF2708 membrane.42, 73 The ISFE described by Equation 3.17 is used for our modeling based 

on the assumption of electrical neutrality74 for the Extended Nernst-Planck Equation.28 

 
Figure 3.2 Zeta potential vs. pH for base NF270 membrane. 

 

After obtaining R with Equation 3.8, Pem and δ were obtained using Equation 3.18 and 

3.17, respectively. The value of Pel was subsequently obtained using Equation 3.19 based 

k=Di,b/δ. Finally, the total salt transport rate across the membrane layer was quantified using 

Equation 3.20. All the data related to membrane performance, concentration polarization and 

salt transport are listed in Tables 3.5-3.10. Instead of ∆πeff, the values of ∆π were used for 

evaluating the influence of membrane functionalization and magnetic field on cross-membrane 

osmotic pressure difference. 
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3.5 Results and Discussion 

The main objective of quantitative analysis of functionalized NF micro-mixer 

membranes by correlating experimental transport data with the properties of membrane and 

feed solution is to test out hypothesis that micro-mixing at the membrane-liquid interface 

suppresses concentration polarization. More specifically, the following hypothesis are tested: 

a) Movement of the grafted polymer chains generates micro-mixing at the membrane-

liquid interface which minimizes concentration polarization during nanofiltration (NF) 

processes; 

b) Concentration polarization is affected mainly by the type and feed concentration of the 

ionic species; 

c) Polymer chain length and polymer chain density have a strong effect on concentration 

polarization and salt transport; 

d) Concentration polarization and the effects of micro-mixing are strongly ion type and 

ion concentration dependent. 

Performances of the base and functionalized NF270 membranes LD1h, LD2h, LD3h and LD4h 

were used for the analysis, including the flux and rejection of NaCl, CaCl2 and MgSO4 feed 

solutions at 2000, 4000 and 6000 ppm concentrations in the presence and absence of 20 Hz 

magnetic field. As expected, concentration polarization and salt transport depend on the type 

and concentration of salt, and polymer chain length during membrane functionalization. 
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Table 3.5 Membrane performances of NaCl salt solutions. 

Conc. 

(ppm) 

 Mag. 

Field 

σ Jv 

(L m-2h-1) 

Ro ∆Pe 

(N m-2) 

∆πeff 

(N m-2) 

∆π 

(N m-2) 

Js 

(mol m-2 

s-1) 

2000 Base No 0.5726 21.3 0.046 2.16E+05 1.65E+05 1.73E+05 1.66E-05 

2000 Base 20 Hz 0.5726 21.7 0.047 2.20E+05 1.58E+05 1.66E+05 1.59E-05 

2000 LD1h No 0.6066 12.7 0.107 2.04E+05 1.75E+05 1.85E+05 1.32E-05 

2000 LD1h 20 Hz 0.6066 13.8 0.125 2.22E+05 1.46E+05 1.54E+05 1.10E-05 

2000 LD2h No 0.6096 12.1 0.109 2.14E+05 1.58E+05 1.66E+05 1.07E-05 

2000 LD2h 20 Hz 0.6096 13.5 0.126 2.39E+05 1.17E+05 1.23E+05 7.99E-06 

2000 LD3h No 0.6146 11.6 0.112 2.29E+05 1.33E+05 1.40E+05 8.15E-06 

2000 LD3h 20 Hz 0.6146 13.3 0.133 2.62E+05 7.85E+04 8.26E+04 4.83E-06 

2000 LD4h No 0.6285 10.6 0.113 2.39E+05 1.13E+05 1.19E+05 5.94E-06 

2000 LD4h 20 Hz 0.6285 13 0.136 2.94E+05 2.65E+04 2.79E+04 3.38E-06 

4000 Base No 0.5726 19.3 0.035 1.96E+05 2.00E+05 2.13E+05 2.04E-05 

4000 Base 20 Hz 0.5726 19.7 0.036 2.00E+05 1.93E+05 2.05E+05 1.97E-05 

4000 LD1h No 0.6066 12.4 0.091 1.99E+05 1.83E+05 1.95E+05 1.40E-05 

4000 LD1h 20 Hz 0.6066 13.6 0.107 2.18E+05 1.51E+05 1.61E+05 1.16E-05 

4000 LD2h No 0.6096 11.8 0.094 2.09E+05 1.66E+05 1.77E+05 1.15E-05 

4000 LD2h 20 Hz 0.6096 13.3 0.111 2.35E+05 1.23E+05 1.31E+05 8.52E-06 

4000 LD3h No 0.6146 11.3 0.099 2.23E+05 1.43E+05 1.52E+05 8.87E-06 

4000 LD3h 20 Hz 0.6146 13.1 0.118 2.58E+05 8.49E+04 9.03E+04 5.32E-06 

4000 LD4h No 0.6285 10.3 0.101 2.33E+05 1.24E+05 1.31E+05 6.60E-06 

4000 LD4h 20 Hz 0.6285 12.8 0.122 2.89E+05 3.37E+04 3.59E+04 4.55E-06 

6000 Base No 0.5726 17.8 0.028 1.80E+05 2.27E+05 2.44E+05 2.34E-05 

6000 Base 20 Hz 0.5726 18 0.028 1.82E+05 2.23E+05 2.40E+05 2.30E-05 

6000 LD1h No 0.6066 12.1 0.072 1.94E+05 1.91E+05 2.06E+05 1.48E-05 

6000 LD1h 20 Hz 0.6066 13.4 0.086 2.15E+05 1.57E+05 1.69E+05 1.21E-05 

6000 LD2h No 0.6096 11.5 0.076 2.03E+05 1.75E+05 1.88E+05 1.23E-05 

6000 LD2h 20 Hz 0.6096 13.1 0.091 2.32E+05 1.29E+05 1.38E+05 9.05E-06 

6000 LD3h No 0.6146 11 0.078 2.17E+05 1.52E+05 1.64E+05 9.60E-06 

6000 LD3h 20 Hz 0.6146 12.9 0.093 2.54E+05 9.13E+04 9.82E+04 5.82E-06 

6000 LD4h No 0.6285 10 0.079 2.26E+05 1.34E+05 1.44E+05 7.28E-06 

6000 LD4h 20 Hz 0.6285 12.6 0.095 2.85E+05 4.09E+04 4.40E+04 4.49E-06 
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Table 3.6 Concentration polarization and transport mode of NaCl. 

Conc. 

(ppm) 

 Mag. 

Field 

δ 

(m) 

β Cm/Cb k 

(m s-1) 

R (Cm-Cb)/δ 

(mol L-1m-1) 

Pem Pel 

2000 Base No 6.19E-04 8.51 1.84 2.60E-06 0.551 49.86 2.458 2.275 

2000 Base 20 Hz 5.97E-04 8.17 1.80 2.70E-06 0.540 49.22 2.089 2.235 

2000 LD1h No 9.05E-04 6.56 1.87 1.78E-06 0.574 34.87 2.075 1.982 

2000 LD1h 20 Hz 7.17E-04 4.95 1.68 2.24E-06 0.536 34.53 1.382 1.708 

2000 LD2h No 8.88E-04 5.70 1.76 1.81E-06 0.552 31.11 1.550 1.854 

2000 LD2h 20 Hz 6.43E-04 3.97 1.51 2.50E-06 0.483 28.95 0.915 1.497 

2000 LD3h No 8.20E-04 4.50 1.60 1.96E-06 0.516 26.76 1.105 1.642 

2000 LD3h 20 Hz 4.73E-04 2.55 1.28 3.40E-06 0.395 21.42 0.525 1.086 

2000 LD4h No 8.21E-04 3.90 1.49 1.96E-06 0.476 21.69 0.769 1.501 

2000 LD4h 20 Hz 3.95E-04 2.06 1.19 4.07E-06 0.351 17.62 0.384 0.887 

4000 Base No 6.13E-04 6.70 1.50 2.63E-06 0.428 59.61 0.816 2.041 

4000 Base 20 Hz 5.92E-04 6.52 1.48 2.72E-06 0.419 59.25 0.772 2.012 

4000 LD1h No 7.02E-04 3.93 1.41 2.29E-06 0.419 41.76 0.631 1.502 

4000 LD1h 20 Hz 5.16E-04 2.88 1.29 3.12E-06 0.383 41.08 0.515 1.212 

4000 LD2h No 6.51E-04 3.14 1.33 2.47E-06 0.408 37.42 0.583 1.325 

4000 LD2h 20 Hz 4.36E-04 2.28 1.20 3.69E-06 0.341 34.01 0.401 1.001 

4000 LD3h No 6.00E-04 2.67 1.26 2.68E-06 0.374 31.90 0.470 1.170 

4000 LD3h 20 Hz 2.83E-04 1.52 1.09 5.69E-06 0.273 22.09 0.269 0.640 

4000 LD4h No 5.90E-04 2.36 1.21 2.73E-06 0.343 25.88 0.368 1.049 

4000 LD4h 20 Hz 2.70E-04 1.42 1.07 5.96E-06 0.278 19.88 0.258 0.596 

6000 Base No 5.51E-04 4.35 1.34 2.92E-06 0.381 68.71 0.615 1.693 

6000 Base 20 Hz 5.42E-04 4.31 1.33 2.97E-06 0.377 68.57 0.602 1.684 

6000 LD1h No 6.26E-04 3.10 1.26 2.57E-06 0.342 44.86 0.410 1.308 

6000 LD1h 20 Hz 4.51E-04 2.35 1.18 3.57E-06 0.304 43.32 0.334 1.042 

6000 LD2h No 6.10E-04 2.80 1.23 2.64E-06 0.324 40.09 0.366 1.210 

6000 LD2h 20 Hz 3.47E-04 1.67 1.10 4.63E-06 0.282 32.33 0.289 0.785 

6000 LD3h No 5.66E-04 2.41 1.18 2.85E-06 0.298 34.13 0.309 1.073 

6000 LD3h 20 Hz 2.28E-04 1.19 1.03 7.07E-06 0.228 14.10 0.205 0.507 

6000 LD4h No 5.21E-04 1.88 1.12 3.09E-06 0.287 26.24 0.271 0.899 

6000 LD4h 20 Hz 1.94E-04 1.10 1.01 8.29E-06 0.209 18.27 0.170 0.422 
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Table 3.7 Membrane performances of CaCl2 salt solutions 

Conc. 

(ppm) 

 Mag. 

Field 

σ Jv 

(L m-2h-1) 

Ro ∆Pe 

(N m-2) 

∆πeff 

(N m-2) 

∆π 

(N m-2) 

Js 

(mol m-2 s-1) 

2000 Base No 0.7173 13.8 0.119 1.40E+05 2.38E+05 2.55E+05 8.39E-06 

2000 Base 20 Hz 0.7173 13.9 0.121 1.41E+05 2.36E+05 2.54E+05 8.34E-06 

2000 LD1h No 0.7518 8.8 0.256 1.41E+05 2.25E+05 2.42E+05 5.64E-06 

2000 LD1h 20 Hz 0.7518 9.5 0.292 1.53E+05 2.10E+05 2.26E+05 5.27E-06 

2000 LD2h No 0.7548 8.1 0.27 1.43E+05 2.21E+05 2.38E+05 5.00E-06 

2000 LD2h 20 Hz 0.7548 9 0.307 1.59E+05 2.00E+05 2.15E+05 4.52E-06 

2000 LD3h No 0.7598 7.5 0.278 1.48E+05 2.14E+05 2.30E+05 4.31E-06 

2000 LD3h 20 Hz 0.7598 8.6 0.322 1.69E+05 1.85E+05 1.99E+05 3.74E-06 

2000 LD4h No 0.7734 6.7 0.286 1.51E+05 2.06E+05 2.21E+05 3.47E-06 

2000 LD4h 20 Hz 0.7734 8.2 0.335 1.85E+05 1.62E+05 1.74E+05 2.73E-06 

4000 Base No 0.7173 12.3 0.105 1.25E+05 2.59E+05 2.84E+05 9.35E-06 

4000 Base 20 Hz 0.7173 12.5 0.104 1.27E+05 2.56E+05 2.81E+05 9.25E-06 

4000 LD1h No 0.7518 8.5 0.245 1.36E+05 2.31E+05 2.54E+05 5.94E-06 

4000 LD1h 20 Hz 0.7518 9.2 0.276 1.48E+05 2.16E+05 2.38E+05 5.55E-06 

4000 LD2h No 0.7548 7.8 0.257 1.38E+05 2.28E+05 2.51E+05 5.28E-06 

4000 LD2h 20 Hz 0.7548 8.7 0.294 1.54E+05 2.07E+05 2.28E+05 4.79E-06 

4000 LD3h No 0.7598 7.1 0.261 1.40E+05 2.24E+05 2.46E+05 4.63E-06 

4000 LD3h 20 Hz 0.7598 8.3 0.303 1.64E+05 1.93E+05 2.12E+05 3.99E-06 

4000 LD4h No 0.7734 6.2 0.275 1.40E+05 2.20E+05 2.42E+05 3.80E-06 

4000 LD4h 20 Hz 0.7734 7.8 0.325 1.76E+05 1.73E+05 1.91E+05 3.00E-06 

6000 Base No 0.7173 11.6 0.093 1.18E+05 2.69E+05 3.02E+05 9.94E-06 

6000 Base 20 Hz 0.7173 11.8 0.094 1.20E+05 2.66E+05 2.99E+05 9.83E-06 

6000 LD1h No 0.7518 8.3 0.233 1.33E+05 2.35E+05 2.65E+05 6.19E-06 

6000 LD1h 20 Hz 0.7518 9.1 0.266 1.46E+05 2.18E+05 2.45E+05 5.74E-06 

6000 LD2h No 0.7548 7.3 0.237 1.29E+05 2.40E+05 2.70E+05 5.68E-06 

6000 LD2h 20 Hz 0.7548 8.3 0.274 1.47E+05 2.16E+05 2.43E+05 5.13E-06 

6000 LD3h No 0.7598 6.7 0.242 1.32E+05 2.35E+05 2.64E+05 4.95E-06 

6000 LD3h 20 Hz 0.7598 8 0.282 1.58E+05 2.01E+05 2.26E+05 4.25E-06 

6000 LD4h No 0.7734 5.6 0.245 1.26E+05 2.38E+05 2.67E+05 4.20E-06 

6000 LD4h 20 Hz 0.7734 7.4 0.287 1.67E+05 1.85E+05 2.08E+05 3.28E-06 
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Table 3.8 Concentration polarization and transport mode for CaCl2. 

Conc. 

(ppm) 

 Mag. 

