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Co-Supervisor:  Mukul M. Sharma 

 

One of the biggest challenges in using water purification membranes is fouling. 

Surface modification using hydrophilic materials can reduce hydrophobic interactions 

between membrane surface and hydrophobic foulants, thereby alleviating fouling. In this 

Ph.D. research, polydopamine (PDA), a highly hydrophilic and universal coating agent, 

was used to surface-modified reverse osmosis (RO) and ultrafiltration (UF) membranes. 

PDA modification conditions (e.g., dopamine coating solution concentration, coating 

time, and pH of coating solution) control PDA deposition and can directly influence the 

modified membrane properties. Thus, the influence of PDA modification conditions on 

membrane physical, permeation, selective, and fouling properties were investigated 

systematically. A fundamental understanding relating the physical and permeation 

properties and the fouling characteristics of PDA-modified membranes was established. 

The RO membranes were modified with PDA at various modification conditions. 

Permeate fluxes during pure water and oil/water emulsion filtrations were studied. The 

PDA modification increased the permeate fluxes during oil/water emulsion filtration 

(thus, improved membrane fouling resistance) relative to unmodified membranes 

regardless of the initial dopamine concentration or deposition time used. However, these 



 x 

changes were only observed for the membranes coated under alkaline conditions, 

suggesting that the PDA did not deposit well under acidic condition. 

For UF membranes, molecular weight cutoff (MWCO) and pure water permeance 

decreased with increasing initial dopamine concentration or deposition time. A 

permeability and selectivity tradeoff was also observed. Membrane mean pore size and 

pore size distribution (modeled using log-normal pore size distribution) were investigated 

via modelling using a hindered solute transport model, Hagen-Poiseuille equation, and a 

stagnant film model. 

The PDA modification increased UF membrane surface hydrophilicity regardless 

of the coating conditions used, but it did not clearly change surface roughness or zeta 

potential (i.e., surface charge). Membrane fouling propensity was characterized using 

threshold flux. Compared to unmodified membranes, the threshold flux increased at 

minimal PDA coatings, but decreased at excessive PDA coatings. These threshold flux 

changes were likely governed by a tradeoff between surface hydrophilicity increase and 

pure water permeance decrease. Excessive PDA coatings resulted in decreased pure water 

permeance and possibly, pore blockage and pore size reduction, leading to higher local 

permeate flux causing severe fouling and decreased threshold flux. 
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Chapter 1: Introduction 

1.1 WORLD WATER RESOURCES 

Covering over 70% of the Earth’s surface, water is an abundant resource. 

However, with the oceans accounting for 97% of this water, only about 2.5% is fresh 

water [1, 2]. Since most fresh water is located far below ground or frozen in icecaps and 

glaciers, less than 1% of the world’s water is readily accessible as fresh water for human 

consumption [2, 3]. In the past century, three major driver contributions to a significant 

increase in freshwater withdrawals have been: (1) population growth; (2) changing 

standards of living; and (3) expansion of irrigated agriculture [4]. Freshwater scarcity is a 

severe problem in many regions of the world, and the number of people living in highly 

water-stressed areas is predicted to increase throughout the 21st century [1, 5]. According 

to the World Health Organization (WHO), the world’s population is growing by about 80 

million people per year and this growth rate will cause freshwater demand increase of 

about 64 billion cubic meters per year [5]. In addition, 90% of the population growth will 

occur in developing countries which mostly lack access to clean water [5]. To meet the 

additional demand for clean water, economical treatment of impaired water sources, such 

as seawater, brackish water, and produced/flowback water should be considered. 

1.2 WATER REUSE IN HYDRAULIC FRACTURING 

With the growth of the oil and gas industry, produced water has emerged as a 

potential alternative water source in many areas. Produced water is a byproduct of crude 

oil and natural gas production and typically contains dispersed oils, soluble organics, 

salts, metals, and treatment chemicals [6, 7]. In 2007, nearly 21 billion barrels of 

produced water were generated in the U.S. To put this enormous volume of produced 

water in perspective, it is almost eight times the volume of crude oil produced by onshore 
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production in the same year [8]. Moreover, hydraulic fracturing, a necessary step in crude 

oil and natural gas production from unconventional shale formations, requires large 

amounts of water, typically between 1 and 4 million gallons of water for each well 

completion [9]. In addition, after hydraulic fracturing, about 10-40% of the injected water 

returns from the wells to the surface as wastewater, which is called flowback water [10]. 

From 2005 to 2010, shale gas production grew more than 45% per year in the U.S. [11]. 

The U.S. natural gas production from unconventional shale formations is forecast to 

double by 2035, and U.S. unconventional crude oil production will increase by 15% over 

the next several decades [10]. This rapid growth of oil and gas production from 

unconventional resources has led to several challenges in water management. The 

tremendous volumes of water requirement for hydraulic fracturing in arid regions can 

cause localized water shortage issues [10, 11]. This wastewater is usually considered 

unfit for municipal use and is reinjected into the ground. However, insufficient disposal 

wells and significant costs involved are becoming critical issues in some areas [12-14]. 

Rehabilitation of produced and flowback water for reuse in hydraulic fracturing could 

potentially contribute to addressing issues regarding water availability and disposal in 

hydraulic fracturing application [10, 14]. In addition, treated produced water could 

potentially be beneficially used for municipal, agricultural, and industrial purposes [6, 

15]. 

1.3 POTENTIAL USE OF MEMBRANE TECHNOLOGY IN PRODUCED AND FLOWBACK 

WATER TREATMENT 

Primary chemicals that are typically added in hydraulic fracturing fluid include 

proppants (e.g., sand), friction reducers, biocides, and acids [10, 12]. Thus, flowback 

water, which is a mixture of injected fluid and brine from natural subsurface formation, 

contains both organic and inorganic chemicals as well as high concentration of salts [10]. 
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Typical salinity of flowback and produced water ranges from 25,000 to 245,000 (7 times 

higher than seawater) mg/L, and the total dissolved organic carbon in produced water can 

be up to 5,500 mg/L [10]. Since some residual chemicals in flowback water can lead to 

poor productivity of the wells, and certain chemical additives (e.g., friction reducer) 

needed in the fracturing fluid cannot tolerate high salinity, flowback and produced water 

needs to be treated to remove some chemical components (especially salts) before reuse 

in hydraulic fracturing process [10]. Currently, an upper salinity limit that can be 

compatible with most friction reducers is 25,000 mg/L, although novel salt-tolerant 

friction reducers have been studied and recently developed [10]. 

Several pretreatment steps to remove iron, suspended solids, hardness, and 

bacteria are generally used prior to final salt (e.g., chloride and bromide salts) removal. 

These pretreatment techniques include filtration (such as filter press) and treatment with 

chemicals (such as soda/lime softening or sodium sulfate addition) [10, 12]. A common 

technology used in the final step is thermal distillation/evaporation such as mechanical 

vapor recompression to remove residual salts [10, 12, 13]. An advantage of this thermal 

distillation/evaporation is ability to crystallize salts from flowback water at even very 

high total dissolved solids (TDS) concentration [12, 13]. However, the widely-used 

thermal distillation/evaporation techniques are energy-intensive, require large footprints, 

and have large capital costs [13]. 

Polymer membranes are increasingly used to purify water [16, 17]. For example, 

membrane-based desalination has become the dominant desalination technology in terms 

of capacity [18] and is often the most economical choice for brackish and seawater 

desalination [16, 17, 19]. These membranes can reject very small contaminants, such as 

hydrated ions, while allowing a high flux of water through them. Their separation ability 

and relatively low use of energy (around ten percent of that of some thermal methods) 
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typically makes reverse osmosis (RO) membranes an economical choice over thermal 

desalination [19]. Typically, ultrafiltration (UF) membranes are used as pretreatment for 

RO membranes in produced water treatment to remove oil and grease as well as other 

chemical residuals that potentially severely foul RO membranes. Thus, UF/RO 

membranes are commonly employed as integrated unit for this application. Although RO 

membranes are limited to treat water with less than 40,000 mg/L TDS (because much 

higher hydrostatic pressure is needed for higher TDS levels, and RO becomes 

economically infeasible), RO membranes are still very promising alternatives for low to 

medium TDS flowback water treatment [12, 13]. Preliminary costs of flowback/produced 

water treatment with membrane systems are $2-3.50 per barrel while the costs from vapor 

compression evaporation are almost twice that of the membrane treatment [20]. Due to 

separation ability, energy efficiency, and small footprint, which could potentially lead to 

savings in overall costs of flowback/produced water treatment, membrane technology is 

well worth studying for hydraulic fracturing water reuse application. 

1.4 MEMBRANE FOULING AND POLYDOPAMINE AS A FOULING-RESISTANT COATING 

MATERIAL 

A major barrier to widespread implementation of membrane-based produced 

water filtration despite feed water pretreatment is fouling [21-24]. Fouling, as shown in 

Figure 1.1, is the build-up of particulate and colloidal matter, including organics such as 

oil, on the surfaces and in the pores of the membrane [24, 25]. Produced water contains 

many particulates and dispersed contaminants not typically found in seawater or brackish 

water such as emulsified oil. The membrane surfaces in contact with such a mixture can 

become severely fouled. This fouling hinders the flow of water through the membranes 

that, in turn, increases operational costs [25]. 
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Figure 1.1: Fouling in porous (left) and non-porous (right) water purification 
membranes. 

Surface modification is one approach to improve membrane fouling resistance. 

Surface characteristics such as hydrophilicity, roughness, and charge have been reported 

to influence fouling [26]. For hydrophobic foulants (e.g., oil), increased membrane 

hydrophilicity has been reported to help reduce membrane fouling by limiting surface-

foulant hydrophobic interactions [27, 28]. Additionally, smooth membranes are reported 

to be less susceptible to fouling than rough membranes [29, 30]. Charge-charge 

interactions with foulants can be minimized on membranes with opposite surface charge 

to that of the foulants, leading to enhanced electrostatic repulsion and improved fouling 

behavior [26, 31]. 

A relatively new approach to improve membrane fouling resistance is surface 

coating with polydopamine [32-34]. Lee et al. reported that in aerobic, alkaline aqueous 

solutions, dopamine forms very thin layers of a material known in the literature as 

polydopamine [35]. The structure of dopamine is shown in Figure 1.2. However, there 

have been several proposed reaction mechanisms of polydopamine formation and 

proposed polydopamine structures reported in the literature, and the subject is still 

currently under active investigation in the field [33, 36-40]. Thin polydopamine coatings 
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deposit non-selectively from the coating solution onto virtually any surfaces, including 

polymers used for water purification membranes [35]. The polydopamine layer is 

hydrophilic [32, 41, 42], and its application decreases surface charge on some polymers 

[43]. Additionally, a slight reduction in surface roughness on membranes coated with 

polydopamine has been reported [42, 43]. Therefore, polydopamine is of interest as a 

fouling resistant membrane surface modification material [32-34]. 