Field 

δ 

(m) 

β Cm/Cb k 

(m s-1) 

R (Cm-Cb)/δ 

(mol L-1m-1) 

Pem Pel 

2000 Base No 8.34E-04 10.01 2.60 1.60E-06 0.705 37.07 2.836 2.403 

2000 Base 20 Hz 8.32E-04 10.22 2.61 1.60E-06 0.702 37.03 2.647 2.415 

2000 LD1h No 9.85E-04 5.59 2.39 1.35E-06 0.726 27.08 2.078 1.811 

2000 LD1h 20 Hz 8.24E-04 4.67 2.24 1.62E-06 0.723 28.95 1.972 1.634 

2000 LD2h No 1.04E-03 5.35 2.36 1.28E-06 0.725 24.99 1.955 1.760 

2000 LD2h 20 Hz 8.25E-04 4.32 2.16 1.61E-06 0.717 26.93 1.727 1.552 

2000 LD3h No 1.09E-03 5.12 2.31 1.22E-06 0.720 22.78 1.672 1.712 

2000 LD3h 20 Hz 8.03E-04 3.88 2.04 1.66E-06 0.705 24.79 1.406 1.442 

2000 LD4h No 1.17E-03 4.74 2.23 1.13E-06 0.715 19.99 1.334 1.641 

2000 LD4h 20 Hz 7.46E-04 3.30 1.85 1.78E-06 0.680 21.83 0.974 1.278 

4000 Base No 7.44E-04 5.96 1.82 1.79E-06 0.573 42.76 0.755 1.911 

4000 Base 20 Hz 7.32E-04 5.97 1.81 1.82E-06 0.570 42.99 0.740 1.911 

4000 LD1h No 6.91E-04 3.05 1.60 1.92E-06 0.584 33.23 0.621 1.228 

4000 LD1h 20 Hz 5.55E-04 2.60 1.51 2.40E-06 0.578 35.39 0.602 1.066 

4000 LD2h No 7.27E-04 2.95 1.58 1.83E-06 0.582 30.67 0.603 1.185 

4000 LD2h 20 Hz 5.38E-04 2.38 1.46 2.47E-06 0.573 33.06 0.571 0.977 

4000 LD3h No 7.73E-04 2.81 1.56 1.72E-06 0.582 27.62 0.580 1.146 

4000 LD3h 20 Hz 5.12E-04 2.18 1.41 2.60E-06 0.558 30.23 0.510 0.887 

4000 LD4h No 8.45E-04 2.70 1.54 1.57E-06 0.580 24.22 0.517 1.094 

4000 LD4h 20 Hz 4.41E-04 1.82 1.30 3.01E-06 0.543 26.15 0.428 0.719 

6000 Base No 6.87E-04 4.57 1.55 1.94E-06 0.489 46.11 0.474 1.665 

6000 Base 20 Hz 6.72E-04 4.53 1.54 1.98E-06 0.486 46.59 0.467 1.655 

6000 LD1h No 5.35E-04 2.22 1.34 2.49E-06 0.493 36.62 0.388 0.927 

6000 LD1h 20 Hz 3.91E-04 1.83 1.26 3.40E-06 0.488 38.35 0.378 0.744 

6000 LD2h No 6.07E-04 2.21 1.34 2.19E-06 0.501 32.70 0.394 0.926 

6000 LD2h 20 Hz 4.15E-04 1.82 1.26 3.20E-06 0.485 35.49 0.364 0.720 

6000 LD3h No 6.39E-04 2.16 1.33 2.08E-06 0.495 29.76 0.371 0.894 

6000 LD3h 20 Hz 3.72E-04 1.63 1.20 3.58E-06 0.472 31.47 0.332 0.621 

6000 LD4h No 7.65E-04 2.16 1.33 1.74E-06 0.500 25.17 0.346 0.894 

6000 LD4h 20 Hz 3.43E-04 1.48 1.16 3.88E-06 0.455 26.34 0.280 0.530 
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Table 3.9 Membrane performances of MgSO4 salt solutions. 

Conc. 

(ppm) 

 Mag. 

Field 

σ Jv 

(L m-2h-1) 

Ro ∆Pe 

(N m-2) 

∆πeff 

(N m-2) 

∆π 

(N m-2) 

Js 

(mol m-2 s-1) 

2000 Base No 0.9531 8.2 0.304 8.31E+04 2.38E+05 3.97E+05 1.05E-06 

2000 Base 20 Hz 0.9531 8.3 0.304 8.41E+04 2.37E+05 3.95E+05 1.05E-06 

2000 LD1h No 0.9714 6.7 0.7 1.08E+05 2.09E+05 3.48E+05 6.85E-07 

2000 LD1h 20 Hz 0.9714 7.3 0.741 1.17E+05 1.99E+05 3.31E+05 6.53E-07 

2000 LD2h No 0.9728 5.7 0.701 1.01E+05 2.15E+05 3.59E+05 6.38E-07 

2000 LD2h 20 Hz 0.9728 6.5 0.752 1.15E+05 2.01E+05 3.35E+05 5.95E-07 

2000 LD3h No 0.9752 4.8 0.705 9.46E+04 2.21E+05 3.69E+05 5.85E-07 

2000 LD3h 20 Hz 0.9752 5.9 0.761 1.16E+05 1.99E+05 3.32E+05 5.27E-07 

2000 LD4h No 0.9812 3.8 0.709 8.58E+04 2.29E+05 3.81E+05 5.06E-07 

2000 LD4h 20 Hz 0.9812 5.4 0.769 1.22E+05 1.92E+05 3.20E+05 4.25E-07 

4000 Base No 0.9531 7.7 0.283 7.81E+04 2.44E+05 4.13E+05 1.09E-06 

4000 Base 20 Hz 0.9531 7.8 0.285 7.91E+04 2.43E+05 4.11E+05 1.09E-06 

4000 LD1h No 0.9714 6.3 0.683 1.01E+05 2.15E+05 3.65E+05 7.19E-07 

4000 LD1h 20 Hz 0.9714 7 0.737 1.12E+05 2.04E+05 3.45E+05 6.81E-07 

4000 LD2h No 0.9728 5.3 0.691 9.38E+04 2.23E+05 3.77E+05 6.70E-07 

4000 LD2h 20 Hz 0.9728 6.2 0.748 1.10E+05 2.06E+05 3.49E+05 6.21E-07 

4000 LD3h No 0.9752 4.4 0.696 8.67E+04 2.29E+05 3.89E+05 6.17E-07 

4000 LD3h 20 Hz 0.9752 5.5 0.757 1.08E+05 2.07E+05 3.51E+05 5.58E-07 

4000 LD4h No 0.9812 3.4 0.702 7.68E+04 2.38E+05 4.03E+05 5.35E-07 

4000 LD4h 20 Hz 0.9812 5 0.766 1.13E+05 2.01E+05 3.41E+05 4.53E-07 

6000 Base No 0.9531 7.3 0.265 7.40E+04 2.48E+05 4.20E+05 1.11E-06 

6000 Base 20 Hz 0.9531 7.3 0.266 7.40E+04 2.48E+05 4.20E+05 1.11E-06 

6000 LD1h No 0.9714 5.9 0.67 9.47E+04 2.22E+05 3.76E+05 7.41E-07 

6000 LD1h 20 Hz 0.9714 6.7 0.73 1.08E+05 2.09E+05 3.54E+05 6.97E-07 

6000 LD2h No 0.9728 4.9 0.675 8.67E+04 2.30E+05 3.90E+05 6.93E-07 

6000 LD2h 20 Hz 0.9728 5.8 0.738 1.03E+05 2.13E+05 3.62E+05 6.43E-07 

6000 LD3h No 0.9752 4 0.682 7.88E+04 2.37E+05 4.02E+05 6.39E-07 

6000 LD3h 20 Hz 0.9752 5.1 0.747 1.00E+05 2.15E+05 3.65E+05 5.80E-07 

6000 LD4h No 0.9812 3 0.686 6.78E+04 2.47E+05 4.19E+05 5.56E-07 

6000 LD4h 20 Hz 0.9812 4.6 0.755 1.04E+05 2.10E+05 3.56E+05 4.74E-07 
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Table 3.10 Concentration polarization and transport mode of MgSO4. 

Conc. 

(ppm) 

 Mag. 

Field 

δ 

(m) 

β Cm/Cb k 

(m s-1) 

R (Cm-Cb)/δ 

(mol L-1m-1) 

Pem Pel 

2000 Base No 9.95E-04 12.96 5.17 8.64E-07 0.882 74.27 0.459 2.637 

2000 Base 20 Hz 9.83E-04 12.96 5.15 8.75E-07 0.881 74.88 0.455 2.635 

2000 LD1h No 8.21E-04 5.55 4.26 1.05E-06 0.937 70.04 0.584 1.777 

2000 LD1h 20 Hz 7.10E-04 5.00 4.02 1.21E-06 0.943 75.26 0.671 1.674 

2000 LD2h No 9.81E-04 5.72 4.39 8.77E-07 0.939 60.86 0.568 1.806 

2000 LD2h 20 Hz 7.96E-04 5.01 4.07 1.08E-06 0.946 67.83 0.666 1.672 

2000 LD3h No 1.18E-03 5.83 4.49 7.30E-07 0.942 52.26 0.531 1.828 

2000 LD3h 20 Hz 8.67E-04 4.90 4.02 9.92E-07 0.947 61.44 0.609 1.652 

2000 LD4h No 1.51E-03 6.03 4.65 5.68E-07 0.944 42.39 0.391 1.857 

2000 LD4h 20 Hz 9.20E-04 4.67 3.87 9.34E-07 0.947 55.09 0.421 1.605 

4000 Base No 8.28E-04 7.25 3.03 1.04E-06 0.791 86.74 0.206 2.059 

4000 Base 20 Hz 8.14E-04 7.21 3.03 1.06E-06 0.790 87.72 0.205 2.051 

4000 LD1h No 5.69E-04 2.97 2.38 1.51E-06 0.882 85.78 0.250 1.158 

4000 LD1h 20 Hz 4.56E-04 2.62 2.22 1.88E-06 0.895 94.45 0.289 1.032 

4000 LD2h No 6.89E-04 3.03 2.44 1.25E-06 0.888 73.99 0.251 1.179 

4000 LD2h 20 Hz 5.14E-04 2.60 2.22 1.67E-06 0.900 84.51 0.291 1.029 

4000 LD3h No 8.46E-04 3.11 2.51 1.02E-06 0.893 62.84 0.238 1.203 

4000 LD3h 20 Hz 5.75E-04 2.59 2.23 1.49E-06 0.904 75.59 0.273 1.022 

4000 LD4h No 1.12E-03 3.20 2.58 7.67E-07 0.898 49.89 0.184 1.232 

4000 LD4h 20 Hz 6.08E-04 2.50 2.17 1.41E-06 0.904 67.82 0.200 0.983 

6000 Base No 7.34E-04 5.16 2.29 1.17E-06 0.716 93.15 0.133 1.730 

6000 Base 20 Hz 7.28E-04 5.05 2.27 1.18E-06 0.718 93.40 0.134 1.716 

6000 LD1h No 4.22E-04 2.08 1.74 2.04E-06 0.832 93.20 0.158 0.804 

6000 LD1h 20 Hz 3.06E-04 1.81 1.60 2.81E-06 0.850 104.08 0.184 0.663 

6000 LD2h No 5.26E-04 2.14 1.79 1.64E-06 0.839 79.54 0.157 0.832 

6000 LD2h 20 Hz 3.60E-04 1.83 1.63 2.39E-06 0.857 91.87 0.183 0.675 

6000 LD3h No 6.62E-04 2.20 1.84 1.30E-06 0.846 66.76 0.150 0.855 

6000 LD3h 20 Hz 4.07E-04 1.82 1.62 2.11E-06 0.862 81.33 0.174 0.671 

6000 LD4h No 9.18E-04 2.27 1.90 9.37E-07 0.853 51.54 0.117 0.889 

6000 LD4h 20 Hz 4.30E-04 1.77 1.59 2.00E-06 0.863 72.64 0.129 0.639 

 

For almost all the functionalized membranes, improvement in membrane performance 

correlates with a reduction in concentration polarization in the presence of 20 Hz magnetic 

field compared to without field. A decreased concentration polarization is demonstrated by 

enhancements in Jv, Ro, k and ∆Pe accompanying reductions in ∆π, Cm/Cb, δ, β and Js. Although 
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the base membranes also exhibit the similar trends, they are significantly less compared to the 

functionalized membranes. This agrees with the expected outcome for the effects of micro-

mixing on concentration polarization and related transport properties. As expected, micro-

mixing generated by the concerted movement of hydrophilic polymer chains grafted on the 

membrane surface increases the mobility of the sat ions and decreases the concentration of the 

rejected salt ions at the membrane-liquid boundary layer. The permeate flux increases due to 

the increased effective operation pressure resulting from the decreased osmotic pressure 

difference across the membrane. Presence of micro-mixing also improves NF membrane 

selectivity due to decreased cross-membrane solute transport under a decreased solute 

concentration gradient within the NF membrane layer. 

Under the same feed concentration, mobility decreases and rejection increases 

following the order NaCl, CaCl2 and MgSO4
75 due to the increase in molecular weight, ionic 

valence and ionic hydration free energy.76 For different salts with the same feed concentration 

and the same membrane modification condition, a reduced ∆Pe, an enhanced ∆π and a larger 

Cm/Cb ratio are observed for the lower mobility salts.4, 26 In the presence of 20 Hz oscillating 

magnetic field, for the same feed type and feed concentration, membranes with longer polymer 

chains demonstrate a larger reduction in concentration polarization indicated by an increase in 

∆Pe accompanied by a decrease in δ, Cm/Cb and ∆π. This is due partly to the increased resistance 

to cross-membrane water flux for membranes with higher grafting degrees, resulting in the 

decrease in the rate of salt accumulation within the boundary layer.26 In addition, longer 

polymer chains are more effective in inducing the micro-mixing effects. For the same feed, the 

increased resistance of membrane layer to solvent and solute transport for the membranes 
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grafted with longer polymer chains is demonstrated by decreased Jv and Js, respectively. 

Although increased ATRP time often generates longer polymer chains therefore stronger 

micro-mixing, this occurs under the sacrifice of permeability due to increased membrane layer 

resistance. With the increase in feed concentration, an increase in ∆π and a decrease in ∆Pe are 

expected. A decrease in Cm/Cb is also observed.28, 37 

The induced micro-mixing by applying a 20 Hz magnetic field can be analyzed by 

comparing the membrane performance, concentration polarization and ion transport in the 

presence and absence of magnetic field while keeping the same feed composition and 

membrane modification condition. Most importantly, the changes in δ, k, β and Cm/Cb, as well 

as in R, Pe and (Cm-Cb)/δ help to explain the differences in the cross-membrane transport modes 

of different types of ions in the presence of a micro-mixer at the membrane-liquid interface.  

 

3.5.1 Membrane Performance 

As indicated by earlier membrane performance data, the effects of micro-mixing are 

mainly demonstrated in the increased rejection for salts with low reflection coefficient, and in 

the enhanced permeate flux for salts with high reflection coefficient. This results from the 

differences in the transport mechanisms of different types of salts, which can be primarily 

explained by variations in ∆Pe and ∆π that are shown in Figures 3.3 and 3.4, respectively. The 

decreases in ∆π and increases in ∆Pe are both affected more by polymer chain length compared 

to salt concentration, and percentage changes in both ∆π and ∆Pe always tend to increase as the 

polymer chain length increases. Improvements in ∆Pe are larger under higher feed salt 

concentrations. For the same functionalized membrane, decreases in ∆π are always more 
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evident for salts like NaCl and CaCl2 that are relatively easy to go through the NF membranes 

compared to MgSO4. Meanwhile, increases in ∆Pe are the greatest for MgSO4, the salt with 

both the highest rejection coefficient by the NF membranes and the lowest bulk diffusivity 

among the three investigated salts.  
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(a) NaCl 

 

(b) CaCl2 

 

(c) MgSO4 

Figure 3.3 Percentage change in ∆Pe for (a) NaCl, (b) CaCl2 and (c) MgSO4 in the presence 

of a magnetic field compared to the value in the absence of a field. 
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(a) NaCl 

 
(b) CaCl2 

 

(c) MgSO4 

Figure 3.4 Percentage change in ∆π for (a) NaCl, (b) CaCl2 and (c) MgSO4 in the presence of 

a magnetic field compared to the value in the absence of a field. 
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Generally, the oscillating magnetic field exerts minor effect on the performances of base 

NF270 membranes due to their unavailability of micro-mixing. According to Chen et al., the 

external 15-20 Hz oscillating magnetic field itself could possibly increase the mobility of 

charged ions and decrease water viscosity to improve membrane performance.77 However, this 

is almost negligible during the presence of concentration polarization. For the functionalized 

NF270 membranes, variations in membrane performance in the presence compared to absence 

of external field always tend to increase with ATRP time. Without the nanoparticles conjugated 

onto the chain ends, there is still no theoretical evidence that the low frequency oscillating 

magnetic field could affect the molecular structures of NF270’s polyamide barrier layer or the 

grafted poly(HEMA) chains and nano layer. In addition to that longer polymer chains generate 

stronger micro-mixing within the concentration boundary layer to more effectively break 

concentration polarization, variations in membrane performance in the presence compared to 

absence of external field are also due to the structural changes of functionalized membrane 

layer. When an external magnetic field is exerted onto the nanoparticles attached to the polymer 

chain ends, greater structural changes would take place for the longer polymer chains and 

thicker surface nano layers that are both formed after longer ATRP time.78  

3.5.2 Concentration Polarization 

Concentration polarization modulus, which is the ratio of surface to bulk concentration, 

is most important in the quantification of concentration polarization.4, 18, 37 Cm/Cb indicates the 

effect of concentration polarization on membrane separation processes. Percentage decrease in 

Cm/Cb is shown in Figure 3.5. Figure 3.6 and 3.7 both show the relation between percentage 
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changes in Cm/Cb, ∆Pe and ∆π.  
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(a) NaCl 

 

(b) CaCl2 

 

(c) MgSO4 

Figure 3.5 Percentage change in Cm/Cb for (a) NaCl, (b) CaCl2 and (c) MgSO4 in the 

presence of a magnetic field compared to the value in the absence of a field. 
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Figure 3.6 Percentage changes in ∆Pe, ∆π and Cm/Cb for the 4000 ppm salt solution in the 

presence/absence of a 20 Hz magnetic field. 

 

 

Figure 3.7 Percentage changes in ∆Pe, ∆π and Cm/Cb for the LD4h membrane in the 

presence/absence of a 20 Hz magnetic field. 
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Figures 3.6 and 3.7 indicate flux improvements in the presence of micro-mixing for low 

mobility salt solutions are mainly due to increased effective operation pressure, but those for 

high mobility salt solutions are mainly brought by decreased osmotic pressure difference under 

a decreased surface concentration. A decreased value of Cm/Cb in the presence compared to 

absence of external oscillating field directly indicates that micro-mixing reduces concentration 

polarization. Figure 3.6 also indicates stronger micro-mixing generated by functionalized 

NF270 membranes with longer polymer chains would more effectively reduce concentration 

polarization. In addition, longer polymer chains lead to more significant changes in both ∆Pe 

and ∆π, especially for the reduction of ∆π. According to both the Hagen-Poiseuille mechanism 

and the Darcy’s law,1 cross-membrane solvent flux is always linear versus ∆Pe for the NF 

membranes.16 The trends of ∆Pe percentage improvement generally agree with those of flux 

improvement under the investigated salt concentrations below 10,000 ppm. That is, flux 

improvements are always larger for lower mobility salts with higher bulk concentrations, and 

increases with membrane chain length. Meanwhile, the values and trends of Cm/Cb percentage 

reductions are similar for each salt, and affected mainly by polymer chain length rather than 

salt concentration.  

Together with the Cm/Cb ratio, concentration boundary layer thickness (δ) has been 

widely used in recent year’s NF and RO papers to indicate concentration polarization and salt 

transport.4, 26, 28, 79 Presence of the concentration boundary layer is due to a decreased mixing 

between the bulk flow and the surface area. Concentration boundary layer thickness above the 

upstream NF or RO membrane surface indicates the accumulation of rejected ions and 

molecules above the membrane.4, 26, 28, 79 Concentration boundary layer thickness affects 
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transport across the membrane since both solvent and solute permeating through the membrane 

have to cross the concentration boundary layer first. Similar to most recent NF and RO 

literature, with polymer chain length, salt and magnetic field condition held constant, δ tends 

to decrease with increase in feed salt concentration.27, 28, 68 According to Chaabane et al., for 

the base polyamide membranes, the decreases in δ with increases in feed salt concentration is 

mainly due to the neutralization of surface charge by the formation of a “screen” layer 

immediately above the membrane surface, neutralizing surface charge to increase salt transport 

across the membrane.28 That is, besides the increased cross-membrane concentration difference, 

the increased cross-membrane salt transport during the presence of concentration polarization 

is also due to a reduced dielectric exclusion.28 However, for the functionalized membranes 

without surface charge, the decreases in δ with increases in feed salt concentration is mainly 

due to a slower accumulation of rejected ions under a decreased permeate flux that is brought 

by an increased ∆π. 

Since increases in δ are caused by decreased exchange between the bulk feed and the 

concentration boundary layer, δ is subject to mixing effect.79 Functionalized membranes 

generally demonstrate a decreased δ in the presence compared to absence of an oscillating 

magnetic field. Percentage decreases in δ are greater for membranes modified with longer 

ATRP time since longer polymer chains tend to generate stronger micro-mixing effect in the 

presence of an oscillating magnetic field. In addition, percentage decreases in δ are generally 

greater under higher feed salt concentrations. Based on Fick’s law, increase in bulk feed 

concentration slows down the diffusion of rejected salt from the membrane surface back into 

the bulk feed. Therefore, micro-mixing has a stronger effect in reducing concentration 
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polarization under higher feed salt concentrations. Generally, the trend of percentage reduction 

of δ for each salt in the presence compared to absence of field is similar to each other, and 

depends strongly on both polymer chain length and salt concentration. Variations of δ become 

more evident with increases in either polymer chain length or salt feed concentration, and are 

slightly more evident for solutes with lower rejection and higher mobility. 
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(a) NaCl 

 

(b) CaCl2 

 

(c) MgSO4 

Figure 3.8 Percentage change in concentration polarization boundary layer thickness (δ) for 

(a) NaCl, (b) CaCl2 and (c) MgSO4 in the presence of a magnetic field compared to the value 

in the absence of a field. 
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Besides concentration boundary layer thickness and concentration polarization 

modulus, concentration polarization factor (β) has also been widely used to indicate and 

investigate concentration polarization. As theoretically defined, β equals to the solute 

concentration difference between membrane surface and permeate that is divided by the solute 

concentration difference between bulk feed and permeate. As indicated by Tables 3.6, 3.8 and 

3.10, for the same membrane sample and concentration, β is often the weakest for NaCl and 

the strongest for MgSO4. In other words, β increases with both the increases in reflection 

coefficient and the decreases in salt diffusivity. Similar to Cm/Cb, β decreases with increases in 

membrane ATRP time due to increases in membrane layer resistance to both solute and solvent 

transport. Decrease in cross-membrane salt transport reduces salt concentration in the permeate, 

and a decreased cross-membrane water flux reduces the accumulation of rejected salt ions 

above the upstream membrane surface. Moreover, β decreases with increase in feed salt 

concentration due to decreases in salt rejection limitation, indicating increased cross-membrane 

salt transport under a higher salt concentration gradient within NF membrane barrier layer. 

Percentage changes of β are shown in Figure 3.9. For each salt investigated, the percentage 

change of β in the presence compared to absence of an external field is dominated by the ATRP 

time during membrane functionalization. A stronger micro-mixing effect generated by the 

longer polymer chains on the surface of membranes with longer ATRP time leads to a greater 

percentage reduction in β. The percentage reduction of β decreases with the increases in 

rejection and the decreases in salt diffusivity.  
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(a) NaCl 

 

(b) CaCl2 

 
(c) MgSO4 

Figure 3.9 Percentage change in concentration polarization factor (β) for (a) NaCl, (b) CaCl2 

and (c) MgSO4 in the presence of a magnetic field compared to the value in the absence of a 

field. 
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In the Film Theory, the value of solute mass transfer coefficient (k) equals the ratio of 

bulk diffusivity to concentration boundary layer thickness. The value of k directly indicates 

solute transport therefore solute accumulation within the concentration boundary layer outside 

the membrane layer.18, 80 According to Lee et al., an increased mass transfer coefficient 

indicates an enhanced transport of the rejected ions and molecules away from the membrane 

surface. In other words, an increased k value is helpful with decreasing the accumulation of 

rejected species on the membrane surface.18 According to Murthy and Gupta, the value of k 

depends on both the permeate flux across the NF membrane and the hydrodynamic conditions 

above the membrane’s upstream surface.29 Park and Barnett mentioned a reduced concentration 

boundary layer thickness therefore an increased mass transfer coefficient under an increased 

Reynolds number above the NF membrane’s feed side surface.81 Based on the Film Theory, the 

mass transfer coefficient also depends on the cross-membrane transport and the bulk diffusivity 

of rejected species.29  

The values of k are given by Figure 3.10 (1). Under constant polymer chain length, feed 

concentration and magnetic field condition, k decreases with the decreases in salt bulk 

diffusivity and the increases in salt reflection coefficient. Within the dead end filtration NF 

system in this work, k increases with the increases in feed salt concentrations. This indicates a 

decreased salt accumulation brought by both a decreased permeate flux resulted from an 

increased osmotic pressure difference and an increased cross-membrane salt transport resulted 

from an increased concentration gradient within the membrane layer. For MgSO4 with all 

concentrations and CaCl2 with high concentrations in the absence of field, the value of k 

increases after the 1st hour of polymerization and then starts to decrease after the 2nd hour of 
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polymerization. Indicated by the values of Jv and σ in Tables 3.7 and 3.9, increases in membrane 

layer resistance during the first hour of polymerization are mainly in water transport, 

decreasing salt accumulation under a significantly decreased permeate flux while a slightly 

decreased cross-membrane salt transport. During the 2-4th hours of polymerization, the 

increases in membrane layer resistance are more at salt compared to water transport, increasing 

salt accumulation under slightly decreased flux. This is evident for the high rejection salts with 

high feed concentration. While for the low rejection salts with low feed concentration, 

especially in the presence of magnetic field, k simply increases with ATRP time under the same 

magnetic field condition. Indicated by the Jv and σ values in Tables 3.5 and 3.7, this is simply 

due to a decreased salt accumulation under a reduced permeate flux as a result of an increased 

membrane layer resistance after a longer ATRP time.30 However, the effect of membrane 

functionalization on k mainly depends on the effect of micro-mixing generated in the presence 

of an external oscillating field. 

Percentage changes of k are given by Figure 3.10 (2). A stronger micro-mixing effect 

generated by longer polymer chains generally leads to a greater improvement in k. For CaCl2 

and MgSO4 under each concentration, the increases in k for the ATRP=4h membranes are 

greater than the other membranes. Meanwhile, increases in k are slightly higher for NaCl and 

similar for CaCl2 and MgSO4 for the same membrane under the same feed concentration, and 

are affected by both ATRP time and feed concentration. For each salt investigated, more evident 

increases in k have generally been observed both under higher salt concentrations and for 

membranes with longer polymer chains (ATRP time). Increases in k are always negligible for 

the base membranes since they are unable to generate micro-mixing in the presence of an 
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external oscillating field. For the functionalized membranes, the universal increase in k in the 

presence compared to absence of an external oscillating field indicates the effect of micro-

mixing in decreased concentration polarization due to an increased solute mass transfer 

coefficient within the concentration boundary layer. This is particularly important in 

maintaining constant NF membrane performance during the removal of salts under a high feed 

concentration, improving the rejection for low rejection salts and enhancing the flux for high 

rejection salts. Despite the increased membrane layer resistance, membranes with increased 

ATRP time often have longer polymer chains on the membrane surface. The movement of long 

polymer chains triggered by a 20 Hz magnetic field helps to generate stronger micro-mixing to 

more evidently decrease concentration polarization by improving solute mass transfer 

coefficient values. 
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(a) NaCl 

 
(b) CaCl2 

 

(c) MgSO4 

Figure 3.10 (1) Solute mass transfer coefficient (k) values for (a) NaCl, (b) CaCl2 and (c) 

MgSO4 within the concentration boundary layer. 
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(a) NaCl 

 
(b) CaCl2 

 

(c) MgSO4 

Figure 3.10 (2) Percentage change in the solute mass transfer coefficient (k) for (a) NaCl, (b) 

CaCl2 and (c) MgSO4 in the presence of a magnetic field compared to the value in the 

absence of a field. 
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3.5.3 Salt Transport 

 

(a) NaCl 

 

(b) CaCl2 

 

(c) MgSO4 

Figure 3.11 Percentage change in intrinsic rejection (R) for (a) NaCl, (b) CaCl2 and (c) 

MgSO4 in the presence of a magnetic field compared to the value in the absence of a field. 
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(a) NaCl 

 
(b) CaCl2 

 

(c) MgSO4 

Figure 3.12 Percentage change in (Cm-Cb)/δ for (a) NaCl, (b) CaCl2 and (c) MgSO4 in the 

presence of a magnetic field compared to the value in the absence of a field. 
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(a) NaCl 

 

(b) CaCl2 

 
(c) MgSO4 

Figure 3.13 (1) Percentage change in the membrane’s Peclet number (Pem) for (a) NaCl, (b) 

CaCl2 and (c) MgSO4 in the presence of a magnetic field compared to the value in the 

absence of a field. 
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(a) NaCl 

 

(b) CaCl2 

 

(c) MgSO4 

Figure 3.13 (2) Percentage change in the concentration boundary layer Peclet number (Pel) 

for (a) NaCl, (b) CaCl2 and (c) MgSO4 in the presence of a magnetic field compared to the 

value in the absence of a field. 
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Figure 3.14 Percentage change of different parameters for NaCl in the presence of a 

magnetic field compared to the values in the absence of a field. 

 

 

Figure 3.15 Percentage change of different parameters for CaCl2 in the presence of a 

magnetic field compared to the values in the absence of a field. 
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Figure 3.16 Percentage change of different parameters for MgSO4 in the presence of a 

magnetic field compared to the values in the absence of a field. 

 

 

Figure 3.17 Percentage change of different parameters for each 4000 ppm salt solution in the 

presence of a magnetic field compared to the values in the absence of a field. 
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The intrinsic rejection (R) depends on the ratio of salt concentration in the permeate to 

that immediately above the upstream membrane surface. Therefore, R is affected by solute 

transport within both the concentration boundary layer and the membrane barrier layer. As 

indicated by Tables 3.6, 3.8 and 3.10, the intrinsic rejection is the highest for MgSO4 and the 

lowest for NaCl, and decreases with increase in feed salt concentration. Under the same 

magnetic field condition, the intrinsic rejection slightly increases with increases in ATRP time 

for MgSO4, but increases during the 1st and decreases during the 2-4th hour of ATRP for both 

NaCl and CaCl2. Moreover, as shown in Figure 3.11, presence of the oscillating magnetic field 

decreases the intrinsic rejection of NaCl and CaCl2 but increases that of MgSO4. Therefore, 

decreases of Cp are more than those of Cm for MgSO4 and vise versa for NaCl in the presence 

of micro-mixing, with CaCl2 somewhere in between.  