 

 

Figure 1.2: Chemical structure of dopamine and its conversion to polydopamine. RT 
represents room temperature. 

1.5 GOALS AND ORGANIZATION OF THE DISSERTATION 

Fouling is a critical issue in membrane filtration since foulants, which adsorb 

either externally (on membrane surfaces) or internally (in membrane pores), reduce 

membrane permeability and lead to lower membrane filtration productivity and higher 

operating costs. Currently, membrane processes are an emerging technology for 

flowback/produced water treatment for water reuse in hydraulic fracturing. However, one 

of the biggest challenges is membrane fouling. Membrane surface modification by using 

polydopamine can improve membrane fouling resistance to oil/water emulsions due to its 

hydrophilicity, which reduces hydrophobic-hydrophobic interactions between oil 

emulsion and native membrane surfaces, which are mostly hydrophobic. Other 

advantages of polydopamine include excellent adhesion to a variety of surfaces, ability to 

form very thin coating layers, and facile modification protocols. Although polydopamine 
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coating on membranes has been widely studied and characterized to show changes in 

membrane properties (e.g., surface hydrophilicity, surface roughness, surface charge, 

permeability, fouling behavior), there is still a lack of fundamental understanding and 

detailed evidence of the relationship between polydopamine coating properties and 

membrane performance. In addition, there is a limited number of studies systematically 

reporting the influence of polydopamine deposition and different modification conditions 

on fouling resistance properties of membranes used for oily water filtration, especially at 

constant permeate flux operation mode. A literature review of these topics is presented in 

Chapter 2. Thus, research described in this dissertation aims to fundamentally explore the 

influence of changes in membrane properties (e.g., coating thickness, surface 

hydrophilicity, surface roughness, surface charge, membrane pore size) due to 

polydopamine modification on changes in performance (i.e., membrane permeability, 

selectivity, and fouling properties) of ultrafiltration (UF) and reverse osmosis (RO) 

membranes. 

The goals of this dissertation are described as below: 

1. To determine the effect of polydopamine modification conditions (i.e., initial 

dopamine concentration, deposition time, and pH of buffered polydopamine coating 

solution) on physical, permeation, and oil/water emulsion fouling properties of RO 

membranes. 

2. To compare polydopamine deposition on the surface and inside the pores of UF 

membranes, and to understand the influence of various polydopamine deposition 

conditions on pore properties (e.g., mean pore size, pore size distribution, porosity) of UF 

membranes. 

3. To determine the effect of polydopamine deposition conditions on fouling-related UF 

membrane properties (e.g., surface hydrophilicity, charge, and roughness), and to 
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understand the influence of polydopamine coatings on membrane threshold flux during 

oil/water emulsion filtration. 
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Chapter 2: Background and Theory 

2.1 POLYDOPAMINE FOR MEMBRANE SURFACE MODIFICATION 

2.1.1 Polydopamine Modification to Improve Membrane Fouling Resistance 

Recently, polydopamine (PDA) has been widely studied as a membrane surface 

modification agent to improve membrane properties, such as fouling resistance and 

wettability. Azari and Zou reported that deposition of a compound structurally related to 

dopamine, L-dopa, onto reverse osmosis desalination membranes reduced the static 

adhesion of bovine serum albumin (BSA) to the membrane surface and improved 

membrane fouling resistance when filtering aqueous solutions containing compounds 

such as BSA, alginic acid sodium salt, and dodecyltrimethyl ammonium bromide 

(DTAB) surfactant [1]. Additionally, Arena et al. reported that when polysulfone support 

membranes of desalination membranes were treated with PDA, the membrane 

performance in pressure retarded osmosis experiments was improved, possibly due to an 

increase in wetted porosity of the membranes [2]. Moreover, many studies showed that 

PDA surface modification could be used to improve fouling resistance to oil/water 

emulsion for various types of polymeric membranes [3-6]. 

2.1.2 Influence of Polydopamine Deposition Conditions on Membrane Properties 

Many publications reported changes in surface characteristics (e.g., coating 

thickness, contact angle, charge, roughness, etc.) of different polymers modified with 

PDA using various dopamine concentrations, deposition times, and coating solution pH 

values [7-14]. Generally, the PDA film thickness increases with increasing initial 

dopamine concentration [8, 13-15] or coating time [7, 8, 12-14, 16-19]. Moreover, 

dopamine polymerization proceeds appreciably under alkaline conditions [15, 16, 20]. 

Pure water flux, permeance, or hydrodynamic permeability of PDA-modified membranes 
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is usually lower than that of unmodified membranes [5-7, 19]. It decreases with 

increasing initial dopamine concentration [6, 19], longer deposition time [5-7, 19], or 

higher pH value of the buffered coating solution [6, 19]. The decreased pure water flux or 

permeance (or permeability) is usually attributed to increased PDA coating thickness [7, 

19], and membrane pore narrowing or blockage [19]. 

PDA surface treatment with higher initial dopamine concentration [9, 19] or 

longer coating time [9, 11, 13, 17, 19] decreases contact angle mainly due to surface 

hydrophilicity increase. In some studies, the contact angle of PDA-coated surfaces was 

also reported to be influenced by surface roughness [8, 13]. The surface roughness of 

PDA-coated films on substrates with flat surfaces has been reported to increase with 

increasing initial dopamine concentration [15] or PDA deposition time [11, 13, 15, 18]. 

However, PDA modification may either increase or decrease surface roughness of 

polymeric porous membranes [9, 10, 19]. The surface roughness change could be 

influenced by a variation in membrane pore size and porosity [9]. Studies with different 

membrane types showed that surface charge of PDA-modified membranes could be 

increased [21] or decreased [10] relative to that of unmodified membranes. Possibly, any 

changes in surface charge due to PDA modification were also influenced by the surface 

charge of the underlying membranes. 

2.2 FOULING IN POROUS MEMBRANES 

Membrane filtration is a pressure-driven process. Transport of fluid through 

porous membranes can be modelled by Darcy’s law as shown below [22, 23]: 

 o

m

TMP
J

Rµ
=  (2.1) 
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where o
J  is the permeate flux (i.e., permeate flow rate/effective filtration area), TMP is 

the transmembrane pressure difference, µ is the permeate viscosity, and Rm is the intrinsic 

membrane resistance. 

Once membranes are exposed to foulants, fouling can occur both externally (on 

membrane surfaces) or internally (in membrane pores). Fouling mechanisms that are 

usually considered in fouling model development for porous membranes are: (i) complete 

pore blocking, (ii) intermediate pore blocking, (iii) standard pore blocking (or so-called 

pore constriction), and (iv) cake formation [24-26]. As shown in Figure 2.1, these 

mechanisms are based on the physical phenomena of foulant attachment during fouling 

[27]. 

 

Figure 2.1: Fouling mechanisms on porous membranes [27]. 

Fouling due to pore blocking is often irreversible due to permanent adsorption 

inside or on top of membrane pores [22, 28, 29]. On the other hand, fouling due to cake 

deposition can be either reversible or irreversible process. The reversibility of cake 

formation depends on the nature of foulant solutions and operating conditions [30]. The 

resistance-in-series concept can be used with Darcy’s law to develop a model describing 
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the relation between permeate flux and TMP [23]. The flux vs. TMP relationship with 

resistances based on the fouling mechanisms is shown in Equation (2.2): 

 
( ) ( )m f m if c

TMP TMP
J

R R R R Rµ µ
= =

+ + +
 (2.2) 

where J is the permeate flux during fouling, Rm is the intrinsic membrane resistance 

(clean membrane resistance), Rf is the resistance due to overall fouling (Rf = Rif + Rc), Rif 

is the resistance due to internal fouling (pore blocking), and Rc is the resistance due to 

cake deposition. The flux vs. TMP relationship with resistances based on the reversibility 

of fouling is shown in Equation (2.3): 

 
( ) ( )m f m rev irrev

TMP TMP
J

R R R R Rµ µ
= =

+ + +
 (2.3) 

where Rf is the resistance due to overall fouling (Rf = Rrev + Rirrev), Rrev is the resistance 

due to reversible fouling, and Rirrev is the resistance due to irreversible fouling. The 

different fouling criteria used to defined the resistances in Equation (2.2) and (2.3) are 

typically used to identify fouling stability under constant permeate flux filtration. This 

fouling reversibility is also related to critical and threshold fluxes, which will be 

discussed in section 2.4.2. 

2.3 OPERATIONAL MODES OF MEMBRANE FILTRATION 

Crossflow membrane filtration experiments are typically operated in one of two 

modes: (i) constant transmembrane pressure (TMP) or (ii) constant permeate flux [31-

33]. While the membranes foul during filtration, total membrane resistance (clean 

membrane resistance combined with the resistance due to overall fouling), as presented in 

Equation (2.2) and Equation (2.3), increases. A decrease in permeate flux during constant 

TMP operation or an increase in TMP during constant permeate flux operation is usually 

associated with fouling. Advantages of constant TMP operation are a straightforward 
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experimental setup and its common usage in the literature [31]. In addition, the constant 

TMP operation allows a determination of steady state flux, which can directly be used for 

a comparison of fouling behavior among different membranes [34]. However, because 

permeate flux decreases during fouling, hydrodynamic conditions governing the rate of 

fouling are usually varied during the constant TMP filtration [33, 35]. 

Most industrial membrane filtration operates at constant permeate flux, so 

laboratory fouling tests using constant permeate flux mode are becoming of more interest 

[30]. Additionally, other advantages of the constant permeate flux filtration include a 

controllability of hydrodynamic conditions at the membrane. The permeate flux can 

directly affects the rate of fouling [34]. Thus, the fouling rate can be controlled and does 

not change during the constant permeate flux filtration tests [33, 35]. Nevertheless, some 

disadvantages of the constant permeate flux filtration include a complicated experimental 

setup. A comparison of membrane fouling behavior under constant TMP and constant 

permeate flux filtration has been discussed elsewhere [31]. For fouling studies reported in 

this dissertation, a constant TMP operational mode was used for RO membranes due to 

its straightforward filtration setup. For UF membranes, a constant permeate flux 

operational mode was used to ensure constant hydrodynamic conditions for a controllable 

fouling rate during the tests. 