Concentration gradient within the concentration boundary layer ((Cm-Cb)/δ) is seldom 

used for quantifying concentration polarization. However, the concentration gradient helps to 

better understand concentration polarization when interacting with other variables. Tables 3.6, 

3.8 and 3.10 indicate (Cm-Cb)/δ increases with increases in feed salt concentration but decreases 

with increases in ATRP time. Variations of (Cm-Cb)/δ in the presence compared to in the 

absence of magnetic field are shown in Figure 3.12. Presence of the 20 Hz field reduces (Cm-

Cb)/δ for NaCl but increases that for CaCl2 and MgSO4. Therefore, for the functionalized 

membranes in the presence compared to absence of an oscillating magnetic field, decreases in 

concentration polarization for NaCl are mainly due to decreased surface concentration, but 

those for CaCl2 and MgSO4 are mainly due to decreased concentration boundary layer 

thickness.   
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Peclet numbers of the membrane layer (Pem) are given in Tables 3.6, 3.8 and 3.10. The 

transport of 2000 ppm NaCl and 2000 ppm CaCl2 across the base and ATRP=1 and 2 h 

membranes are mostly convective. Diffusive transport dominates NaCl and CaCl2 with 4000 

and 6000 ppm concentrations going across the base and ATRP=1-4 h membranes. As indicated 

by the Pem values in Table 3.10, diffusive transport dominates MgSO4 with all the investigated 

concentrations going across the base and the functionalized membranes with each ATRP time 

length. With increases in the membrane’s ATRP time, transition from convective to diffusive 

transport across membranes with thicker and denser barrier layers are same as theoretically 

expected.66 In addition, percentage of diffusive transport increases with increases in ion valence 

therefore decreases in ion mobility due to increases in ionic hydration free energy. Therefore, 

NF membrane removes almost all trivalent and most divalent but few monovalent ions, and 

salt rejection under the same magnetic field condition increases with increase in ATRP time.12, 

14, 23 Moreover, Pem decreases with increases in feed salt concentration due to an increased 

diffusive transport under an increased cross-membrane concentration gradient, together with a 

decreased convective transport under a decreased Jv brought by an increased osmotic pressure 

difference.4, 12 Percentage changes of Pem in the presence compared to in the absence of external 

magnetic field are given by Figure 3.13 (1). The oscillating magnetic field exerts less effect on 

Pem for the base compared to functionalized membranes. Presence of the oscillating magnetic 

field decreases the Pem more evidently for NaCl compared to CaCl2, but increases the Pem of 

MgSO4. Therefore, presence of micro-mixing decreases the percentage of dominate transport 

mechanism for each salt across the membrane barrier layer.  

The Peclet number of concentration boundary layer (Pel) quantifies the ratio of 
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convective to diffusive transport rate above the upstream NF membrane surface.4, 30, 32 As 

theoretically defined, the value of Pel is the ratio of solute mass transfer coefficient to permeate 

flow velocity.4, 30, 32 According to Murthy and Chaudhari, there is a balance between the 

convective solute transport towards the membrane and the diffusive solute transport away from 

the membrane. In case of a high Pel value, the value of Cm/Cb would increase to significantly 

higher than 1 since convective solute flow towards the membrane could be difficult to be 

balanced by solute diffusion away from the membrane. On the other hand, Cm/Cb gets closer to 

1 with decreases in Pel value, indicating a stronger capacity of solute diffusion away from the 

membrane to balance the convective solute flow towards the membrane.32 As indicated in 

Tables 3.6, 3.8 and 3.10, the values of Pel are greater than Pem under the same condition, 

indicating a greater role of convective solute flow in the liquid compared to the membrane 

barrier layer. Due to a decreased convective flow towards the membrane surface under a 

decreased permeate flux, Pel decreases with increases in the membrane’s ATRP time and the 

feed salt concentration.4, 32 The Pel values for different salts are quite similar under the same 

feed concentration and magnetic field condition, but somehow increases with increases in 

rejection and decreases in the diffusivity of solute. Therefore, within the concentration 

boundary layer, convective transport has more influence on the salts with higher rejection and 

lower diffusivity. Despite an increased permeate flow velocity, Figure 3.13 (2) indicates Pel 

decreases in the presence compared to absence of external oscillating field due to an increased 

solute movement away from the membrane in the presence of micro-mixing. Polymer chain 

length and feed salt concentration both dominate the effect of oscillating magnetic field on Pel.  

Figures 3.14-3.17 indicate micro-mixing generated by the external oscillating field 
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increases the solute mass transfer coefficient within the concentration boundary layer, therefore 

decreases Cm/Cb, β and δ. In addition, Figures 3.14-3.17 show the interaction between the 

decreased concentration polarization and the variations of R, (Cm-Cb)/δ and Pem in the presence 

compared to in the absence of an external oscillating field. Variations in intrinsic rejection (R), 

concentration gradient ((Cm-Cb)/δ) and membrane Peclet number (Pem) work together to 

elucidate the effects of both membrane functionalization and external oscillating field on salt 

transport. Generally, stronger micro-mixing generated by the membranes with longer polymer 

chains leads to greater percentage changes in concentration polarization and salt transport. The 

effect of micro-mixing somehow tends to increase with increases in feed salt concentration. 

However, within the concentration range of 2000-6000 ppm, salt valency coupled by polymer 

chain length dominate the effect of external field to salt transport and concentration polarization.  

As indicated by Figure 3.17, decreases in Cm/Cb, β and δ and increases in k are generally 

similar among different salts. Decreases in R, (Cm-Cb)/δ and Pem are the most evident for NaCl, 

while increases in (Cm-Cb)/δ and Pem are the most evident for MgSO4. For CaCl2, there are 

evident decreases in Pem and R but observable increases in (Cm-Cb)/δ. Figure 3.17 indicates the 

surface concentration of low valence and high mobility salts are more prone to the 

hydrodynamic conditions above the membrane surface. In the presence of micro-mixing, 

decreases in δ, (Cm-Cb)/δ and Cm/Cb for NaCl simultaneously indicate the instantaneous 

redistribution of the low rejection and high mobility salts in the feed. For MgSO4, increase in 

(Cm-Cb)/δ accompanies decrease in δ and Cm/Cb in the presence compared to in the absence of 

magnegic field. This indicates for the high valency salts with low mobility and high rejection,82 

the dominating effect of micro-mixing is in a decreased δ therefore the increased salt mobility 



118 
 

from membrane surface into bulk feed.  

Figure 3.17 also indicates decreases in Pem for NaCl in the presence of an external field 

are mainly brought by a decreased convective transport under a significantly decreased surface 

concentration while slightly increased permeate flux. A decreased concentration gradient 

within the membrane layer for the low rejection and high mobility salts plays a significant role 

in an increased Ro. On the other hand, the slight increases in Pem for MgSO4 indicates an 

increased salt back diffusivity away from membrane surface leading to a decreased Cm/Cb value 

somehow helps to reduce the diffusive transport in membrane barrier layer.4 An increased back 

diffusivity of low mobility and high rejection solutes from upstream membrane surface into the 

bulk feed plays dominating role in enhancing Jv by decreasing the osmotic pressure difference.  
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3.5.4 Total Cross-membrane Salt Transport Rate 

 

(a) NaCl 

 

(b) CaCl2 

 

(c) MgSO4 

Figure 3.18 Percentage change in the overall cross-membrane salt transport rate (Js) for (a) 

NaCl, (b) CaCl2 and (c) MgSO4 in the presence of a magnetic field compared to the value in 

the absence of a field. 
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The total salt transport rate across the NF membrane layer (Js) includes both convective 

and diffusive transport. As indicated by Tables 3.5, 3.7 and 3.9, Js decreases with decreases in 

the diffusivity and increases in the rejection of salt, and Js decreases with increases in 

membrane’s ATRP time due to increases in membrane layer resistance. In addition, Js increases 

with the feed salt concentration due to an increased concentration gradient within the 

membrane layer. 

The percentage changes of Js in the presence compared to absence of field are given by 

Figure 3.18. Since the base NF270 membranes are unable to generate micro-mixing, the 

oscillating field effects on Js are minor and irregular for the base compared to the functionalized 

membranes. On the other hand, each functionalized membrane demonstrate universal decreases 

of Js in the presence compared to in the absence of an oscillating magnetic field since micro-

mixing decreases surface concentration of solute. Compared to salt concentration, the effect of 

external oscillating field on Js depends more on polymer chain length and salt diffusivity. 

Decreases of Js are the most evident for NaCl, the salt with the highest diffusivity and the lowest 

reflection coefficient. For each salt investigated, stronger micro-mixing generated by the 

membranes functionalized with longer polymer chains brings about a greater Js decreases.  

Therefore, as theoretically expected, the effect of external oscillating field on the 

reduction of cross-membrane salt transport is more evident under a stronger micro-mixing 

generated by longer polymer chains on the membrane surface. Moreover, the effect of micro-

mixing on the percentage decreases of Js is expected to be more evident for the salts with higher 

diffusivity and lower rejection. Improvements in the selectivity of functionalized micro-mixing 

NF membranes in the presence compared to in the absence of an external oscillating field is 
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indicated by an increased Jv accompanying a decreased Js. 

 

3.6 Conclusions 

Mathematical models have been successfully applied to investigate concentration 

polarization and ion transport during the self-cleaning micro-mixing NF membrane processes. 

Several extensively used NF membrane transport models have worked together to quantify 

concentration polarization and ion transport that are both unavailable from experimental 

measurements. The modeling was run by correlating membrane performances to the physical 

properties of membranes and the dynamical characteristics of ions. Through comparison of 

concentration polarization and ion transport in the presence compared to in the absence of an 

external oscillating magnetic field, the combined effect of membrane functionalization and 

micro-mixing has been theoretically investigated.  

In the presence compared to absence of an external oscillating magnetic field, decreases 

of concentration polarization and cross-membrane salt transport are both observed for each salt 

solution going through LD functionalized membranes with 1-4 hours of ATRP. Due to a 

stronger micro-mixing generated by the movements of longer polymer chains on the membrane 

surface, there observes stronger effects of the oscillating magnetic field for membranes 

functionalized with longer ATRP time. Since the base membranes are unable to generate micro-

mixing, the effect of external oscillating field on the base membranes are both minor and 

irregular compared to the functionalized membranes. Besides polymer chain length, the effect 

of external oscillating magnetic field on concentration polarization and salt transport also 

depends on the valence and somehow on the feed concentration of salt. 
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For the higher valence ions with typically higher hydration free energy, the mode of 

transport changes from convective to diffusive. The same change in transport mechanism also 

takes place when the ions are going through thicker and denser membranes with longer polymer 

chains that are functionalized with a longer ATRP time. Therefore, salt rejection by the NF 

membranes increases with increases in either the salt’s valence or the membrane’s ATRP hours.  

The dominating effect of micro-mixing for the low rejection and high mobility salts is 

in the decreased surface concentration due to the instant redistribution of ions in the feed, and 

that for high rejection and low mobility salt is in an increased effective operation pressure due 

to the enhanced movement of rejected salt from the membrane surface back into the bulk feed.  

For the functionalized membranes, the universal decreases of concentration 

polarization in the presence compared to absence of micro-mixing is mainly due to an enhanced 

solute mass transfer coefficient within the concentration boundary layer, facilitating the 

transport of rejected salts away from the membrane surface. The effect of micro-mixing in the 

decreases of concentration polarization is helpful with improvements in the productivity and 

selectivity of NF membranes. 
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4. Performance and Anti-fouling Properties of the Magnetically Responsive Micro-

mixing Nanofiltration Membranes  

4.1 Introduction 

Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) 

are pressure-driven membrane processes widely used for separations in biotechnology and 

biopharmaceutical areas as well as for wastewater treatment and desalination. NF membranes 

are always considered loose RO and dense UF membranes at the same time. NF membranes 

are mainly used for the removal of small organic molecules and divalent or trivalent salt ions 

from water.1 The performance and durability of NF membranes are compromised by membrane 

fouling due significantly to concentration polarization. Concentration polarization refers to the 

accumulation of the rejected ions and molecules within the concentration boundary layer 

immediately above the upstream membrane surface, leading to the formation of a concentration 

gradient that increases towards the membrane. Membrane fouling is the deposition, 

precipitation or adsorption of undesired species onto the membrane surface or into the 

membrane layer.2 Concentration polarization and membrane fouling reduce the effective 

operation pressure due to increased osmotic pressure difference across the membrane layer. 

Membrane fouling also potentially reduces the effective operation area of the membranes. If 

the rejected ions and molecules accumulate continuously within the concentration boundary 

layer, the concentration immediately above the upstream membrane surface could exceed their 

solubility and they immediately crystalize onto the membrane surface leading to fouling.3  

Extending the prior work from our group, the anti-fouling effects of the magnetically 

responsive micro-mixing NF membranes are investigated and analyzed in this dissertation.4 At 
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first, the hydrophilic poly (2-hydroxyethyl methacrylate (HEMA)) chains were grafted from 

the membrane surface using ATRP. The SPNs were subsequently conjugated onto the ends of 

the grafted polymer chains. The applied external oscillating magnetic field exerts a force on 

the nanoparticles to induce the particles to move at the same frequency as the external field, 

leading to the movement of the conjugated polymer chains. ATRP is a well-controlled 

polymerization reaction with low polydispersity. The estimated length of the grafted polymer 

chains on the membrane surface is around 100-150 nm. Furthermore, nanoparticles with 25 nm 

in diameter are only conjugated to the ends of the grafted polymer chains. Therefore, movement 

of the chains serves as micro-mixers within the concentration boundary layer. The induced 

micro-mixing reduces concentration polarization and membrane fouling by enhancing the 

transport of rejected species from the membrane surface back into the bulk feed.4-6   

Chapter 2 and Chapter 3 have investigated the effects of micro-mixing at the 

membrane-liquid boundary layer on concentration polarization and transport properties of 

various types of salt ions at different concentrations. It can be seen that micro-mixer is effective 

in suppressing concentration polarization hence improving the performance of the 

nanofiltration membranes. Moreover, the effects of micro-mixing is salt type and salt 

concentration dependent. As is known, membrane fouling is a critical issue in membrane based 

processes. In particular, fouling from organic molecules or biological species is more rampant 

compared to the inorganic particles or salts. Membrane fouling significantly affects the 

productivity and selectivity of membrane as well as reduces the quality of permeate. Therefore, 

extending our earlier work on the magnetically responsive micro-mixing membranes,5 one of 

the major objectives of this research is to obtain more fundamental insights and further develop 
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the micro-mixing anti-fouling NF membranes. Membranes functionalized with active micro-

mixers are expected to suppress concentration polarization and prevent the deposition of 

undesirable species and therefore are anti-fouling. It is expected to retain a constant flux and 

rejection for a longer period of time.4, 5, 7 This chapter focuses on the anti-fouling properties of 

functionalized membranes using feed streams containing organic species.2 

Violleau et al. reported their investigations on the fouling of commercialized polyamide 

NF55 membranes using hydrophobic as well as hydrophilic natural organic feed streams.2 

Boussu et al. reported their research on the mechanisms of surfactant fouling for the NF 

membranes.8 However, so far, there are only very few studies on the fouling of NF membranes. 