2.4 THRESHOLD FLUX CONCEPT AND THRESHOLD FLUX DETERMINATION 

2.4.1 Influence of Transport Phenomena and Surface Interactions on Fouling 

During crossflow filtration, net accumulation of foulant on membranes or the rate 

of fouling depends on different factors and can be described by Equation (2.4) [34]: 

 ( ) ( )
dC

N JC D p q
dy

ζ τ= − + +  (2.4) 
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where N is the net flux of foulant towards the membranes, J is the permeate flux, C is the 

concentration of foulant in feed solution, D is the Brownian diffusion coefficient of 

foulant in feed solution, y is the vertical axis from membrane surface in membrane 

boundary layer, p(ζ) is the flux of foulant due to membrane-foulant surface interactions (ζ 

represents zeta potential of the membrane), q(τ) is the flux of foulant due to local 

hydrodynamics (τ represents shear stress at the membrane surface). Equation (2.4) 

represents a balance between adding materials to and removing materials away from the 

membranes. In this equation, the possible settlement of particles due to gravity (for non-

buoyant particles) is neglected. Major factors influencing fouling generally include 

permeate flux, feed concentration, foulant diffusion coefficient, interactions between 

foulant-foulant and membrane-foulant, and hydrodynamic conditions at the membrane 

surface (e.g., shear force, fluid turbulence). Some examples of membrane-foulant surface 

interactions, which are included in the term p(ζ), are electrostatic attraction/repulsion and 

hydrophilic/hydrophobic interactions. These interactions are not formally influenced by 

permeate flux (J). However, if the permeate flux increases foulant concentration at the 

membrane surface (i.e., higher permeate flux increases degree of concentration 

polarization), the surface interactions could be indirectly changed by the permeate flux 

[34]. The membrane-foulant repulsion, which results in a migration of foulant away from 

the membrane surface, is only efficient when the effect of these surface interactions is in 

the same order of magnitude as that of the convective flux [34]. An important operating 

parameter that can directly influence local hydrodynamics, q(τ), is crossflow velocity, 

which can be varied by controlling the feed flow rate. Higher crossflow velocity results in 

higher shear rate and turbulence at the membrane surface and, hence, higher removal rate 

of foulant from the membranes [23, 36]. 
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In membrane filtration, each of the above factors (i.e., Brownian diffusion, 

surface interactions, and local hydrodynamics) can have different magnitudes and 

different levels of influence on fouling. A contribution of each factor to fouling mainly 

depends on feed solution properties (e.g, foulant type, foulant particle size, and foulant 

concentration) and membrane types. The membrane types can influence membrane pore 

size, foulant-membrane surface interactions, foulant transport, fouling mechanisms, etc. 

The influence of dispersive transport phenomena forces (i.e., 
dC

D
dy

− , p(ζ), and q(τ) 

terms) presented in Equation (2.4) on fouling can be categorized according to types of 

foulant and relevant membranes as described below [34]: 

1. For large particles (ca. >1 µm) used with microfiltration (MF) membranes, shear-

induced diffusion and inertial lift effects (q(τ)) dominate [37, 38], while there is 

small influence from surface interactions (p(ζ)) and almost no effect of Brownian 

diffusion (
dC

D
dy

− ). 

2. For small particles (10-100 nm) used with ultrafiltration (UF) membranes, short 

range inter-particle forces (e.g, electrostatic, Van der Waals forces) dominate [38, 

39]. Thus, the influence of surface interactions (p(ζ)) is large, while Brownian 

diffusion (
dC

D
dy

− ) and local hydrodynamic conditions (q(τ)) have only small 

effects. 

3. For even smaller macromolecules used with ultrafiltration (UF) membranes and 

ions/molecules used with nanofiltration (NF) and reverse osmosis (RO) 

membranes, Brownian diffusion (
dC

D
dy

− ) has the largest effect, while there is 

only small influence of surface interactions (p(ζ)) and almost no direct influence 

of local hydrodynamics (q(τ)) on the removal of molecules. However, local 
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hydrodynamics such as high crossflow velocity could reduce concentration 

boundary layer thickness, increase mass transfer coefficient, and improve solvent 

transport to such membranes overall [28]. 

2.4.2 Critical Flux, Threshold Flux, and Sustainable Flux Concept 

A concept of critical flux was first defined in 1995 by Field et al. [35] and 

Bacchin et al. [37]. Field et al. defined critical flux as a start-up flux below which a 

decline of flux (during constant TMP filtration) or a rise in TMP (during constant 

permeate flux filtration) with time does not occur. Bacchin et al. showed a mass-transfer 

equation balancing solute transport due to convection, diffusion, and surface interactions, 

and defined critical flux as a flux below which no fouling occurs. Below the critical flux, 

the fouling rate is zero [31, 40, 41], and TMP increases linearly with flux (i.e., the 

membrane resistance is constant and independent of flux) [31, 34, 41-44]. The rate of 

fouling may be determined from the rate of TMP change with time (i.e., d(TMP)/dt) [34]. 

The critical flux concept has been developed over years by many researchers since it was 

first introduced. In 2006, the critical flux definitions were summarized in a review by 

Bacchin et al. [34]. The critical flux can be divided into two categories [34, 42]: 

1. Critical flux based on net accumulation of foulants on membranes [34, 42] 

For this criterion, the critical flux is a flux below which there is no accumulation 

of foulants on membranes (N in Equation (2.4) is equal to zero). This type of 

critical flux can be divided into two sub-classes: 

1.1 Strong form of critical flux (Jcs), which is defined as a flux below which no 

deposition of foulants due to adsorption or any other type of fouling occurs. 

The membrane resistance below Jcs is equal to that of pure water filtration. 
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1.2 Weak form of critical flux (Jcw), which is defined as a flux below which only 

deposition of foulants due to adsorption occurs without any other type of 

fouling. The membrane resistance below Jcw is equal to the resistance of 

membrane exposed to only adsorption of foulants. 

2. Critical flux based on reversibility of fouling 

This definition of critical flux is termed as critical flux for irreversibility (Jci). 

Below Jci, foulants deposited on membranes are dispersed, and the fouling can be 

reversible. Above Jci, foulants become aggregates, and the fouling is irreversible. 

Thus, Jci is a borderline between phase transition of foulants at a critical 

concentration in membrane concentration boundary layer, and this concentration 

can be influenced by filtration flux. 

Membrane operation at zero rate of fouling (i.e., below the critical flux) is rarely a 

realistic possibility [43, 45, 46]. However, a permeate flux below which the rate of 

fouling is low, but not zero, and stable is often observed. In 2011, the definition of critical 

flux was revised slightly, and a new concept of threshold flux was introduced [42]. The 

threshold flux is the flux that separates the low-fouling, stable operating regime from the 

high-fouling, unstable operating regime [42]. The threshold flux has been referred to as 

the critical flux in some earlier studies [40, 43, 45, 47, 48]. Below the threshold flux, low 

and near constant rate of fouling occurs, and stable membrane operation can be achieved. 

Above the threshold flux, the rate of fouling increases markedly, and rapid fouling occurs 

during membrane operation. Another definition of threshold flux is based on a 

dependency of fouling on permeate flux [42, 44]. Below this flux, fouling occurs 

irrespective of the permeate flux, while above this flux, the fouling is influenced by the 

permeate flux. Many membranes foul as soon as they are exposed to foulants even at very 

low permeate flux [42, 43, 49]. Also, industrial membrane filtration is often operated 
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near, but below, the highest permeate flux that results in low and acceptable fouling rates 

so that the operation is most economical [42]. Thus, the threshold flux may be a more 

useful benchmark for practical membrane operation than critical flux. Similarities and 

differences between critical and threshold fluxes have been discussed in several 

publications [31, 42, 44]. A higher threshold flux allows a membrane to operate at a 

higher capacity (i.e., higher permeate throughput) at a low fouling rate and may prolong 

the operational time between cleaning steps [42], potentially resulting in long-term 

capital and operating cost savings. 

The threshold flux can be useful for industrial membrane operation because 

industry generally seeks operating conditions where permeate flux can be sustainable 

(i.e., filtration without severe fouling) [34, 42]. However, actual membrane design 

usually takes economic factors into account, and the operation is run at an economically 

acceptable rate of fouling. The flux at which an actual membrane operation can be run 

economically and sustainably is defined as the sustainable flux [34, 42]. Since industry 

typically applies membrane cleaning periodically (when the fouling rate reaches 

acceptable upper limit), low fouling rate helps reduce operating cost due to longer 

filtration time during the required cleaning and less frequency of cleaning overall [42]. 

2.4.3 Threshold Flux Determination 

Threshold flux can be determined using the flux stepping method under constant 

permeate flux filtration [4, 40, 43, 45]. As shown in Figure 2.2, during the flux stepping 

test, the TMP across the membrane is measured at each constant flux, and the flux is 

increased incrementally after being held constant for a certain period of time [4]. Three 

parameters used to estimate threshold flux are: (i) average TMP (TMPavg), (ii) rate of 

TMP increase (dTMP/dt), and (iii) initial TMP increase (∆TMP) [43, 45]. Figure 2.3 
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presents these three parameters used for threshold flux determination from the flux 

stepping method [43]. 

 

Figure 2.2: TMP vs. permeate flux profile during flux stepping test for threshold flux 
determination [4]. 

 

Figure 2.3: Three parameters used for threshold flux determination from the flux 
stepping method: Pave (i.e., TMPavg), dP/dt (i.e., dTMP/dt), and ∆Po (i.e., 
∆TMP) [43]. 
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By using the TMPavg parameter, the average TMP from each flux step is plotted 

against permeate flux as shown in Figure 2.4. The threshold flux is identified as the flux 

where the linearity of the TMPavg vs. flux curve breaks [31, 34, 40, 42, 44]. Below the 

threshold flux, the TMP increases linearly with flux, and total membrane resistance (Rtotal 

= TMP/flux) is constant. Above the threshold flux, the TMP no longer increases linearly 

with flux, and Rtotal increases as flux increases (i.e., Rtotal becomes flux-dependent) [42, 

44]. Although the threshold flux determination using TMPavg parameter is often used, 

very small number of studies actually reported the criteria (e.g., coefficient of 

determination, R2) used to generate the linear regression line below the threshold flux. In 

a few studies, values of the R2 coefficient of linear regression higher than 0.99 [44] or 

0.998 [50] were used to establish the best fit straight line through flux points below the 

threshold flux. However, in most cases, the linear trend of the TMPavg vs. flux was 

established from visual observation, which could result in variations in the estimated 

threshold flux value. 
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Figure 2.4: Threshold flux determination using TMPavg parameter from the flux 
stepping method [4]. 