Meanwhile, extensive efforts have recently been devoted to develop anti-fouling NF 

membranes for many different applications. Earlier investigations of NF membrane fouling 

focused on the investigations of membrane properties by surface characterizations only. In this 

chapter, we present our results on the anti-fouling properties of the magnetically responsive 

micro-mixing NF membranes using feed streams with different organic species.  

Chapter 2 describes the transport properties of the magnetically responsive micro-

mixing NF membranes with feed streams containing one inorganic salt. Chapter 3 analyzed 

quantitatively the effects of micro-mixing on concentration polarization based on those 

experimental data. Here membrane performances with additional feed streams including one 

organic salt solution of (CH3)3N·HCl were investigated by up to 3 hours of filtration 

experiments. The effects of micro-mixing on concentration polarization and membrane 

transport properties were studied. Finally, the antifouling properties of functionalized 
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membranes using synthetic oily wastewater were investigated. The model wastewater used 

here is a mixture of inorganic salt ions, organic molecules and oil emulsions.9  

Mondal and Wickramasinghe reported their work using the base NF270 membrane to 

treat produced water from the oil and gas industry. They used field emission scanning electron 

microscopy (FESEM), XPS, ATR-FTIR and water contact angle to determine the fouling 

mechanisms of base NF270 during the recovery of oily waste water.10 More recently, it was 

shown that the membrane fouling properties of synthetic oily waste water containing NaCl, 

CaCl2, MgSO4, humic acid and soybean oil are similar to those of the real waste water from 

the oil and gas industry.11 The composition of the synthetic oily waste water represents the 

percentage of oil, salt and organic compounds in the produced water. Therefore, it can be used 

as a substitute of the real oily waste water to study the fouling of NF membranes when treating 

the produced water.12 In reality, there will be large variation in the composition of the actual 

waste water depending on the origin and sampling time and location. Here, the anti-fouling 

performance of nanoparticle functionalized membrane during the model oily waste water tests 

was monitored for over 3 or 6 hour period, and both in the presence and in the absence of an 

external alternating magnetic field.  

From the flux and rejection data of functionalized membranes presented in Chapter 2, 

it is clear that flux decreases and rejection increases for the functionalized NF270 membranes 

compared to the base membranes due to the enhanced membrane layer resistance to permeation. 

However, for each functionalized membrane in the presence of an oscillating magnetic field 

compared to without an external field, significant improvement in flux and rejection is 

observed due to the presence of micro-mixing at the membrane-liquid boundary layer. 
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Moreover, the larger the grafting degree, the greater the flux and rejection improvements. The 

effects of micro-mixing on concentration polarization are also salt type and salt concentration 

dependent. The rejection has the greatest improvement for the monovalent salt ions and the 

flux has a greater improvement for the divalent or trivalent salt ions. LD2h and LD4h 

membranes have been used for the anti-fouling studies in this chapter.  

 

4.2 Experimental Methods 

4.2.1 Membrane Functionalization  

Membranes were functionalized following the same protocol as before. Humic acid in 

fine particles was obtained from VWR (Radnor, PA) with analytical purity, and the soybean oil 

was purchased from a local supermarket. The organic salt of trimethylamino hydrochloride was 

supplied by Acros Organics (Thermo Fisher Scientific, NJ) with 98% purity. Synthetic oily 

waste water was prepared by adding the following compounds into 700-800 mL deionized 

water (DI water) in this order:13, 14 1) 2 mL soybean oil; 2) 1 g NaCl; 3) 1 g CaCl2; 4) 1 g 

MgSO4; 5) 0.05 g humic acid. At least 10 minutes of stirring was conducted before adding the 

next compound. Additional DI water was added to keep the final volume at 1L.  

4.2.2 Membrane Performance Evaluation 

All membrane performance tests were done using the Amicon 8050 filtration cell in the 

dead end filtration mode. Despite more severe concentration polarization and the membranes 

are therefore more prone to fouling compared to the tangential flow mode, the dead end 

filtration mode provides an easily controllable environment. Moreover, in order to clearly 
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investigate concentration polarization and membrane fouling, all membrane performance tests 

were done without any stirring. Details about flux tests are described in APPENDIX A2. 

Organic and inorganic salt rejections were determined using the conductivity method 

based on ratio of permeate conductivity to the initial feed conductivity, as described in 

APPENDIX A3. The alternating magnetic field was generated by alternatively activating the 

two solenoids placed on the opposite sides of membrane cell. Operation of the alternating 

magnetic field system is described in APPENDIX A5. Based on our earlier work, a 20 Hz 

oscillating frequency seems to induce the largest micro-mixing effects.4 Throughout this work, 

the frequency of the magnetic field was kept at 20 Hz unless otherwise mentioned. 

For both the base and functionalized NF270 membranes, preparation procedures 

mentioned by APPENDIX A4 were followed before membrane performance tests. Cleaning 

was required after each membrane performance test. Cleaning after each inorganic and organic 

salt solution test included feed removal from cell, 1-minute rinsing of the inner cell with DI 

water, 10-minute DI water flux under constant 45 psig, and finally 2-minute DI water rinsing 

of the membrane disc in a petri dish. After model oily waste water test, the cleaning procedure 

included feed removal from cell, DI water rinse of the inner cell for 2 minutes, 0.5 M NaOH 

flow through the membrane under 45 psig for 1 minute, and finally DI water flux through the 

membrane under 45 psig for 10 minutes.11  

The operation pressure was kept constant at 45 psig during each test. The initial feed 

volume was fixed at the maximal amount of 50 mL. In order to minimize feed concentration 

change during the filtration experiments, less than 5 g of permeate was drawn at the end of the 

experiments from a total of 50 mL feed.  
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4.3 Results and Discussion 

4.3.1 500 and 2000 ppm MgSO4 Salt Solutions 

Anti-fouling properties of the magnetically activated micro-mixing NF membranes 

were investigated by performing filtration experiments over a period of 3 hours with the 500 

ppm and 2000 ppm MgSO4 feed solutions. This is because divalent salt feed solution tends to 

have more severe concentration polarization developing at the boundary layer compared to 

monovalent salt feed solutions.  
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(a) Flux vs. time. 

 

(b) Average fluxes within each 90-minute operation cycle. 
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(c) Average flux improvements within each 90-minute operation cycle. 

 

(d) Average rejections within each 90-minute cycle both in the presence and absence of a 

20Hz magnetic field. 

0

5

10

15

20

25

30

35

40

LD2h 500ppm LD2h
2000ppm

LD4h 500ppm LD4h
2000ppm

Fl
u

x 
Im

p
ro

ve
m

en
ts

 (
%

)

0~90min

90~180min

0

10

20

30

40

50

60

70

LD2h 500ppm LD2h 2000ppm LD4h 500ppm LD4h 2000ppm

R
e

te
n

ti
o

n
 (

%
)

20Hz 90min

No Field 90min

20Hz 180min

No Field 180min



139 
 

 

(e) Average rejection improvements within each 90-minute cycle in the presence compared to 

in the absence of a 20Hz field. 

Figure 4.1 Rejection data for LD2h and LD4h functionalized NF270 membrane during 

3-hour filtration tests with 500 and 2000 ppm MgSO4 feed solutions in the presence and 

absence of an external magnetic field. 

 

Figure 4.1 shows the 3 hour flux and rejection measurements for functionalized LD2h 

and LD4h membranes with 500 and 2000 ppm MgSO4 feed solutions, together with their 

percentage improvements in the presence and absence of a 20 Hz oscillating magnetic field. 

Figure 4.1a shows the flux as a function of time during the 3 h test. It can be seen that fluxes 

remain more or less constant in the presence of 20 Hz magnetic field due to micro-mixing at 

the membrane-liquid boundary layer that breaks down concentration polarization. However, in 

the absence of magnetic field, the flux decreases rather quickly at the beginning of each test. A 

slower flux decline afterwards is observed due to the stabilized diffusion rate of the rejected 

species back into the bulk feeding liquid mixture. Figure 4.1b shows the average fluxes during 

the first 90-min and second 90-min test periods. Similarly, the average fluxes are more or less 

the same in the presence of a field and show decline in the absence of a field. Figure 4.1c plots 
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concentrations. As concentration polarization tends to degrade membrane performance over 

time, a larger membrane performance improvement can be seen after a longer filtration time. 

Figure 4.1d shows the corresponding data for the 4 filtration experiments during the 3 

h period. The rejection data are based on the conductivity measurements of the permeates 

during the two 90-min periods. It can be seen that rejections for both 500 ppm and 2000 ppm 

MgSO4 remain more or less the same in the presence of the field. Without the field, the 

rejections are lower due to the higher salt concentrations at the membrane-liquid boundary 

layer in the presence of concentration polarization.2, 15 Although there is a continuous increase 

of bulk feed concentration during dead end filtration, the total amount of permeate withdrawn 

from the 50 mL of feed solution is generally less than 5 g after each 90 min test. The increase 

in feed salt concentration is hence less than 5% during each 90-minute test. Figure 4.1e shows 

the percentage improvement in rejection during the two testing periods with all four conditions. 

It can be seen that the improvement in rejection during the first 90-min is only about 5%. 

However, during the next 90-min period, the improvement reaches 15-20%. Since 

concentration polarization tends to degrade membrane performance over time, micro-mixing 

which minimizes concentration polarization will improve the cross-membrane solvent 

transport property and membrane selectivity more evidently after a longer time of test. 

Comparing the LD2h and LD4h membranes, the membrane with higher grafting degree 

appears to have higher percentage improvement in both flux and rejection over the second 90-

min test when concentration polarization becomes more severe. This phenomenon has also 

been observed in the previous 33 min tests using different single feed salt solutions. Longer 

polymer chains tend to be more effective as micro-mixers to breakdown concentration 
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polarization. However, the first-90-min tests performed here do not show a systematic trend. 

Comparing the 500 and 2000 ppm feed solutions, the improvement in rejection is similar to 

each other. The improvement in rejection during the first 90-min is only at around 5% and is 

slightly declining for 2000 ppm compared to 500 ppm salt solution for both LD2h and LD4h 

membranes. The improvement in rejection during the second half of the test is close to 15-20% 

for both 500 and 2000 ppm feed streams. During the second half of the test, a similar flux 

improvement is observed for the LD2h and LD4h with 2000 ppm feed stream, and there shows 

a similar rejection improvement for the LD4h sample with both 500 and 2000 ppm feed streams. 
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4.3.2 Organic Trimethylamine Hydrochloride (TMAH) Salt Solutions 

Membrane fouling is caused by the attractive interactions between membrane surface 

and dissolved or suspended species in the feed. For NF membranes, organic fouling is more 

extensive and severe compared to inorganic fouling.16 Based on the 3-hour membrane 

performance investigations using 500 and 2000 ppm MgSO4 feed solutions, effects of micro-

mixing at the membrane-liquid boundary layer are investigated for the organic salt 

(CH3)3N·HCl (TMAH). Two feed solutions at 500 and 2000 ppm were used for testing LD2h 

and LD4h membranes. Conductivity measurements were used to determine the rejection. 

Figure 4.2a gives the average flux within each 9-minute period over the 45-minute test period. 

Fluxes in Figure 4.2b are the average flux between the 21st and 33rd minute of each test. 

Rejections in Figure 4.2c are based on the conductivities of the feed and the first 2.8 g of 

permeate drawn. Figure 4.2d shows the percentage improvements of flux and rejection in the 

presence compared to the value in the absence of a 20 Hz magmatic field.  
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(a) Average fluxes within each 9-minute period over the 45-minute tests, L/(m2·h). 

 

(b) Average fluxes between the 21st and 33rd minute of each 45-minute test, L/(m2·h). 
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(c) TMAH rejections. 

 
(d) Percentage improvements of flux and rejection in the presence compared to in the 

absence of a 20 Hz magnetic field. 

Figure 4.2 Performances of the LD2h and LD4h functionalized NF270 membranes with the 

500 and 2000 ppm TMAH (Me3N·HCl) feed solutions. N.F. indicates without an external 

magnetic field. 
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TMAH concentration, decrease in flux and increase in rejection are observed for LD4h 

compared to LD2h membranes. Moreover, increase in the feed concentration reduces permeate 

flux due to a higher osmotic pressure difference across the membrane. Increase in TMAH 

concentration also decrease salt retention. However, performances of functionalized 

membranes in both flux and rejection are improved in the presence of an external oscillating 

magnetic field compared to the performances without the field.  

As can be seen in Figure 4.2a, fluxes decrease continuously in the absence of an external 

field due to concentration polarization by the accumulation of rejected TMAH above the 

upstream membrane surface for all the samples. For both 500 and 2000 ppm TMAH feed 

solutions and both LD2h and LD4h membranes, more stable fluxes accompanying higher 

TMAH rejections have been observed in the presence of an oscillating magnetic field. Figure 

4.2b plots the average flux during filtration experiments from 21 to 33 min. It can be seen that 

the flux is higher for the LD2h membranes for both 500 and 2000 ppm feed solutions. Flux is 

also higher for the 500 ppm feed solution for both LD2h and LD4h functionalized membranes. 

Moreover, there is an apparent improvement in flux for each functionalized membrane in the 

presence of a 20 Hz magnetic field. These results show that functionalized membranes have 

similar performance characteristics for both inorganic and organic salt feed solutions. Figure 

4.2c shows the rejections for the LD2h and LD4h membranes with 500 and 2000 ppm feed 

solutions. Similar to inorganic salt feed solutions, rejections increase for LD4h functionalized 

membrane with both 500 and 2000 ppm TMAH feed solutions. Rejections are lower for the 

higher concentration feed for both LD2h and LD4h membranes. Moreover, rejections are 

higher in the presence of an oscillating magnetic field for all the filtration experiments due to 
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the micro-mixing breaking concentration polarization at the boundary layer. The rejection data 

are in agreement with the flux results. Again both rejection and flux results demonstrate an 

improvement in the membrane performance under an external magnetic field for the 

functionalized membranes. 

Figure 4.2d shows flux and rejection improvement for the LD4h membrane, with a 

higher improvement for the higher salt concentration. It is also clear that rejection improvement 

is more significant for the LD2h membrane, and there also shows larger flux and rejection 

improvements for the higher salt concentration. For TMAH, a decreased concentration 

polarization enhances flux and rejection in the presence of micro-mixing due to a decreased 

osmotic pressure difference and a decreased cross-membrane concentration difference, 

respectively. A reduction in the surface concentration of TMAH is also useful in the alleviation 

of membrane fouling caused by the adsorption of TMAH onto the membrane surface.2 

 

4.3.3 Antifouling Properties of Functionalized Membranes using Synthetic Oily 

Wastewater 

Based on slight modifications to the protocol used by Madaeni et al.,13 a synthetic oily 

waste water containing 2 mL soybean oil, 50 mg humic acid, 1 g NaCl, 1 g CaCl2 and 1 g 

MgSO4 in 1 L water was used to investigate membrane fouling and the anti-fouling properties 

of magnetically responsive micro-mixing NF270 membranes.12, 17 Synthesized to mimic the oil 

content, TDS and conductivity of actual produced water, earlier studies show that the 

membrane fouling tendencies using such model waste water are very close to the produced 

water from the oil and gas industries.12, 18 Here dead end filtration experiments lasting for 
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several hours were performed. In order to overcome the feed concentration increases during 

the tests, the experiments were halted temporarily after each 90-minute period to return all of 

the collected permeate to the feed reservoir. Permeate conductivity was measured before 

permeate was returned to the feed. Then filtration experiments continued without cleaning the 

membrane in order to simulate the continuous filtration processes.  

The prior PIV investigation of fluid dynamics under various frequencies of oscillating 

magnetic field indicated that the strongest micro-mixing occurred under the frequency of 20 

Hz magnetic field. However, this optimized frequency was selected based on a short study 

where heat generation is negligible. However, under much longer filtration studies, the 

relaxation of superparamagnetic nanoparticles within an oscillating magnetic field would 

dissipate energies and cause heating. The heat generated is a strong function of the magnetic 

field frequency applied. 

It is well known that flux and/or rejection will be affected by temperature since the 

viscosity of water is strongly temperature dependent. Moreover, the movement of the polymer 

chains will be affected by the viscosity and composition of the feed. With the synthetic oily 

water as the feed stream used here, the movement of the polymer chains induced by the lateral 

movement of the nanoparticles will probably be somewhat different. Therefore, as shown in 

Figure 4.3, three different frequencies were used to investigate the effects of polymer chain 

movements on the flux over a 3 hour time period. The frequencies investigated are 1, 20 and 

100 Hz. The LD4h membrane was investigated using the synthetic oily wastewater.   

It is important to note that in the presence of an external field, flux remains more or less 

the same for all three frequencies. In the absence of the magnetic field, flux decreases 
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continuously due to the worsening in concentration polarization and possibly the accumulation 

of foulants onto the membrane surface. As mentioned earlier, an increased concentration 

polarization reduces the effective operation pressure due to an increased osmotic pressure 

difference, therefore decreases the flux under a constant operation pressure. Membrane fouling 

also tends to reduce the effective area for separations. The foulants accumulated within the 

concentration polarization layer typically include humic species, oil emulsion and inorganic 

scalants.11 In the absence of mixing, the coexistence of Ca2+ ions and humic acid 

macromolecules accelerates the formation and compaction of cake layer. Cake layer 

compaction is caused by the attractive interaction between the Ca2+ ions and the negatively 

charged functional groups on humic acid.19 The humic acid-Ca2+ interaction becomes stronger 

at higher concentrations as within the concentration polarization layer. In the presence of an 

external alternating field, micro-mixing induced immediately above the upstream membrane 

surface helps to disrupt the concentration boundary layer. In addition, the presence of micro-

mixers reduces the chance for the foulants to precipitate, aggregate or deposit onto the upstream 

membrane surface, decreasing the rate of direct membrane fouling.  

Oil emulsion in the wastewater typically forms a gel layer above the upstream 

membrane surface since molecules in the oil emulsion are rejected almost completely by NF 

membranes. Besides decreased concentration polarization and reduced cake layer formation, 

the observed flux improvement is also due to the accelerated back diffusion of oil emulsion 

away from the membrane due to micro-mixing at the membrane-liquid boundary layer. Micro-

mixing therefore reduces oil gel layer formation in addition to concentration polarization 

caused by the accumulation of rejected oily molecules on membrane surface.20 Different 
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frequencies of magnetic field induces different rates of micro-mixing, resulting in the flux 

differences at the beginning and the end of the filtration experiments. Our earlier studies 

demonstrate that the frequency of 20 Hz magnetic field induces the highest fluid dynamics 

hence leads to the strongest micro-mixing effects at the membrane-liquid boundary layer. 

However, those studies were conducted with the durations of less than one hour. Indeed, Figure 

3 shows that the highest flux during the first hour comes from the test conducted under 20 Hz 

magnetic field. After longer periods of time, other effects besides micro-mixing may come into 

play. It is known that the nanoparticles will move laterally in response to the changing field. 

Relaxation of the magnetic moment within an oscillating magnetic field will cause energy 

dissipation thus heat generation. The rate of heat generation is dependent on the particle size, 

external field strength and field frequency. Here different frequencies will have different 

heating effects. The heat generation is probably more localized since no feed temperature 

change has been observed even after several hours of operation. Nevertheless, local 

temperature change could change the viscosity of the water and leads to an enhanced flux. This 

is probably the reason why the permeate fluxes under 1, 20 and 100 Hz fields all show a 

significant improvement after 2 hours of test compared to the test without the field. Since 

micro-mixing and heating are both frequency dependent, the overall improvement of the flux 

as a function of field frequency becomes more complex. As a result, the improvement does not 

seem to be systematic.21 

Table 4.1 gives the conductivity measurement of permeates collected during each 90-

minute operation cycle for different field frequencies applied. Permeate conductivity indicates 

the relative capacity of salt retention by the membrane. The higher the conductivity, the lower 
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the rejection. As shown in Table 4.1, permeate conductivity is higher for filtration experiment 

without an external field applied. The permeate conductivity is also higher for the tests under 

1 and 100 Hz external field. The differences in permeate conductivity thus rejection is low, 

within less than 2%. However, the permeate withdrawn from the test under 20 Hz external field 

is substantially lower than tests under other magnetic field conditions. The reduction in 

permeate conductivity thus rejection is about 10%. This again indicate that the 20 Hz magnetic 

field is most effective in inducing micro-mixing at the membrane-liquid boundary layer. Using 

a complex feed appears to complicate the performance of the functionalized membranes. 

Besides concentration polarization, the precipitation and aggregation of oil emulsions, humic 

acid macromolecules and inorganic scalants like CaSO4 always form a mixed cake layer 

immediately above the upstream membrane surface.13 The presence of a cake layer typically 

enhances concentration polarization due to a decreased solute diffusivity within the cake layer, 

therefore could possibly increase the cross-membrane salt transport due to increased salt 

concentration gradient within the membrane.22 Nevertheless, the cake layer exerts resistance to 

the overall cross-membrane ion transport.23 The resistance of the cake layer increases after 

longer filtration time due to increased compaction under a continuous pressure.24 Besides the 

effect of operation pressure, the coordination effect between the Ca2+ ions and the humic acid 

molecules also accelerates cake layer compaction in the absence of mixing.18 Presence of 

micro-mixing decreases concentration polarization and delays the formation of cake layer. But 

there is a clear and evident improvement in both flux and rejection when a 20 Hz external field 

was applied.   
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Figure 4.3 Permeate fluxes of the LD4h NF270 membrane under varied magnetic field 

frequencies during the 3-hour model oily waste water tests. 

 

Table 4.1 Permeate conductivity under several external field conditions with the LD4h 

membrane during the 3-hour model oily waste water filtration experiments. 

Conductivity 

(μS/cm) 
100 Hz 20 Hz 1Hz No Field 

90 min 3710±5 3320±5 3710±5 3775±5 

180 min 3725±5 3330±5 3725±5 3815±5 
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here and the similarly poly(HEMA) functionalized membranes show that the functionalized 

membrane surface properties were quite different compared to the base membrane. ATR-FTIR 

and FESEM were used to characterize the surfaces of the base and modified membranes both 

before and after cleaning. The same cleaning protocol was used here. The results indicate that 

nanoparticle functionalized membranes are much easier to clean compared to base NF270 

membranes. Furthermore, the carboxylic acid functionalization does not aggravate membrane 

fouling. This is probably due to the movement of the grafted polymer chains in the presence of 

an oscillating magnetic field leading to the reduced compaction or cake layer formation. This 

in turn helps clean or loosen the foulants deposited on membrane surface.11  
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Finally, in order to investigate the anti-fouling of functionalized membranes after 

further extended hours of filtration, 6-hour model oily waste water tests were done under 

constant 45 psig. In order to minimize concentration increases in the dead end filtration feed 

reservoir, the filtration was paused every 90 minutes. All the collected permeate was then 

returned to the feed reservoir after measuring permeate conductivity. Filtration experiments 

recommenced without any cleaning to the membrane surface. Flux variation over time is shown 

by Figure 4.4. Case 1 shows the flux in the absence of an external magnetic field. Case 2 shows 

the flux in the presence of a magnetic field in the second and 4th 90-min filtration experiments. 

The average permeate conductivity measurements based on all of the permeate collected during 

each 90-minute operation cycle are listed in Table 4.2.  
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Figure 4.4 Permeate flux for the LD4h membrane during the 6-hour model oily waste water 

tests. Case 1 was performed without the magnetic field throughout the 6-hour period. Case 2 

was conducted in the presence of 20 Hz field during the 2nd and 4th 90-minute operation 

cycles, but without an external field during the 1st and 3rd 90-minute operation cycles. 

 

Table 4.2 Permeate conductivity during the 6-hour model oily waste water tests using 

LD4h functionalized membrane (μS/cm). 

 90 min 180 min 270 min 360 min 

Case 1 3420±10 3520±10 3550±10 3540±10 

Case 2 3480±10 3470±10 3560±10 3560±10 

 

Figure 4.4 shows that flux continues to decline during each 90-min test in the absence 

of an external magnetic field as in case 1. There is a slight increase at the beginning of each 
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decreased feed concentration. However, it is evident that concentration polarization or cake 

layer formation leads to flux decline over time in the absence of an external magnetic field. In 

case 2, a 20 Hz oscillating magnetic field is applied during the 2nd and 4th 90-min testing periods. 

It can be seen that flux recovered to the initial level. During the last 90-min period, flux 

recovery is also quite obvious. However, the recovery during the 4th 90-min period is slightly 

less compared to the 2nd 90-min period. Applying an external field has evidently improved the 

performance of functionalized membranes over an extended period of time. Even though 

membrane fouling is inevitable due to cake layer formation, micro-mixing at the membrane-

liquid boundary layer improves the flux and tends to extend the time of operation before 

cleaning is needed. 

Despite the evident flux improvement under external field, no significant improvement 

in rejection was observed during the model oily waste water test shown in Table 4.3. In case 1, 

rejection becomes lower after 90-min filtration experiment due to concentration polarization. 

However, membrane fouling leads to the formation of a cake layer which increases the 

resistance of cross-membrane ion transport. This additional resistance by cake layer tends to 

increase the rejection. The two opposing effects appear to stabilize the rejection during the next 

3 90-min testing periods. In case 2 where an external field was applied during the 2nd and 4th 

90-min testing periods, the decline in rejection was delayed due to the micro-mixing effects at 

the membrane-liquid boundary layer. The micro-mixing reduces concentration polarization and 

delays the formation of a cake layer. However, rejection during the 3rd and 4th 90-min periods 

appears to be reduced due to the inevitable onset of membrane fouling and cake layer formation. 

Further variation with time is not evident due to the formation of a cake layer that exerts 
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resistance to cross-membrane ion transport, and the resistance of cake layer increases over time 

due to the compaction effect under continuous pressure.24  

Presence of hydrophilic poly (HEMA) chains and nanolayer above functionalized 

NF270 membranes reduces the attractive interaction between the foulants and membrane 

surface. An increased surface hydrophilicity is of key importance in decreasing the adsorptive 

membrane fouling caused by the hydrophobic interactions between oil emulsion and membrane 

surface.25 In addition, the reduced surface charge of poly(HEMA) nanolayer compared to the 

polyamide surface of base NF270 membrane decreases the electrostatic adsorption of humic 

acids onto membrane surface.18, 19, 26 As a result, flux recoveries are evident in the presence of 

micro-mixing during the 2nd and 4th cycles of Case 2 following the absence of micro-mixing 

during the prior one 90-minute cycle.  

Besides the decreased foulant-membrane affinity, flux recoveries are also due to the 

alleviated fouling based on the reduced theoretical pore sizes within the layer of functionalized 

compared to base NF270 membranes.24 A reduced membrane pore size alleviates the chance 

foulants be trapped within membrane layer during the presence of micro-mixing.25 Although 

membrane fouling mainly occurs above the surface of generally non-porous NF membranes, a 

decreased free volume within the barrier layer of loose NF membranes like NF270 is helpful 

in decreasing foulant entrapment within the membrane layer.16 Since micro-mixing is 

unavailable within the membrane pores, presence of micro-mixers above the surface of 

generally non-porous NF membranes proves to be useful in NF membrane anti-fouling. 

 

4.4 Conclusions 
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In the presence of an external alternating magnetic field, functionalized magnetically 

responsive NF membranes with SPM NPs attached onto the upstream surface via the 

hydrophilic poly(HEMA) chains generates micro-mixing at the membrane-water interface. The 

presence of micro-mixing reduces the chance of membrane fouling caused by the accumulation 

of rejected species onto the upstream membrane surface. Besides decreased solute transport 

and osmotic pressure difference across the membrane due to reduced concentration polarization, 

the direct membrane fouling also alleviates since the micro-mixing reduces the chance the 

undissolvable foulants might stay on the membrane surface. 

Surface modification with poly(HEMA) decreases both the attractive foulant-

membrane interaction and the membrane’s effective pore size, improving the ability of micro-

mixing in the recovery of membrane. Micro-mixing generated by the movement of polymer 

chains gains importance in maintaining a constant NF membrane performance after extended 

hours of filtration. Despite the decreased flux due to increased membrane layer resistance, 

extended polymerization time during membrane functionalization leads to an increased average 

polymer chain length. In the presence of an external oscillating magnetic field, longer polymer 

chains help to generate more effective micro-mixing at the membrane-liquid boundary layer to 

better enhance membrane performance and fouling resistance.  

Magnetically responsive surface micro-mixers reduce concentration polarization at the 

membrane-liquid boundary layer and improve the surface anti-fouling property of NF 

membranes. Magnetically activated NF membranes can be used to improve the performances 

during water desalination as well as water recovery from produced water. NF270 membranes 

seem to demonstrate extend lifetime and cleaning cycles after functionalization. 



158 
 

References 

1. Schäfer, A. I.; Fane, A. G.; Waite, T. D., Nanofiltration, Principles and Applications. 

Elsevier Advanced Technology: New York, 2005. 

2. Violleau, D.; Essis-Tome, H.; Habarou, H.; Croue, J. P.; Pontie, M., Fouling studies of a 

polyamide nanofiltration membrane by selected natural organic matter: an analytical approach. 

Desalination 2005, 173 (3), 223-238. 

3. Deon, S.; Dutournie, P.; Fievet, P.; Limousy, L.; Bourseau, P., Concentration polarization 

phenomenon during the nanofiltration of multi-ionic solutions: Influence of the filtrated 

solution and operating conditions. Water Research 2013, 47 (7), 2260-2272. 

4. Himstedt, H. H.; Yang, Q.; Dasi, L. P.; Qian, X.; Wickramasinghe, S. R.; Ulbricht, M., 

Magnetically Activated Micromixers for Separation Membranes. Langmuir 2011, 27 (9), 5574-

5581. 

5. Yang, Q.; Himstedt, H. H.; Ulbricht, M.; Qian, X.; Wickramasinghe, S. R., Designing 

magnetic field responsive nanofiltration membranes. Journal of Membrane Science 2013, 430, 

70-78. 

6. Himstedt, H. H.; Yang, Q.; Qian, X.; Wickramasinghe, S. R.; Ulbricht, M., Toward remote-

controlled valve functions via magnetically responsive capillary pore membranes. Journal of 

Membrane Science 2012, 423, 257-266. 