When the dTMP/dt parameter is used, the dTMP/dt determined from the slope of 

the linear regression line of the TMP data during each flux step is plotted versus permeate 

flux as shown in Figure 2.5. The threshold flux can be identified as the flux where 

d(TMP)/dt increases markedly relative to d(TMP)/dt values at lower fluxes [34, 40, 42, 

43, 45]. This method directly monitors an increase in fouling rate at the threshold flux. 

Some researchers arbitrarily identified the sudden dTMP/dt increase by observing the 

trend in dTMP/dt vs. permeate flux plot [45]. Other studies chose an arbitrary d(TMP)/dt 

threshold, where the rate of fouling changed from a low and stable region to a region of 

markedly increased fouling rate, to determine the threshold flux [40, 43, 45]. The 

appropriate d(TMP)/dt limit used for the threshold flux determination usually varies 

according to types of membranes, model foulants, and operating conditions such as 

crossflow velocity. For example, Le Clech et al. used a d(TMP)/dt threshold of 0.1 

mbar/min to determine threshold fluxes during synthetic and real sewage filtration [43]. 
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In their study, threshold fluxes determined using this d(TMP/dt) threshold were almost 

identical to the threshold fluxes visually identified from the fouling rate increase in the 

d(TMP)/dt vs. flux curves. Beier and Jonsson defined a threshold for acceptable fouling 

rate as 1.1 Pa/s (40 mbar/h or 0.67 mbar/min) in their studies of membrane fouling by 

suspensions of baker yeast cells. This d(TMP)/dt threshold corresponded to a shift from 

slow to rapid fouling, so it was used to determine the threshold flux [45]. Choi and 

Dempsey used statistical analyses (i.e., F-test and T-test) to identify the d(TMP)/dt 

threshold above which the rate of fouling was non-zero or d(TMP)/dt significantly 

deviated from values at lower fluxes [40]. They identified the d(TMP)/dt threshold as 

0.024 psi/min (1.66 mbar/min) for the threshold flux determination during synthetic 

natural water (i.e., river, spring, or reservoir water) filtration. Although the d(TMP)/dt 

threshold is commonly used and provides a straightforward approach to identify the 

threshold flux, this criterion is somewhat subjective and can vary from one filtration 

setup (i.e., a particular membrane type, model foulant, or operating condition) to another 

[40]. 
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Figure 2.5: Threshold flux determination using dTMP/dt parameter from the flux 
stepping method [4]. 

The threshold flux may also be determined by plotting the TMP increase during 

each flux step (∆TMP) against the flux [4, 43, 45]. This ∆TMP is calculated from the 

difference between the final TMP of one flux step and the initial TMP of the following 

flux step. The threshold flux is identified as the flux where a substantial increase in 

∆TMP value (or its standard deviation) is observed. However, Beier and Jonsson reported 

large uncertainties in the ∆TMP values as permeate flux was increased in their study, so 

an exact threshold flux could not be identified by this method [45]. From flux stepping 

tests, the TMPavg and d(TMP)/dt parameters are more commonly used in the literature 

and appear to produce more robust threshold flux values than ∆TMP. For this reason, the 

TMPavg and d(TMP)/dt parameters were mainly used to estimate the membrane threshold 

flux in all studies presented in this dissertation. 
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2.4.4 Factors Influencing Threshold Flux 

There are several factors that can influence threshold flux. These factors can be 

categorized into: (i) feed solution characteristics, (ii) membrane properties, and (iii) 

hydrodynamic conditions at the membrane surface [34, 40, 47, 48]. 

(i) Feed solution characteristics 

The threshold flux has been observed to increase with increasing feed particle 

size [30, 34, 35, 38] and decreasing feed concentration [34, 38, 40]. 

(ii) Membrane properties 

The threshold flux tends to be higher when the membrane surface 

hydrophilicity [38, 44, 51] or surface charge [30, 38, 48] leads to weaker or 

more repulsive membrane-foulant interactions. In addition, the threshold flux 

was reported to increase with increasing membrane porosity [34, 38]. The 

threshold flux can also be influenced by membrane pore size. Conflicting 

trends in the effect of membrane pore size on threshold flux have been 

reported [30, 41, 47, 52, 53]. A decrease in membrane pore size can lead to 

higher local permeate flux [54] and a threshold flux decrease [48]. In contrast, 

Wu et al. observed that the threshold flux decreased with increasing 

membrane molecular weight cut off (or pore size) [52]. However, in this latter 

study, they claimed that charge effects or changes in local porosity might also 

influence the threshold flux, so their observed effect of pore size on the 

threshold flux may not be conclusive. Such variations in the effect of 

membrane pore size on threshold flux may also be due to different foulant 

sizes relative to membrane pore sizes used in each study. 
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(iii) Hydrodynamic conditions at the membrane surface 

The threshold flux has been observed to increase with higher shear forces on 

the membrane surface [34, 38] or higher crossflow velocity during membrane 

filtration [30, 34, 38, 40]. 

2.4.5 Local Permeate Flux and Its Influence on Threshold Flux 

In constant permeate flux filtration, several studies report an abrupt TMP increase 

during long-term filtration experiments below the threshold flux of a clean membrane 

[43, 46, 54-56]. Foulants accumulated during filtration below the threshold flux gradually 

reduce the permeable porous area of the membrane by pore blocking. Consequently, local 

permeate velocity or flux through the remaining open pores increases because overall, 

global permeate flux is held constant [46, 54]. This increase in local flux through the 

membrane pores results in more severe fouling and a threshold flux decrease, which 

could result in a sudden TMP increase observed during these long-term filtrations. Ognier 

et al. reported that smaller pore size can result in higher local permeate flux which would 

locally modify the balance between accumulation and back transport of materials to and 

from the membrane surface, thereby decreasing the threshold flux [54]. Similarly, any 

pore size reduction or pore blockage (or membrane hydraulic resistance increase) due to 

membrane surface modification may lead to higher local permeate flux and, in turn, 

increase fouling propensity [4]. 

2.5 HYDRODYNAMIC MODELS OF SOLUTE AND SOLVENT TRANSPORT THROUGH 

POROUS MEMBRANES 

2.5.1 Membrane Hydraulic Permeability 

Hydraulic permeability of porous membranes is often based on idealized models 

assuming fluid flow through cylindrical pores using the Hagen-Poiseuille equation. The 
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average hydraulic permeability, based on a distribution of cylindrical pores with varying 

pore sizes, is [57, 58]: 
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where pL  is the average membrane hydraulic permeability, ε is the membrane porosity, µ 

is the solvent viscosity (water in this study, so µ ≈ 9×10-4 kg/(m∙s) at 25oC [59]), δm is the 

membrane selective layer thickness, r is the membrane pore radius, and n(r) describes the 

pore size distribution. The factor ε/δm should also be viewed as accounting for any 

deviation of pores from straight cylinders (i.e., tortuosity effects). 

In our study, the average membrane hydraulic permeability, pL , is the pure water 

permeance and can be calculated from experimental data as follows: 

 pw
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L
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where pwJ  is the average steady state pure water flux (i.e., pure water volumetric flow 

rate per unit area), and TMPn is the nominal measured transmembrane pressure during 

pure water filtration, which represents the average transmembrane pressure seen by the 

membrane filtration area. 

A log-normal pore size distribution is often used for UF membranes [57, 60]: 
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where n(r) is the number of pores of radius r per unit area, no is the total number of pores 

per unit area, �̅ is the mean pore size, and σ is the standard deviation of the log-normal 

distribution. In subsequent calculations involving Equation (2.5), no always appears in 

both the numerator and denominator, so it cancels. Based on this model, p
L  depends on 

three parameters: �̅, σ/�̅, and ε/δm. However, these parameters cannot be determined 
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directly from Equation (2.5) using only pure water permeance data. Using the log-normal 

pore size distribution and the measured hydraulic permeability (i.e., pure water 

permeance), the ratio of porosity to selective layer thickness, ε/δm, may be calculated 

from the following rearranged form of Equation (2.5) if �̅ and σ are known: 
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 (2.8) 

Other models, including a model for hindered solute transport through membrane 

pores and a concentration polarization model, are used with Equation (2.8) and 

experimental water and solute transport data to estimate values of �̅, σ/�̅, and ε/δm. 

2.5.2 Solute Mass Transport Near and Through Porous Membranes 

As shown in Figure 2.6(a), during ultrafiltration in a stirred cell, solutes in the 

feed solution either partially or completely rejected by the membrane accumulate at the 

membrane surface forming a concentration boundary layer where the solute concentration 

is higher than that in the bulk feed solution [61]. The concentration boundary layer 

thickness, δc(rc), depends on radial position in the stirred cell and develops from the outer 

edge towards the central axis of the stirred cell [62]. From a mass balance based on 

convective and diffusive solute transport in the concentration boundary layer, the mass 

transfer coefficient, k, relates permeate flux, Jv, and solute concentration driving force as 

follows [61]: 

 ln m f

v

b f

C C
k

C C
J

 
=   − 

−


 (2.9) 

Generally, the permeate flux is proportional to the transmembrane pressure, TMP, 

across the membrane. In a stirred cell, the feed pressure at the membrane surface, 

Pfeed(rc), can vary radially in the stirred cell, as shown in Figure 2.6(b), due to fluid 



 31 

rotation. In a laboratory MWCO measurement, an overhead stirrer, operating at a rotation 

rate of ω, causes the fluid to rotate. Thus, the permeate flux, Jv(rc), may vary radially. As 

solutes transport from the bulk feed solution to the permeate, they pass through the 

concentration boundary layer and then the membrane pores. The solute transport 

mechanism through each of these resistances (i.e., concentration boundary layer and 

membrane pores) can be described using different models containing �̅, σ/�̅, and ε/δm. In 

this study, these models are used together with the Hagen-Poiseuille equation (i.e., 

Equation (2.8)) and experimental pure water permeance and solute sieving data to 

estimate values of �̅, σ/�̅, and ε/δm as a function of membrane modification conditions. 