7. Himstedt, H. H.; Marshall, K. M.; Wickramasinghe, S. R., pH-responsive nanofiltration 

membranes by surface modification. Journal of Membrane Science 2011, 366 (1-2), 373-381. 

8. Boussu, K.; Kindts, C.; Vandecasteele, C.; Van der Bruggen, B., Surfactant fouling of 

nanofiltration membranes: Measurements and mechanisms. Chemphyschem 2007, 8 (12), 

1836-1845. 

9. James, B. J.; Jing, Y.; Chen, M. D., Membrane fouling during filtration of milk - a 

microstructural study. Journal of Food Engineering 2003, 60 (4), 431-437. 

10. Mondal, S.; Wickramasinghe, S. R., Produced water treatment by nanofiltration and 

reverse osmosis membranes. Journal of Membrane Science 2008, 322 (1), 162-170. 

11. Himstedt, H. H. Novel Fouling Resistant Magnetically-Responsive Membranes for 

Treatment of Impaired Water. Department of Chemical and Biological Engineering, Colorado 

State University, Fort Collins, CO, 2012. 

12. Wandera, D.; Himstedt, H. H.; Marroquin, M.; Wickramasinghe, S. R.; Husson, S. M., 

Modification of ultrafiltration membranes with block copolymer nanolayers for produced water 

treatment: The roles of polymer chain density and polymerization time on performance. 

Journal of Membrane Science 2012, 403, 250-260. 



159 
 

13. Madaeni, S. S.; Gheshlaghi, A.; Rekabdar, F., Membrane treatment of oily wastewater 

from refinery processes. Asia-Pacific Journal of Chemical Engineering 2013, 8 (1), 45-53. 

14. Boussu, K.; Zhang, Y.; Cocquyt, J.; Van der Meeren, P.; Volodin, A.; Van Haesendonck, 

C.; Martens, J. A.; Van der Bruggen, B., Characterization of polymeric nanofiltration 

membranes for systematic analysis of membrane performance. Journal of Membrane Science 

2006, 278 (1-2), 418-427. 

15. Li, Q. L.; Elimelech, M., Organic fouling and chemical cleaning of nanofiltration 

membranes: Measurements and mechanisms. Environmental Science & Technology 2004, 38 

(17), 4683-4693. 

16. Fane, A. G. F. I. S. D. W. G., Nanofiltration: Principles and Applications. Elsevier 

Advanced Technology: Australia, 2004. 

17. Wandera, D.; Wickramasinghe, S. R.; Husson, S. M., Modification and characterization of 

ultrafiltration membranes for treatment of produced water. Journal of Membrane Science 2011, 

373 (1-2), 178-188. 

18. Listiarini, K.; Sun, D. D.; Leckie, J. O., Organic fouling of nanofiltration membranes: 

Evaluating the effects of humic acid, calcium, alum coagulant and their combinations on the 

specific cake resistance. Journal of Membrane Science 2009, 332 (1-2), 56-62. 

19. Tang, C. Y.; Kwon, Y.-N.; Leckie, J. O., Fouling of reverse osmosis and nanofiltration 

membranes by humic acid - Effects of solution composition and hydrodynamic conditions. 

Journal of Membrane Science 2007, 290 (1-2), 86-94. 

20. Park, E.; Barnett, S. M., Oil/water separation using nanofiltration membrane technology. 

Separation Science and Technology 2001, 36 (7), 1527-1542. 

21. Lukawska, A.; Jagoo, Z.; Kozlowski, G.; Turgut, Z.; Kosai, H.; Sheets, A.; Bixel, T.; 

Wheatley, A.; Abdulkin, P.; Knappett, B.; Houlding, T.; Degirmenci, V., AC Magnetic Heating 

of Superparamagnetic Fe and Co Nanoparticles. Defect and Diffusion Forum 2013, 336, 159-

167. 

22. Hoek, E. M. V.; Elimelech, M., Cake-enhanced concentration polarization: A new fouling 

mechanism for salt-rejecting membranes. Environmental Science & Technology 2003, 37 (24), 

5581-5588. 

23. Lee, S.; Cho, J. W.; Elimelech, M., Combined influence of natural organic matter (NOM) 

and colloidal particles on nanofiltration membrane fouling. Journal of Membrane Science 2005, 

262 (1-2), 27-41. 

24. Nghiem, L. D.; Hawkes, S., Effects of membrane fouling on the nanofiltration of 

pharmaceutically active compounds (PhACs): Mechanisms and role of membrane pore size. 

Separation and Purification Technology 2007, 57 (1), 176-184. 



160 
 

25. Zuo, G.; Wang, R., Novel membrane surface modification to enhance anti-oil fouling 

property for membrane distillation application. Journal of Membrane Science 2013, 447, 26-

35. 

26. Tang, C. Y. Y.; Kwon, Y. N.; Leckie, J. O., Characterization of humic acid fouled reverse 

osmosis and nanofiltration membranes by transmission electron microscopy and streaming 

potential measurements. Environmental Science & Technology 2007, 41 (3), 942-949. 

 



161 
 

5. Conclusions and Future Directions 

5.1 Conclusions 

Magnetically responsive NF270 membranes were fabricated by grafting hydrophilic 

poly(HEMA) chains onto the membrane surface. The polymer chains were subsequently 

conjugated with the superparamagnetic iron oxide nanoparticles at the chain ends. In the 

presence of an external oscillating magnetic field, the tethered superparamagnetic nanoparticles 

move in response to the external field. The well-controlled surface initiated ATRP was used for 

grafting these polymer chains on membrane surface resulting in uniform growth of the surface 

nanolayer. The polymer chain density can be controlled by varying initiator concentration as 

well as initiator immobilization time. The polymer chain length can be controlled by 

polymerization time. These ATRP grafted polymer chains demonstrate low polydispersity. In 

an external oscillating magnetic field, the movement of the polymer chains is concerted 

resulting in fluid effective micro-mixing at the membrane-liquid boundary layer. 

Dead-end filtrations were conducted to investigate the effects of an external field on the 

performance of these functionalized NF270 membranes using various salt feed solutions. 

Magnetically induced micro-mixing at the membrane-liquid interface leads to a significant flux 

and rejection improvement due to the reduced concentration polarization at the membrane-

liquid interface and the subsequent antifouling effect. Feed solutions investigated include 

inorganic salt solutions of NaCl, CaCl2, MgCl2, MgSO4 and Na3PO4 at concentrations varying 

from 500 to 2000 ppm. Organic (CH3)3N·HCl feed solutions at various concentrations were 

also investigated. The micro-mixing effects leading to the improved membrane performance 

are found to be salt type and salt concentration dependent. Moreover, membrane performance 
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is also found to be dependent on polymer chain density and polymer chain length. Quantitative 

analysis of the solvent and solute transport across the magnetically responsive self-cleaning 

micro-mixing NF membranes was carried out using phenomenological modeling based on the 

integration of several well established NF membrane transport models. Concentration 

polarization under different conditions of membrane functionalization and feed solution has 

been quantified. A reduced concentration polarization leading to an improved solvent flux and 

solute rejection due to the micro-mixing effects at the membrane-liquid boundary layer was 

validated. The effects of grafting degree, in particular, polymer chain length and chain density 

on micro-mixing leading to the mitigation in concentration polarization for the same feed were 

analyzed. Moreover, the effects of micro-mixing and subsequent mitigation of concentration 

polarization with different feed type and feed concentration were also quantified. 

Non-stirred dead end filtration experiments with a fixed initial feed volume have been 

successfully performed to investigate the combined effects of membrane functionalization and 

external oscillating magnetic field on membrane fouling and concentration polarization during 

NF processes. The effects of alternating magnetic field on micro-mixing depend on the length 

and density of poly(HEMA) chains grafted on membrane surface. For the low molecular weight 

salt solutions with concentrations below 10,000 ppm, flux and rejection improvements become 

more evident for membranes with longer or denser polymer chains. However, increases in 

either the length or the density of polymer chains could lead to the loss of membrane 

permeability.  

Under the same membrane modification condition, the effect of micro-mixing on flux 

and rejection depends on the type and concentration of salt. Micro-mixing induced by an 
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external magnetic field at the membrane-liquid boundary layer improves the rejection of salt 

ions that have a higher mobility or permeation through the membrane. On the other hand, 

micro-mixing improves flux for salt ions that have a lower mobility or permeation through the 

membrane. In the presence of micro-mixing, surface concentration decreases significantly for 

the high mobility ions, while ions with lower mobility typically demonstrate a higher 

percentage improvement of effective operation pressure. In particular, the valence of salt ions 

and the membrane modification condition appear to play a critical role in concentration 

polarization and salt transport. 

As indicated by the Peclet number, the cross-membrane transport of Na+ and Cl- is 

mainly convective, while diffusive transport dominates Ca2+, Mg2+ and SO2- permeation across 

the membrane barrier. In the presence of an external oscillating magnetic field, Peclet number 

decreases for NaCl and CaCl2 but increases for MgSO4. Micro-mixing therefore decreases the 

rate of convective transport in the NaCl and CaCl2 feed solutions and increases the rate of 

convective transport in the MgSO4 feed solutions.  

The induced micro-mixing effects for the magnetically responsive NF membranes lead 

to their enhanced anti-fouling properties by the reduction of concentration polarization and the 

decreased foulant deposition onto the upstream membrane surface. In the presence of an 

external magnetic field, the induced micro-mixing effects lead to improved performance of 

functionalized membranes over an extended period of time compared to cases with absent field. 

Together with an increased anti-fouling propensity after modification with hydrophilic poly 

(HEMA), the presence of active micro-mixers further improves the membrane’s self-cleaning 

capacity. Moreover, the presence of micro-mixing reduces the onset of the cake layer formation 
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as well as decreases the compaction of cake layer. 

 

5.2 Future Directions 

The reaction steps leading to the magnetically responsive micro-mixing membrane 

functionalization are expected to work on other commercialized polyamide thin film composite 

membranes, such as NF90 and BW30.  

Besides the purification and desalination of water, the application of micro-mixing 

nanofiltration membranes should be extended to organic solvent purification. 

In order to generate an optimal micro-mixing at the membrane-liquid boundary layer, 

the movement of superparamagnetic nanoparticles should be parallel to the upstream 

membrane surface and normal to the flow of permeate in the dead end filtration. Moreover, for 

the magnetically responsive micro-mixing membranes, membrane functionalization should be 

limited to the upstream membrane surface. Future work could extend magnetically activated 

micro-mixing to more industrially relevant cross-flow filtration systems. 
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Appendix A1 

 

Membrane Functionalization Reaction Process 
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Figure A.1 Molecular structure of NF270 membrane’s functional layer.1  

 

For the nonporous nanofiltration membrane NF270, the functionalization reactions 

mainly occur on the feed side surface of the polyamine functional layer. From the molecular 

structure of the polyamide functional layer that is shown in Figure A.1, there are mainly 

carboxyl and amide end groups on the membrane’s surface.  

Before the reaction process, certain preparation procedures were needed for new 

membranes that were just cut from the original flat sheet, as described below: 

1) Rinse with DI water for about 2 minutes to primarily remove the dust and other solid 

particles attaching on the surface; 

2) Remain in 50% ethanol/water (v/v) that is placed on shake bed for 1 hour, to primarily 

hydrate the membranes; 

3) Rinse with DI water on shaker bed for several times to remove the potential protective 

layers on membrane surface, and totally rinse for 24 hours; 

4) Vacuum drying under 37℃ overnight to remove all potential moisture above and within the 

membrane layers to avoid the disruption of initiator anchoring reaction process by 

moistures.  
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Then the membranes were ready for membrane functionalization work or base membrane 

surface characterization processes except Atomic Force Microscopy (AFM). If base membrane 

performance tests or surface characterization using AFM needed to be done subsequently, the 

vacuum-drying step was better to be avoided. Instead, the samples should be generally dried 

carefully with clean towel paper used for optical instruments, or in air by sandwiching the 

membranes within clean filter paper layers. 

The functionalization reactions have to start from the reactions occurring on the 

carboxyl or amide functional groups on the membrane surface. The entire reaction process is 

shown in Figure A.2, and is composed of the following steps that are to be described together 

with the lab operation process as was developed in earlier studies:2-4 

N N H

(One individual secondary

end group on 

membrane surface)
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Br
Br

O
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Figure A.2 Chemical modification procedures required to develop magnetically activated 

NF270 membranes.2, 3, 5 

(1) Initiator anchoring 

The secondary amide end groups on membrane surface react with the initiator, α-

bromoisobutyryl bromide to form bromide surface-functionalized membranes. This is done via 
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condensation reaction to remove HBr, which is then absorbed by triethylamine.6, 7 4-(N’,N’-

dimethylamino) pyridine (DMAP) is required to work as the ligand agent during reaction. 

Since the reaction process is sensitive to humidity, the solvent for the reaction was 

anhydrous acteonitrile. As acetonitrile bought in always contained 1~3% of water, dehydration 

process was required. This was done by constant pressure distillation under 110℃ by using 

boric anhydride as the dehydration agent. According to the water absorption capacity of this 

agent, at least 1 g of solid was required to dry each 20 g of acetonitrile.  

1.4 mL of triethylamine and 61.1mg of DMAP were added into each 100 mL of purified 

acetonitrile. After mixing well, 25 mL of solution was needed for each 44.5 mm membrane 

sample. Then, after the membranes were completely soaked in the reaction solution, 1mL of 

α-bromoisobutyryl bromide was added into each 100 mL reaction solution. Then the reaction 

was done on shaker bed, and the time lengths were 2 or 6 hours to get varied initiator density 

that leads to varied polymer chain density on membrane.  

After reaction, the membranes had to be rinsed at first with anhydrous acetonitrile for 

one minute, then with 1:1 ethanol/water (v/v) for overnight by replacing the liquid mixture 

several times. The membranes could then be directly used for ATRP, or vacuum-dried overnight 

to get the weight for grafting degree determination. 

(2) Atom Transfer Radical Polymerization (ATRP) 

ATRP is the step leading to the formation of linear polymer chains onto the membrane 

surface. The monomer used in this work was 2-hydroxyethyl methacrylate (HEMA). Detailed 

chemistry of ATRP is shown in Figure A.3.6 
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Figure A.3 Atom Transfer Radical Polymerization (ATRP) for grafting poly(HEMA) on 

membrane surface.6, 8 

During ATRP processes, copper halides are catalysts for the polymerization reactions. 

Varying the ratio of Cu(I)/Cu(II) determines the catalytic activity of copper halides. The 

complex agents such as 2’2’-bipyridine (BPy) and/or N, N, N’, N”, N”- 

pentamethyldiethylenetriamine (PMDETA) are required to complex with the Cu ions.7, 9 

Since earlier studies showed that the chain length and chain density affects the micro-

mixing effects, ATRP has the advantage of varying the chain length and chain density 

independently.2 Although UV initiated polymerization is relatively easy to operate, ATRP is 

used here for the following reasons in addition to the independent control of polymer chain 

length and chain density:10 

1) Uniform polymer chain growth leads to an extremely narrow distribution of polymer chain 
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lengths. 

2) It is a live and controlled polymerization reaction leading to linear polymer chains that do 

not cross-link. This is important since it affects the flexibility and movement of the polymer 

chains. 

3) ATRP is a low and reversible reaction. The polymer chain length can be easily controlled 

by varying the polymerization time.11 

Since the catalytic Cu(I) ions are extremely sensitive to oxygen in the air, ATRP needs 

to be done in an atmosphere purged by an inert gas such as argon or nitrogen. Before use, 

monomer HEMA had to be purified by mixing with aluminum oxide particles for 10 minutes 

to remove the stabilizing agents. The solvent for ATRP was 1:1 methanol/water (v/v), and the 

reaction solution was composed of the following components with the corresponding molar 

ratio. That is, HEMA: CuCl: CuCl2: BPy = 100: 0.5: 0.2: 1.75. HEMA and BPy were both 

added into the solvent at the beginning. Then, before adding CuCl, mixing accompanied by 

inert gas purging was done by nitrogen gas bubbling together with stirring for 20 minutes. 

Subsequently, the same mixing and purging process was required for 20 minutes both before 

and after adding CuCl2. ATRP reaction solution was ready then. In order to also purge the 

atmosphere in the reactors, each 100mL flask containing one membrane sample needed to be 

repeatedly pumped vacuum and then filled with nitrogen for three times. In order to guarantee 

isolation from oxygen in the air and full immerse of the membranes into the reaction solution, 

25 mL of reaction solution needed to be injected into the reactors through the rubber stoppers 

covering the reactors. ATRP time was varied to adjust the length of polymer chains grafted on 

membrane.   
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Termination of ATRP needed to be done by placing the samples into quenching solution 

that contains 0.5 g of CuBr2 and 1.25 mL of PMEDTA in 100 mL 1:1 methanol/water (v/v). 

Each sample had to stay in the quenching solution for 10 minutes. After termination, the 

samples needed to be rinsed in 1:1 methanol/water (v/v) for one minute, then in 1:1 

ethanol/water (v/v) for overnight by replacing the liquid mixture several times. At least 10 

hours of vacuum drying was required before membrane weight measurement for grafting 

degree determination. However, ordinary drying with clean towel papers for optical 

instruments was required if the Gabriel Synthesis would immediately start after membrane 

rinsing.2 

(3) Gabriel Synthesis 

Gabriel Synthesis is used for converting the halogen end groups at the polymer chains 

into amine groups that can conjugate with the nanoparticles by forming a peptide bond with 

the carboxyl groups on the nanoparticle.12 It is composed of two successive steps: (1) Reaction 

of the –Br end groups with potassium phthalimide to form phthalimide terminated end groups 

on polymer chains within a saturated solution of potassium phthalimide; (2) Reaction of the 

phthalimide terminated end groups with hydrazine hydrate to form amine-terminated end 

groups under acidic conditions.13, 14 

Reaction solution for the first step of Gabriel Synthesis was saturated potassium 

phthalimide solution in anhydrous ethanol, and that for the second step was prepared by adding 

7 mL of hydrazine hydrate into each 25 mL of 6 M HCl. 25 mL of reaction solution and 15 mL 

of 6 M HCl were required for each 44.5 mm NF270 membrane sample during the 1st and 2nd 

steps of Gabriel Synthesis, respectively. Both steps of Gabriel Synthesis needed to be done 
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within constant temperature shaker bed under 40℃ and 75/min speed for 6 hours. Rinsing of 

the membrane samples for 2 minutes in 1:1 ethanol/water (v/v) and then for 2 minutes in 

anhydrous ethanol was required after the 1st step. Subsequently, the membranes had to be dried 

in air but sandwiched within filter paper layers overnight, before proceeding to the next step 

next day since the phthalimide groups tend to depart the end of polymer chains after hydrolysis 

in water. The cleaning procedure of membrane samples after the 2nd step was only composed 

of rinsing with 1:1 ethanol/water (v/v) over night. Drying with clean optical instrument towel 

papers was required after both steps if the membranes needed to be placed into storage.2, 3 

(4) Nanoparticle Attachment 

Catalyzed together by EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and 

NHS (N-hydroxysuccinimide), the amine groups at the polymer chain ends react with the 

carboxylic groups on the nanoparticles, forming a peptide bond between the chain and the 

nanoparticle.14  

EDC forms an active crosslinker between carboxyl and amine groups.15 At first, EDC 

reacts with a carboxyl group to form an amine-reactive O-acylisourea intermediate in order to 

activate this carboxyl group. Then, this intermediate reacts quickly with an amine group, 

forming an amide bond between the carboxyl and amine groups while releasing an isourea by-

product. In aqueous solutions, the O-acylisourea intermediate is very unstable and would 

undergo hydrolysis quickly in the absence of an amine group. After hydrolysis, the carboxyl 

group would be regenerated and an N-substituted urea would be released. Presence of NHS 

helps to stabilize the intermediate by a two-step conjugation procedure.16 After carboxyl group 

activation by EDC, NHS replaces EDC to couple onto the carboxyl group to generate an amine-
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active ester that is considerably more stable than the O-acylisourea intermediate, increasing the 

yield of coupling under a nearly neutral pH.17 Moreover, since the reaction process is sensitive 

to light, it had to be done in darkness to prevent one nanoparticle from conjugation with 

multiple polymer chains.16, 17  

116.1 mg of NHS and 106.8 μL EDC were added into each 30 mL DI water. After short 

and light stirring to mix well, totally 0.45 mL of superparamagnetic nanoparticles was added 

in extremely slowly and without stirring. In order to prevent the particles from aggregation, 

another dribble of nanoparticles was added only after the prior one had completely dispersed 

into the solution. Then into each 50 mm Petri dish containing one 44.5 mm sample that was 

already flattened, 5 mL of reaction solution was added to completely cover the functional layer 

surface of the membrane that was facing above. These Petri dishes were then sealed up and 

packed with aluminum foil, then placed in dark to react for 4 hours. Overnight DI water rinsing 

with several DI water replacements was required to clean the membranes after reaction.2  
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Appendix A2 

 

Membrane Flux Test Procedure 

 

As mentioned before, all of the flux tests were done with dead-end filtration, in an 

Amicon 8010 stirred filtration cell from Millipore without stirring. This cell is 13.4 cm2 in 

operation area and 50 mL in feed volume. Each test was done under room temperature, and 

under constant pressure during each entire test process, at 45 or 55 psig.2, 3 

Before measuring the flux, each membrane was rinsed with DI water sprayed from a 

squirt bottle for 30 seconds. Then the membrane was placed into a stirred cell, and the cell was 

then filled with a 1:1 (v/v) mixture of water and ethanol. Pressurized nitrogen under 30 psig 

was then used to flux the mixture fluid through the membrane for 20 minutes. Then, the mixture 

was replaced by DI water, and DI water flux compaction under 55 psig was conducted for 2 

hours. During compaction, at least 10 mL of DI water had to be guaranteed in the cell by filling 

DI water into the cell when required. The flux measurements were then conducted.2 

Flux test was conducted for varied time lengths and for feed solutions with various 

compositions. The total amount of permeate was weighted every 3 minutes. Flux in L/(m2·h) 

was determined by the increase of permeate versus time per unit operational area of the Amicon 

cell (13.4 cm2). For each membrane sample investigated in this work, at least 10 minutes of DI 

water flux rinsing followed by at least 2 minutes of DI water rinsing on shaker bed was required 

after each test in order to remove the salts or small molecules deposited on the membrane.2, 18 

For the flux tests using model oily waste water, additional rinsing with 0.5 M sodium hydroxide 
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solution was required as described in Chapter 4. 

Flux tests with an external alternating magnetic field were done in the Amicon cell 

surrounded by two stainless-steel core solenoids that were controlled by a software. The system 

is shown in Figure A.4. According to previous studies2, 3, in order to generate the strongest 

magnetic field across the membrane, the two solenoids had to be placed in close proximity to 

the membrane cell, with their symmetrical axes aligned. The solenoids’ symmetrical axes had 

to be aligned with the membrane’s surface functional layer through the center of the membrane 

disc in the cell. Although a stirred cell had been used, in order to observe the effects of the 

oscillating magnetic field on membrane performance, stirring of the membrane feed solution 

had been completely avoided in this work. Then the balance for measuring the total weight of 

permeate was Mettler Toledo PL 602~S, which was connected to the computer. The data on the 

balance was automatically recorded using the software of Balance Link after predetermined 

time intervals. The flux could therefore be determined by total permeate weight vs. time. The 

setup of the membrane performance testing system is shown in Figure A.4.2, 3 
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Figure A.4 Membrane performance testing system with oscillating magnetic field.3 

 

Dead-end filtration operation mode was used in all the tests. This is because, compared 

to the widely used tangential flow operation mode, dead-end filtration has the following 

advantages:19 

1) Easier to operate and control. 

2) Much less membrane area and feeding solution volume are needed. 

3) A smaller volume is needed for operation. In this work, the volume of dead end filtration 

cell was only about 50 mL.  

4) Easier to compare the performances of different membranes and feeding solutions under 

the same operational conditions. 
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   Appendix A3 

 

Salt Rejection Test 

 

For the same type of salt solution under the same operating conditions, the conductivity 

increase is linear to the salt concentration. Therefore, salt rejections of the membranes were 

determined using the conductivity method. All conductivities were measured using a VWR 

SYMPHONY conductivity meter in the unit of μS/cm or mS/cm.3 

For each membrane performance test, salt rejection was tested immediately after flux 

measurements were done. Salt rejection was determined by the conductivities of both the 

feeding salt solution (So) and the collected permeate liquid from the membrane (S). Rejection 

(%)= (So-S)×100/So.
2, 3 
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Appendix A4 

 

Necessary Preparation Processes for Testing NF270 Membranes 

 

The following procedures were required for an untested membrane, whether base or 

modified: 

1) Pre-condition with flux of 50% ethanol/water (v/v) under 30 psig for 20 minutes. 

2) Compact with DI water flux under 55 psig, for at least 2 hours. The flux during compaction 

needed to be checked and the membrane could be considered ready for testing after the flux 

had been constant for at least 30 minutes. 

Then the membrane was ready for testing.2 

To note, for new membranes just cut from the sheet, in order to remove the potential 

protection layer covering the membrane surfaces, 2 minutes of pre-rinse with DI water 

followed by 1 hour of pre-hydration in 50% (v/v) ethanol/water and then overnight rinsing in 

DI water was required before conducting the processes mentioned above.2 

For membrane preservation, it could temporarily be left in DI water if it would be tested 

within 10 hours. However, 50% ethanol/water (v/v) was a better choice for the membrane to 

remain hydrated. If the membrane would be tested after less than 7 days, it could be placed in 

50% ethanol/water (v/v) to remain hydrated and free of bacteria. If the membrane was not to 

be tested within 7 days or longer, preservation in 0.5% sodium azide solution was strongly 

recommended to prevent bacteria growth on the membrane.2, 20 

After each salt solution test, in order to preserve the membrane integrity, the following 
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procedures were required: 

1) Rinse the inner side of the cell with the membrane disc in it using DI water by shaking for 

at least 30 seconds, repeating for a total of three times.  

2) Then, flux DI water under the same pressure of the prior test for at least 10 minutes.  

3) After this, water beads on both sides of the membrane should be removed very carefully 

using clean optical paper.2, 3, 5 

Moreover, in order to guarantee precision of the test together with sufficient cleaning 

of the membrane layer, 2 hours of DI water flux compaction was always required before testing 

any membrane sample that hadn’t been tested during the past 14 hours. Also, compaction effect 

could be avoided if a continuous test for the same membrane sample is less than 8 hours. 
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Appendix A5 

 

Operation of the Alternating Magnetic Field 
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Figure A.5 Controlling system for the alternating magnetic field.2, 3 

 

The connection of the controlling system guaranteeing the required frequency and 

strength of the alternating magnetic field is described by Figure A.5. The magnetic field was 

operated with the “fixed current and fluctuating voltage” mode, with the current being 

1.3±0.5A and the voltage fluctuating between 2.25~5.16V. After all, the strength of 

electromagnetic field is only related to the magnitude and direction of the current itself. The 
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magnetic field was generated using Agilent U8000 Series Single Output DC Power Supplies 

(Santa Clara, CA, USA), and a PLC computer code that controlled the frequency of the 

alternating magnetic field.2, 3 

The alternating magnetic field was achieved by alternatively activating the two 

solenoids, and the rate of on and off for the solenoids was controlled by a computer-operated 

programmable logic controller (PLC).2, 3 
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Appendix A6 

 

Chemicals 

 

Chemical Provider Purity Remark 

ethanol Alfa Aesar Brought in 

completely 

anhydrous 

KOPTEC proof 

purity 

boric anhydride J. T. Baker, 

Avantor 

Chemicals 

≥98.0% Used for 

acetonitrile 

dehydration by 

distillation 

acetonitrile EMD 

Chemicals 

≥99.8%  

triethylamine (TEA) Alfa Aesar ≥99%  

4-N’, N’-dimethylamino-

pyridine (DMAP) 

Fluka ≥99.0%  

α-bromoisobutyrylbromide Aldrich 98%  

methanol EMD 

Chemicals 

≥99.8%  

2-Hydroxyethyl 

methacrylate (HEMA) 

Alfa Aesar 97%, and it 

contains the 

stabilizer of ca 

500 ppm 4-

methoxy phenol 

Used as the 

monomer to form 

polymer chains 

during ATRP 

process, and has 

to be kept frozen 

during 

preservation 

Aluminum Oxide Sigma Aldrich ≥98% Used for removal 

of stabilizer from 

97% HEMA 

2, 2’-bipyridine (Bpy) Sigma Aldrich ≥99% Ligand agent for 

ATRP reaction 

solution 

Cu(I)Cl Aldrich ≥99.99%  

Cu(II)Cl Aldrich ≥99.99%  

Cu(II)Br ACROS 

Organics 

 

≥99%  



182 
 

N, N, N’, N”, N”- 

pentamethyl 

diethylenetriamine 

(PMDETA) 

Aldrich 99% Ligand agent for 

ATRP quenching 

solution 

potassium phthalimide Alfa Aesar ≥99%  

12M hydrochloride acid EMD 

Chemicals 

36.5% water 

solution 

 

hydrazine hydrate Alfa Aesar ≥99% kept frozen 

during 

preservation 

1-ethyl-3-(3-dimethyl- 

aminopropyl) carbodiimide 

(EDC) 

Alfa Aesar 98% CAS#: 1892-57-

5, kept frozen 

during 

preservation 

N-hydroxysuccinimide 

(NHS) 

ACROS 

Organics 

≥98% CAS #: 6066-82-

6, kept frozen 

during 

preservation 

NaCl Avantar 

Performance 

Materials 

≥99.0% Macron 

Chemicals 

CaCl2 EMD 

Chemicals 

≥96% Anhydrous  

MgCl2 Alfa Aesar 99% Anhydrous 

MgSO4 J. T. Baker of 

Avantor  

99.5%  

NaH2PO4·H2O Bought from 

VWR, and 

produced by 

BDH Chemicals 

≥98.0%, ACS 

grade 

Used for 

preparation of 

sodium 

phosphate buffer 

solution 

Na2HPO4 AMRESCO Anhydrous and 

ACS grade 

Used for 

preparation of 

sodium 

phosphate buffer 

solution 

Trimethylamino 

hydrochloride 

Acros Organics 98% Used as the 

organic salt 

during 

membrane tests 
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