 

Figure 2.6: (a) Concentration and concentration boundary layer thickness profiles of 
partially or completely rejected solutes during ultrafiltration in a stirred cell. 
z represents the vertical distance from the membrane surface, rc represents 
the radial distance from the center of the stirred cell, δc(rc) is the 
concentration boundary layer thickness, δm is the membrane selective layer 
thickness, b is the membrane radius, Cf is the filtrate solute concentration, 
Cb is the bulk feed solute concentration, and Cm is the solute concentration 
on the feed side of the membrane surface. ω is the stirring speed in the 
stirred cell. (b) Radial dependence of feed pressure (Pfeed(rc)) and permeate 
flux (Jv(rc)) in the stirred cell. Po is the feed pressure at the central axis of 
the stirred cell at the membrane surface.  The filtrate feed pressure is Pf, 
which is assumed to be independent of rc. The local transmembrane 
pressure, TMPlocal(rc), is defined as Pfeed(rc)-Pf. 
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2.5.2.1 Concentration Polarization 

Solute transport through porous membranes is often described in terms of an 

actual sieving coefficient, Sa, or an actual retention coefficient, Ra. Sa is the ratio of Cf to 

Cm, and Sa is related to Ra as follows [61, 63]: 

 1 f

a a

m

C
S R

C

 
= − =  

 
 (2.10) 

Since solute concentration in the boundary layer is higher than in the bulk feed, 

concentration polarization causes the actual sieving coefficient to be lower than the 

observed sieving coefficient [61, 63]. The observed sieving coefficient, So, and observed 

retention coefficient, Ro, are defined based on measurable, bulk solute concentrations in 

the bulk feed and filtrate, Cb and Cf, as follows [61, 64]: 
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 (2.11) 

The observed sieving coefficient is measured in solute filtration experiments. However, 

the actual sieving coefficient cannot be measured directly because the solute 

concentration at the membrane surface (i.e., Cm) is not known. A mass transfer model, 

developed based on Equations (2.9) – (2.11), is typically employed to relate Sa to So. The 

stagnant film model for this purpose is [61, 63]: 
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(2.12) 

where 
VJ  is the measured average permeate flux, and k  is the average mass transfer 

coefficient in the concentration boundary layer. A mass transfer coefficient model, 

presented later, is used to calculate k . Alternatively, Sa in Equation (2.12) can be 

estimated using a hindered solute transport model as discussed in the next section. This 

model can be used to calculate Sa and, in turn, So, which can then be compared with 

experimental values of So. 
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2.5.2.2 Solute Transport through Porous Membranes 

Solute transport through a membrane occurs due to both convection and diffusion. 

A hydrodynamic model describing solute transport through porous membranes based on 

hindered convection and diffusion was reported by Opong and Zydney [63]. This model 

calculates Sa as a function of the ratio of solute size to membrane pore size and the 

hydrodynamic conditions of solute transport, which are characterized by the Peclet 

number inside the membrane pores, Pem. The actual sieving coefficient of a membrane of 

pore radius r and a solute of radius a at radial position rc in the stirred cell, Sa(r, a, rc), is 

given by the following expression [61-63]: 
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where S∞(r, a) is the so-called asymptotic sieving coefficient, and Pem(r, a, rc) is the 

Peclet number in a pore of radius r. Pem depends sensitively on permeate flux, solute 

diffusivity, and membrane properties (i.e., ε/δm). Pem is given by [62, 63]: 
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where ( ), r aφ  is the equilibrium partition coefficient of the solute between the fluid in 

the membrane pore and the fluid adjacent to the membrane. D∞ is the solute diffusion 

coefficient at infinite dilute solution. For poly(ethylene glycol) (PEG) in water at 25oC, 

D∞ is calculated as follows [65, 66]: 

 ( )8 0.5571.465 10D M− −

∞ = ×  (2.15) 

where D∞ has units of m2/s, and M is the PEG molecular weight (as specified by the 

manufacturer) in g/mol. 

Kc(r, a) and Kd(r, a) are hindrance factors for solute convection and diffusion, 

respectively, and they depend on the ratio of solute radius to membrane pore radius [63]. 

Algebraic expressions for them are given below [61, 63]: 
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The asymptotic sieving coefficient, S∞(r, a), is Sa at very large permeate flux values [62] 

and can be calculated from Equation (2.20): 
 ( ,  ) ( ,  ) ( ,  )

c
S r a r a K r a∞ φ=  (2.20) 

For a spherical solute in a cylindrical pore, ( ), r aφ  is given by [62, 63]: 
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where r is the membrane pore radius. a is the solute radius, which can be estimated from 

Stokes radius of the solute. The Stokes radius of PEG can be estimated as follows [33]: 
 12 0.55716.73 10a M−= ×  (2.22) 

where a is the Stokes radius of PEG (m), and M is the PEG molecular weight (as 

specified by the manufacturer) (g/mol). 
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In Equation (2.14), the membrane porosity to thickness ratio, ε/δm, can be set as a 

constant [57] or estimated from the rearranged form of the Hagen-Poiseuille equation, 

Equation (2.8). Equation (2.8) can be combined with Equation (2.14) to yield: 
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 (2.23) 

In some cases (e.g., large diameter membrane test cells), permeate flux could vary 

with radial position in the stirred cell due to the radial pressure gradient which naturally 

develops due to the fluid rotation as depicted in Figure 2.6(b). In this case, the local 

permeate flux would be given by [67]: 

 2 21
( ) ( ) [ ( ) ] [ ]

2feev c p local c p c f c fd p oJ r L TMP r L P r P L P Prρω= × = × − = × + −  (2.24) 

where TMPlocal(rc) is the local transmembrane pressure at a particular radial position rc in 

the stirred cell. Pfeed(rc) is the applied feed pressure at radial position rc at the membrane 

surface, Po is the applied feed pressure at the central axis (i.e., rc = 0) at the membrane 

surface, and Pf is the filtrate pressure. ω is the stirring speed (radians/s). Po-Pf is constant 

during the filtration. In the MWCO experiments, the average permeate flux, 
vJ , is fixed 

in the experiments. Since Po is not measured directly from the experiments, the value of 

Po-Pf is determined from average permeate flux, 
vJ , measured during a solute filtration 

experiment: 
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where A is the effective membrane filtration area. Combining Equations (2.24) and (2.25) 

and eliminating Po-Pf yields: 
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 (2.26) 
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In this study, membrane pure water permeance, determined experimentally, was used for 

p
L . In many cases, the variation of permeate flux with radial position is very minor even 

in rather large diameter laboratory test cells. When the dependence of Jv on rc is not 

important, 
vJ  can be used instead of Jv(rc) in Equation (2.14) to calculate Pem once the 

remaining parameters in Equation (2.14) (r, a, D∞, and ε/δm) are established. Then, Sa(r, 

a) can be calculated using Equation (2.13).  

The average actual sieving coefficient for a solute of radius a at radial position rc 

in the stirred cell, ( , )a caS r , is calculated by summing the contributions to Sa from all 

pores in the membrane that are capable of permeating the solute of interest (i.e., all pores 

whose radius, r, is greater than the solute particle radius, a) [57, 62]: 
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 (2.27) 

If permeate flux does not vary significantly with radial position, aS  only depends on a 

(i.e., , )(  a cS a r  becomes )(aS a ). In this case, So can be estimated by substituting this 

)(aS a  for Sa in Equation (2.12). 

2.5.2.3 Mass Transfer Coefficient Determination 

For laminar flow (Re < 32,000) in a stirred cell, the average mass transfer 

coefficient, k , is [61, 63]: 

 0.567 1/3
stir

D
k Re Sc

b
α ∞ 

=  
 

 (2.28) 

where Re is the Reynolds number (= ωb
2/ν), Sc is the Schmidt number (= ν/D∞), b is the 

membrane radius determined from the effective membrane filtration area, ω is the stirring 

speed (radians/s), and ν is the kinematic viscosity of the solution. In this work, ν is that of 

pure water (ν ≈ µwater/ρwater ≈ 9×10-7 m2/s, µwater ≈ 9×10-4 kg/(m∙s), and ρwater ≈ 997 kg/m3 

at 25oC [59]) due to the dilute concentration of the solute solutions. αstir is a constant 
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based on the filtration device geometry. An αstir value of 0.23 was reported by Opong and 

Zydney for a stirred cell [61, 63], and this value was used in Equation (2.28) in this study. 

This αstir value is very close to the value (αstir = 0.25) calculated from the correlation 

proposed by Smith et al. [68]. 

In practice, the concentration boundary layer thickness, δc varies with radial 

position in the stirred cell, rc. Therefore, the mass transfer coefficient (
( )c c

D
k

rδ
∞=  [64]) 

also varies with radial position. Zydney and Xenopoulos proposed the following model 

for the local mass transfer coefficient in the stirred cell [62]: 
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As the distance from the cell center, rc, increases, the mass transfer coefficient goes from 

zero at the center of the stirred cell (i.e., the boundary layer is infinitely thick when rc is 

equal to zero) to infinity when rc is equal to the membrane radius, b (i.e., the boundary 

layer thickness goes to zero at the edge of the membrane, cf., Figure 2.6(a)). An αstir 

value of 0.23 was again used in Equation (2.29) in our study. 

If the local mass transfer coefficient, k(rc), and the local permeate flux, Jv(rc), are 

used in the analysis (rather than k  and 
vJ ), the expression for the observed sieving 

coefficient (i.e., Equation (2.12)) is replaced by the following analog, which accounts for 

the radial dependence of the mass transfer coefficient and filtration flux [62]: 
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where Cf is the mixing cup average filtrate composition (i.e., the filtration composition 

that would be collected during an experiment). In this case, , )(  a cS a r  estimated from 
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Equation (2.27) is used for Sa in Equation (2.30). In brief, model calculations can be 

performed to estimate So using two approaches: (i) average k and Jv values ( k  and 
vJ ) 

with Equation (2.12), and (ii) radially-dependent k and Jv values (k(rc) and Jv(rc)) with 

Equation (2.30). For mean pore size and pore size distribution analysis in our study, 

model calculations were performed using both approaches. The model fitting results, 

including best fit �̅ and σ parameters, determined from these two model calculation 

approaches are then compared. 
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Chapter 3: Materials and Experimental Methods 

3.1 MATERIALS 

Flat-sheet polyamide reverse osmosis (XLE RO) membranes were kindly 

provided by DOW Water & Process Solutions (Edina, MN). Flat-sheet polysulfone 

ultrafiltration membranes (PS-20, 20 kDa MWCO as specified by the manufacturer) were 

purchased in rolls from Ultura (formerly Sepro Membranes, Inc.) (Oceanside, CA). 

Polysulfone (UDEL P-3500 LCD MB) was obtained from Solvay Specialty Polymers 

(Alpharetta, GA). Dopamine hydrochloride (3-hydroxytyramine hydrochloride), Trizma 

hydrochloride (Tris-HCl), sodium bicarbonate (NaHCO3), potassium chloride (KCl), 

cyclopentanone, n-decane, and poly(ethylene glycol) (PEG) (i.e., poly(ethylene oxide) 

(PEO) for PEGs ≥ 100 kDa) were purchased from Sigma Aldrich (St. Louis, MO). 

Sodium hydroxide (NaOH), hydrochloric acid (HCl), sodium chloride (NaCl), and 

ethanol were purchased from Fisher Scientific (Pittsburgh, PA). Isopropyl alcohol (IPA, 

BDH Chemicals) was purchased from VWR International (Radnor, PA). Wesson 

vegetable (100% soybean) oil was purchased from a local supermarket. Xiameter OFX-

0193 (formerly DC193C), which is a silicone-based, non-ionic surfactant, was obtained 

from Dow Corning (Midland, MI). All chemicals were used as received. Ultrapure water 

was obtained from a Millipore Milli-Q Advantage A10 water purification system (18.2 

MΩ-cm at 25oC, 1.2 ppb TOC) (Billerica, MA). 

Acrylic plates/frames and rubber gaskets of 8 in. × 11 in. (20 cm ×  28 cm) size 

were obtained from Interstate Plastics (Austin, TX) and Advanced Gasket & Supply, Inc. 

(Fort Worth, TX), respectively. 25 mm Puradisc PTFE syringe filters (Whatman) of 0.1, 

0.2, 0.45, and 1.0 µm pore sizes were purchased from GE Healthcare Life Sciences 

(Piscataway, NJ). Silicon wafers (6 in. diameter) were purchased from Nova Electronic 

Materials, LLC (Flower Mound, TX). 
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3.2 MEMBRANE STORAGE, HANDLING, AND PRETREATMENT 

The XLE RO and PS20 UF membranes were received as rolls of dry, flat-sheet 

membranes. The membrane rolls were stored vertically in a dark, cool container to limit 

possible oxidation of the membrane surfaces [1]. According to the manufacturer’s 

pretreatment procedures, the XLE RO membrane samples were soaked in 25% (v/v) 

aqueous IPA solution for 20 minutes to wet the membrane pores and to remove glycerin, 

which had been applied by the manufacturer to maintain the porous structure of the 

polysulfone support [1]. The membrane coupons were then soaked in ultrapure water to 

remove the alcohol and residual glycerin. The soaking water was changed three times, 

and the membranes were stored for approximately 16 – 24 hours in ultrapure water prior 

to surface modification or further experiments. 

The PS-20 UF membranes were pretreated by soaking in ethanol overnight. The 

membrane was carefully immersed into the ethanol with the selective surface facing 

down to avoid air bubbles being trapped inside the pores as described previously [2-4]. 

The membranes were then rinsed thoroughly with fresh ultrapure water at least four times 

to displace the ethanol. All pretreated membrane samples were stored in ultrapure water 

until use. 

3.3 MEMBRANE MODIFICATION WITH POLYDOPAMINE (PDA) 

3.3.1 PDA Modification on RO Membranes 

Each XLE RO membrane sample was coated with PDA by exposing its selective 

top layer to aqueous dopamine solution at room temperature, as shown in Figure 3.1. The 

RO membrane sample, with its selective side up, was anchored to a glass plate, and a 

glass ring (5 in. diameter) was secured atop the membrane with vacuum grease. Aqueous 

dopamine coating solutions were prepared by dissolving dopamine hydrochloride in 15 
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mM Tris-HCl buffer solution. The 15 mM Tris-HCl buffer solution was prepared by 

dissolving 2.634 g of Tris-HCl in 1 L of ultrapure water.  

The dopamine coating solution was prepared at several initial concentrations 

which were 0.1, 0.5, 2, 4, and 8 mg/mL and used at a coating time of 60 minutes. The pH 

of Tris-HCl buffer solution was adjusted to three different values (i.e., 5, 8.8, and 11) by 

adding HCl or NaOH prior to use. The PDA deposition time was varied to 30, 60, and 

120 minutes at an initial dopamine concentration of 2 mg/mL. 

The dopamine coating solution (50 mL) was poured into the secured glass ring. 

Then the glass plate with secured membrane exposing to dopamine solution was rocked 

on a rocking platform shaker (VWR International, Radnor, PA) for a desired coating 

time. A rocking speed of 30 tilts per minute and a tilt level of 4 were used for the 

modification. After the PDA deposition step was complete, the membrane was rinsed 

with ultrapure water once and soaked in 25% (v/v) IPA solution for 10 minutes to remove 

unattached or weakly-bound PDA from the membrane surface. Finally, the membrane 

was rinsed thoroughly under running ultrapure water to remove the alcohol and stored in 

ultrapure water before testing. The membrane sheet was cut into circular samples having 

a diameter of 1.7 in. (4.31 cm), using a cutting die, for use in pure water flux tests or 

square samples of 3 in. × 1 in. (7.62 cm × 2.54 cm) size for use in crossflow filtration 

tests. 

 

Figure 3.1: Polydopamine membrane modification technique. 
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3.3.2 PDA Modification on UF Membranes 

A square acrylic frame and a rubber gasket (8 in. × 11 in. size with 6 in. × 9 in. 

internal open surface for coating) were used and secured onto the membrane and an 

acrylic plate by large paper clips. The UF membranes were cut into the same size (i.e., 8 

in. × 11 in.) as the plate/frame and gasket used for PDA surface modification. The 

dopamine coating solution was prepared as described in the earlier section. Generally, the 

dopamine concentration in the coating solution decreases over time as the dopamine 

reacts to form PDA [5]. Thus, in this study, the dopamine concentration refers to the 

initial dopamine concentration in the modification solution. 

Several initial concentrations of dopamine in Tris-HCl buffer solution and 

different coating times were used for UF membrane modification. The pH of Tris-HCl 

buffer solution was adjusted to 8.8 using NaOH prior to mixing with the dopamine 

hydrochloride. The initial dopamine concentrations of 0.1, 0.5, 1, 2, 4, and 8 mg/mL were 

used at a deposition time of 60 minutes. The PDA deposition times of 15, 30, 60, 120, 

and 240 minutes were also used at an initial dopamine concentration of 2 mg/mL. 

Each membrane sheet was coated with PDA by exposing its selective face to the 

aqueous dopamine solution. The dopamine coating solution (100 mL) was poured onto 

the membrane secured on the acrylic plate/frame and rubber gasket setup. During the 

modification, the membrane sheet was set on a rocking platform shaker (VWR 

International, Radnor, PA) at a rocking speed of 30 tilts per minute and a tilt level of 4 for 

the prescribed deposition time. After the desired deposition time was reached, the 

membrane sheet was rinsed with running ultrapure water and soaked in ethanol for 10 

minutes to remove any weakly-bound PDA from the membrane surface. Then the 

membrane sheet was rinsed thoroughly with several batches of ultrapure water to remove 

the ethanol and stored in ultrapure water until used. Using a cutting die, the membrane 
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sheet was cut into circular samples with a diameter of 1.5 in. (3.83 cm) for use in pure 

water permeance tests or 2.38 in. (6.04 cm) for use in the MWCO tests. For crossflow 

filtration test, the membrane was cut into square samples with 3 in. × 1 in. (7.62 cm × 

2.54 cm) size. 

3.4 SURFACE ROUGHNESS MEASUREMENT 

 Surface roughness of unmodified and PDA-modified UF membranes was 

characterized using an atomic force microscope (AFM) (Digital Instruments Dimension 

3000 with NanoScope software 6.13, Veeco, Plainview, NY) operated in tapping mode. 

The membranes were vacuum-dried overnight to ensure complete evaporation of liquid 

from the membrane surfaces and pores. The membrane samples were taped onto Si 

wafers. The analysis was performed using a 5×5 µm image size, a 0.5 Hz scan rate, and a 

512 samples/line setting. The root-mean-square roughness (Rrms) of each membrane was 

reported as an average of at least 5 measurements on membranes at each set of 

modification conditions considered. The uncertainties represent one standard deviation. 

3.5 CONTACT ANGLE MEASUREMENT 

Contact angles of membrane surfaces were measured to assess membrane surface 

hydrophilicity. The contact angle measurements were performed using a contact angle 

goniometer (Ramé-Hart Model 200) with DROPimage Standard software version 2.4 

(Ramé-Hart Instrument Co., Netcong, NJ). Figure 3.2 illustrates the experimental 

apparatus. The measurements were performed using a captive bubble method where a 

static contact angle between a captive n-decane bubble in water and the membrane 

surface was measured [6, 7]. This captive bubble technique was used instead of the 

sessile drop technique to allow the membranes to be immersed in water during the 

contact angle measurement, similar to their environment during water filtration [8]. 
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Membranes were cut into long strips approximately 3 – 4 mm wide. Each 

membrane sample was mounted in a sample holder with its selective surface facing 

down, and the mounted sample was placed into a transparent chamber filled with 

ultrapure water. A droplet of n-decane was dispensed underneath the membrane surface 

using a Gilmont Instruments microliter syringe (Cole-Parmer, Vernon Hills, IL) equipped 

with a J-hook needle. The tip of the needle was placed under the membrane such that the 

dispensed droplet would rise through the water and contact the feed-side face of the 

membrane. The static contact angles (θ) were measured as shown in Figure 3.2. Each 

reported contact angle value is an average of at least five measurements on membranes at 

each set of modification conditions considered. An average value of the left and right side 

contact angles was used for each measurement. The uncertainties, denoted by error bars, 

represent one standard deviation. A smaller contact angle represents a more hydrophilic 

membrane surface. 

 

Figure 3.2: Experimental set up of (n-decane)-in-water contact angle measurement (left) 
[6], and contact angle (θ) from captive-bubble method (right) [9]. 

3.6 ZETA POTENTIAL MEASUREMENT 

 Zeta potentials of unmodified and PDA-modified UF membranes were measured 

to characterize changes in membrane surface charge due to PDA modification. 

Membranes coated with PDA at 0.5 and 2 mg/mL initial dopamine concentrations for 60 
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minutes were used in this analysis to represent low and moderate PDA coatings, 

respectively. The zeta potential was determined based on streaming potential 

measurement using a SurPASS electrokinetic analyzer (Anton Paar, Ashland, VA) with 

the associated SurPASS software. Each membrane (25×55 mm) was clamped in a flat-

sheet tangential flow module equipped with two spacers to create an electrolyte flow 

channel between the membrane and the reference material. The measurement was 

performed using 0.001 M KCl as the background electrolyte solution over a pH range of 

4 – 10. The pH was initially adjusted to 10 by dosing the electrolyte solution with 0.1 M 

NaOH, and then the pH was decreased in a stepwise fashion by adding 0.1 M HCl until 

the pH was reduced to 4. The pH adjustment was automatically controlled by the 

instrument. The zeta potential values were evaluated by the SurPASS software using a 

Helmholtz-Smoluchowski (H-S) model. For each membrane type, the reported zeta 

potential profile as a function of pH is representative of at least three replicates. In 

addition, the zeta potential of the soybean oil emulsion used in this study was measured 

using a Zetasizer Nano (Malvern Instruments, United Kingdom) at 25°C with DTS-1070 

cells. 

3.7 ELLIPSOMETRY 

PDA coating thicknesses on dense, nonporous polysulfone (PSf) films were 

measured using spectroscopic ellipsometry (model M-2000V with CompleteEASE 

software, J.A. Woollam Co., Inc., Lincoln, NE). 3 wt% PSf in cyclopentanone solution 

was prepared and pre-filtered with 1, 0.45, 0.2, and 0.1 µm syringe filters, in this order, to 

remove any particulates or contaminants. PSf flat dense films were obtained by spin 

casting the polymer solution on silicon (Si) wafers at 1000 rpm for 60 seconds. The 

method of PSf film preparation is described in detail elsewhere [10]. PDA was coated 
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onto PSf-coated Si wafers using a protocol similar to that used for membrane 

modification described in section 3.3. Initial dopamine concentrations of 0.1, 0.5, 1, 2, 4, 

and 8 mg/mL at a coating time of 60 minutes and deposition times of 15, 30, 60, 120, and 

240 minutes at an initial dopamine concentration of 2 mg/mL were used. After each 

modification, the coated samples were rinsed thoroughly with ultrapure water and air-

dried overnight prior to thickness measurement. Samples were rinsed carefully to prevent 

leaching of PSf from the Si wafer. 

Thickness measurements were conducted at variable incidence angles (65, 70, and 

75 degrees) and variable wavelengths (370-1000 nm) on at least 3 different locations for 

each sample. The PSf layer thickness of each individual sample was measured prior to 

PDA modification by using a Cauchy two-layer model [11]. The first layer was presumed 

to be silicon dioxide (SiO2), whose thickness was measured before spin coating with PSf, 

and the second layer was the PSf film. For PDA thickness analysis, a third layer was 

added on top of the PSf and SiO2 layers. The thicknesses of the PSf and SiO2 layers were 

fixed using values measured on that particular sample prior to PDA modification. The 

PDA coating thickness was estimated using a General Oscillator (Gen-Osc) layer 

(provided in CompleteEASE software) with a Tauc-Lorentz oscillatory model. (The B-

Spline layer was initially used, and the Tauc-Lorentz oscillatory model was then used to 

parameterize the optical constants of the B-Spline layer. After parameterization, the B-

Spline layer was replaced by the Gen-Osc layer.) This method of analysis accounts for 

light absorption of PDA at all wavelengths. More details of the ellipsometry data analysis 

from light-absorbing thin films can be found elsewhere [11]. We measured a refractive 

index (n) of 1.73 and a k amplitude of 0.12 at a wavelength (λ) of 632.8 nm for the 

thickest PDA film, which was coated using an 8 mg/mL initial dopamine concentration 

solution and a 240-minute deposition time. Analysis of very thin films can introduce 
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uncertainty in the fitted n and k parameters. Thus, for samples with PDA film thickness 

less than 10 nm, an n value of 1.73 and a k value of 0.12, obtained from samples with 

thick PDA coatings, were used instead of allowing the n and k parameters to be fit. Each 

reported thickness is an average of measurements on at least three locations on each 

sample, and the uncertainty is reported as one standard deviation. 

3.8 PURE WATER FLUX OR PERMEANCE MEASUREMENT 

The pure water flux of unmodified and PDA-modified membranes was measured 

using dead-end filtration cells. For RO membranes, the filtration cell was HP4750 from 

Sterlitech Corp. (Kent, WA) with an effective filtration area of 14.6 cm2. The applied 

transmembrane pressure difference (TMP) of 150 psi (10.3 bar) was used for RO 

membranes. For UF membranes, the filtration cell was UHP43 from Advantec MFS, Inc. 

(Dublin, CA) with an effective filtration area of 11.5 cm2. The applied TMP of 30 psi (2 

bar) was used for UF membranes. During the filtration experiments, permeate was 

collected, and permeate volume or mass data were recorded as a function of filtration 

time. If the permeate volume data was collected, the pure water flux of each membrane 

was calculated from the effective filtration area (A) and the slope of permeate volume (V) 

vs. filtration time (t) [12]. If the permeate mass data was collected, the slope of permeate 

mass (m) vs. filtration time (t), the density of water (ρwater), and the effective filtration 

area (A) were used to determine the pure water permeate flux as follows [4, 7, 12]: 
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where pwJ  is the average steady state pure water flux (i.e., pure water volumetric flow 

rate per unit area). The membrane hydraulic permeability or pure water permeance, pL , 

was calculated from pure water flux divided by TMP as shown in Equation (2.6). The 

average pure water flux or permeance values from measurements on at least three 
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separate membrane samples are reported. The uncertainties, denoted by error bars, 

represent one standard deviation. 

3.9 MOLECULAR WEIGHT CUT OFF (MWCO) DETERMINATION 

MWCO measurements were conducted in continuous dead-end filtration of 

aqueous poly(ethylene glycol) (PEG) solutions. PEG samples with 4, 8, 10, 12, 20, 35, 

100, and 200 kDa molecular weights were used. Aqueous solutions containing 0.1 wt% 

(1,000 ppm) PEG were prepared with one PEG molecular weight for each solution. The 

filtration was conducted with PEG solutions of one molecular weight at a time in order of 

ascending (i.e., low to high) molecular weight. The filtration system was cleaned 

thoroughly with ultrapure water between filtrations of PEG solutions of different 

molecular weights. 

Except for the choice of solute, the filtration setup was constructed and operated 

according to ASTM standard E1343 – 90 [13]. The diagram and photograph of the 

system are shown in Figure 3.3 and Figure 3.4, respectively. The ASTM standard uses 

dextran as a solute marker [13], and dextran is generally regarded as more suitable for 

determination of MWCO over a high molecular weight range, such as above 10 kDa [14]. 

In contrast, PEG is generally used for the determination of MWCO in a wide molecular 

weight range, even below 10 kDa [14-17]. Dextran is commercially available with 

molecular weights higher than 1 kDa, while PEG is commercially available with 

molecular weight values as low as 0.2 kDa. Since the PDA-modified membranes were 

expected to have MWCO values in a low range, PEG was chosen for our MWCO tests. 

Other literature studies also report the use of PEG to determine MWCO [14-17]. 
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Figure 3.3: A diagram showing filtration system for molecular weight cut off 
determination from ASTM standard [13]. 

 

Figure 3.4:  A photograph of continuous dead-end filtration system for molecular weight 
cut off determination. 
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Dead-end filtration cells (model 8200, Millipore, Corp., Billerica, MA), with an 

effective filtration area of 28.7 cm2, were used. The PEG solution in the dead-end 

filtration cells was stirred at 250 rpm (ω ≈ 26.2 radian/s) at all times during the 

experiments. The feed flow rate was 100±10 mL/min, and feed pressure was 6±0.5 psig. 

The permeate flow rate was 0.17±0.01 mL/min and was controlled by a peristaltic pump 

(catalog number for drive: 7522-30, for head: 7519-20, for cartridge: 7519-85, for tubing: 

6447-12, Cole-Parmer, Vernon Hills, IL) with feedback control from a permeate flow 

meter (model number: M12P-ABD-11-0-S, Bronkhorst, Bethlehem, PA). This permeate 

flow rate corresponds to an average permeate flux of 0.0001 cm/s or 3.6 L/m2/h (LMH). 

A very low permeate flow rate was used to minimize concentration polarization. Each 

filtration test with each PEG molecular weight was run for at least 30 minutes prior to 

collecting feed and permeate samples to ensure that the system had reached steady state. 

The feed and permeate sample concentrations were analyzed using a total organic carbon 

analyzer (TOC-Vcsh, Shimadzu Corp., Japan). The observed sieving coefficient, So, was 

calculated using Equation (2.11). The MWCO values were determined from the actual 

PEG rejections, calculated from the So data, as discussed in more detail in Chapter 5, 

section 5.2.3 Molecular Weight Cutoff and Nominal Pore Size. 

3.10 OIL/WATER EMULSION PREPARATION 

To be consistent with earlier studies from our laboratories on the topic of 

oil/water fouling [18, 19], the model foulant used in this study was a 1,500 ppm emulsion 

of soybean oil/Xiameter OFX-0193 surfactant in water (9:1 ratio of oil to surfactant). For 

fouling study with RO membranes, the emulsion was prepared by blending 40.5 g of 

soybean oil with 4.5 g of Xiameter OFX-0193 surfactant in 3 L of 2,000 ppm NaCl 

solution. To prepare a stable emulsion, the mixture was blended in a high-speed blender 
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(Waring Laboratory, Torrington, CT) at ~20,000 rpm (highest rotational speed) for 3 

minutes. The emulsion was then cooled to ~25oC before dilution in the crossflow system 

feed tank containing 27 L of 2,000 ppm NaCl solution to achieve a 1,500 ppm soybean 

oil emulsion (with a total volume of 30 L).  

For fouling study with UF membranes, the emulsion was prepared by blending 

10.8 g of soybean oil with 1.2 g of Xiameter OFX-0193 surfactant in 1 L of ultrapure 

water. The mixture was blended in a high speed blender as described above. The mixture 

was then diluted with 7 L of ultrapure water, resulting in a 1,500 ppm (i.e., 1,350 ppm 

soybean oil and 150 ppm surfactant) soybean oil emulsion (with a total volume of 8 L). 

The oil/water emulsion droplet size, measured using a Coulter counter, was 

approximately in the range of 0.8 – 3.0 µm and had an average size of 1.4 µm [18, 20]. 

3.11 CONSTANT TRANSMEMBRANE PRESSURE DIFFERENCE (TMP) CROSSFLOW 

FILTRATION 

For RO membranes, fouling studies were conducted using a constant TMP (i.e., 

variable permeate flux) crossflow filtration system (Separation Systems Technology, San 

Diego, CA). The diagram of this filtration system is shown in Figure 3.5. The details of 

the apparatus are presented elsewhere [1]. 
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Figure 3.5: Constant TMP crossflow filtration system [1]. 

The system was cleaned prior to each filtration experiment by circulating 0.3% 

(v/v) of bleach (Clorox®) solution for 30 minutes to disinfect the system and 0.2% (v/v) 

aqueous solution of Nalgene L900 liquid detergent (Fisher Scientific, Pittsburgh, PA) for 

another 30 minutes to remove residual organics (e.g., oil and surfactant). The system was 

then rinsed for at least three cycles with tap water and one cycle with ultrapure water. For 

each rinse cycle, the feed tank was filled with 30 L of water, and the water was run 

through the system in a single pass (i.e., without recirculation). All filtration experiments 

were conducted at a feed pressure of 150 psig (10.3 barg), permeate pressure of 

atmospheric (i.e., the TMP was 150 psi (10.3 bar)) and feed flow rate of 1 gallon per 

minute (3.8 liters per minute), which corresponded to a Reynolds number of 4900 inside 

our crossflow cells. The Reynolds number was calculated based on a calculation for 

turbulent flow in noncircular tubes by employing a mean hydraulic radius (Rh) as shown 

in Equation (3.2) and Equation (3.3) [21]. The geometry of the flow channels was 3 in. 
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long × 1 in. wide × 0.125 in. deep (or approximately 76 mm long × 25 mm wide × 3 

mm deep). 

 h

S
R

Z
=  (3.2) 

In Equation (3.2), Rh is the mean hydraulic radius, S is the cross section of the flow 

channel (~25 mm × 3 mm), and Z is the wetted perimeter (~57 mm). The Reynolds 

number (Reh) is defined as [21]: 

 
4

Re h z

h

R v ρ

µ
=  (3.3) 

where zv  is the average velocity in the flow channel (~0.78 m/s), ρ is the density of oil 

emulsion at 25oC (~997 kg/m3), and µ  is the viscosity of oil emulsion at 25oC (~9 × 10-4 

kg/(m∙s)) [22]. The properties of oil emulsion (i.e., ρ and µ) were approximated from the 

properties of water in this calculation. 

Throughout the experiments, the feed temperature was maintained at ~25oC, and 

the pH of the feed solution was controlled at ~8 (which was the membrane 

manufacturer’s suggested value) by adding NaHCO3 to the feed tank at the beginning of 

the experiments [1]. The permeate flux, Jw, during the oil/water emulsion filtration was 

calculated as follows: 
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tρ
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 (3.4) 

where Jw is the permeate water flux, ∆m is the mass of permeate collected during a 

filtration time of ∆t, ρw is the density of water, and A is the effective filtration area of the 

membrane sample (~19 cm2). The mass of permeate was measured using an analytical 

balance connected to a computer. Labview software (National Instruments, Austin, TX) 

was used to record the permeate mass every 60 seconds during an experiment. 
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Each filtration experiment consisted of three steps as illustrated in Figure 3.6. For 

the first 30 minutes of the experiment, ultrapure water was the feed solution. After 30 

minutes of pure water filtration, NaCl was added to the feed solution in an amount that 

brought the feed solution NaCl concentration to approximately 2,000 mg/L. Then, the 

permeate flux, as well as bulk feed and permeate salt concentrations, were measured. Salt 

concentrations were measured using a conductivity meter (Oakton CON 11, Oakton 

Instruments, Vernon Hills, IL) that had been previously calibrated using salt solutions of 

known composition. The reported apparent NaCl rejection values were calculated from 

bulk feed and permeate salt concentrations according to Equation (3.5) [1, 23, 24]. The 

reported true NaCl rejections were corrected for concentration polarization using the 

apparent NaCl rejections, pure water flux, and permeate flux from NaCl solution 

filtration as suggested in the literature [1, 24]. The reported average apparent and true 

NaCl rejection values were calculated from results on at least three membrane coupons; 

the reported uncertainty values (denoted by error bars) represent one standard deviation. 

After 30 minutes of NaCl solution filtration, the oil/water emulsion was introduced to the 

feed stream, and the fouling test was run for 24 hours. The reported permeate flux as a 

function of time during the fouling test was averaged from flux values measured using at 

least three membrane samples. At the beginning and the end of the experiments, feed and 

permeate samples of unmodified membranes and polydopamine-modified membranes 

(prepared by using 2 mg/mL initial dopamine concentration, 60 minutes deposition time, 

and Tris-HCl buffer at a pH of 8.8) were collected, and organic carbon concentrations 

were determined using Total Organic Carbon Analyzer (TOC-Vcsh, Shimadzu Corp., 

Japan). The organic rejection values were calculated according to Equation (3.5) [25], 

and the average values and uncertainty values (one standard deviation) of at least three 

membrane samples were reported. 
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where R is the apparent NaCl rejection or organic rejection, Cf is NaCl concentration (for 

NaCl rejection) or organic concentration (for organic rejection) in the filtrate, and Cb is 

NaCl concentration (for NaCl rejection) or organic concentration (for organic rejection) 

in the bulk feed.  

 

Figure 3.6: Timeline of the crossflow filtration experiment [1]. 

3.12 CONSTANT PERMEATE FLUX CROSSFLOW FILTRATION AND THRESHOLD FLUX 

DETERMINATION 

For UF membranes, a constant permeate flux (i.e., variable TMP) crossflow 

filtration was used to determine threshold fluxes of unmodified and PDA-modified 

membranes. The UF membranes modified with PDA at initial dopamine concentrations 

of 0.1, 0.5, 2, and 8 mg/mL (using a 60-minute coating time) and deposition times of 15, 

60, and 240 minutes (using a 2 mg/mL initial dopamine concentration) were used in this 

threshold flux analysis. A 1,500 ppm soybean oil emulsion was used as a model foulant 

feed solution. 

At constant flux operation, the change in TMP at each permeate flux considered 

was recorded throughout the experiments. The diagram of constant permeate flux 

crossflow filtration system is shown in Figure 3.7. Details of the constant flux crossflow 
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filtration system and its operation are explained elsewhere [3, 26]. A flux stepping 

method was used for the threshold flux determination [27-29]. The flux stepping 

experiments were conducted with an initial flux of 10 LMH, a step length of 20 minutes, 

and a step height of 10 LMH. The feed flow rate was 0.8 L/min (corresponding to a 

crossflow velocity of 0.18 m/s and a Reynolds number of ~1000 [3, 4]). The feed 

pressure was 2.1 barg (30 psig). For every filtration test, ultrapure water was initially run 

at a permeate flux level of 10 LMH for at least 20 minutes to ensure that the system 

operation had reached steady state. Then, the feed was switched to the 1,500 ppm 

soybean oil emulsion, and flux stepping experiments were performed by increasing the 

permeate flux by 10 LMH every 20 minutes. Each flux stepping experiment was 

terminated when the TMP reached the gauge feed pressure to avoid vacuum in the 

permeate line as explained in more detail elsewhere [3, 4]. The temperature of the feed 

water and feed oil/water emulsion was controlled at ~25oC throughout the experiments. 

The threshold fluxes of unmodified and PDA-modified UF membranes were determined 

from TMPavg vs. flux and d(TMP)/dt vs. flux curves acquired from the flux stepping 

experiments as explained in Chapter 5. Each reported TMPavg vs. flux profile is 

representative of at least three replicates. The reported threshold flux value determined 

using the TMPavg parameter of each membrane is an average from three membrane 

samples, and the uncertainties (i.e., error bars) denote one standard deviation. 
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Figure 3.7: Constant permeate flux crossflow filtration system. 
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Chapter 4: Effect of Polydopamine Deposition Conditions on Fouling 

Resistance, Physical Properties, and Permeation Properties of Reverse 

Osmosis Membranes in Oil/Water Separation 

4.1 SUMMARY 

A commercial polyamide reverse osmosis (RO) membrane was surface-modified 

with polydopamine deposited from buffered, aqueous dopamine solution at ambient 

conditions. The influence of various modification conditions (i.e., dopamine solution 

concentration, polydopamine deposition time, and initial pH of Tris-HCl buffer) on pure 

water flux, flux during filtration of an oil/water emulsion, and NaCl rejection was 

investigated. Dead-end filtration results showed decreased pure water flux with 

increasing dopamine solution concentration and polydopamine deposition time. 

Membranes modified at a pH of 5 exhibited no change in pure water flux or flux during 

fouling experiments compared to the native membranes, suggesting that polydopamine 

was not deposited under such acidic coating conditions. All polydopamine-modified 

membranes, except those coated at a pH of 5, had higher flux when filtering an oil/water 

emulsion than that of unmodified membranes. NaCl rejection values in all membranes 

were within the manufacturer’s specification. The increased flux when filtering an 

oil/water emulsion was not sensitive to dopamine concentration, coating time greater than 

60 minutes, or alkaline buffer pH value. Short deposition times slightly reduced the 

fouling resistance of coated membranes, and membranes modified at acidic pH values 

showed no improvement in fouling. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 Effect of Dopamine Concentrations Used in Membrane Modification on 

Contact Angle 

Table 4.1 presents static contact angles of XLE RO membranes modified using 

solutions of varying dopamine concentration. The contact angle of an unmodified 

membrane is included for comparison. The polydopamine deposition time was 60 

minutes, and the initial pH of the Tris-HCl buffer was 8.8 in all cases. Because a 

hydrophobic oil droplet was brought into contact with the sample in an aqueous 

environment, small contact angles are indicative of a hydrophilic surface. All modified 

membranes and the unmodified membrane exhibited contact angle values of 

approximately 19°. For many hydrophobic materials, including polymers used for 

membrane preparation, polydopamine surface treatment increases hydrophilicity of the 

coated surfaces, which is typically seen as a decrease in contact angle in experiments 

such as ours [1-6]. The hydroxyl, carboxylic acid, and amine functional groups of 

polydopamine are thought to contribute to the hydrophilicity of coated surfaces [3, 6, 7]. 

However, on membranes that are already hydrophilic, such as XLE RO and 

hydrophilized PVDF microfiltration membranes, McCloskey et al. observed only 

minimal changes in contact angle upon polydopamine treatment [1]. The selective 

polyamide layer of the XLE RO membranes used in this study is synthesized via 

interfacial polymerization of m-phenylene diamine with trimesoyl chloride [8]. The 

polymerization leaves hydrophilic amine and carboxylic acid groups [8] that are likely 

responsible for the hydrophilic nature of the native membranes. Since the membranes 

were hydrophilic before polydopamine modification, surface modification with 

polydopamine did not appreciably change contact angle as measured in this experiment. 
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Table 4.1: Captive (n-decane)-in-water bubble contact angles of XLE RO membranes 
modified at different dopamine concentrations. 

Dopamine concentration (mg/mL) Contact angle (degree) 

0 (unmodified) 20.1 ± 0.8 

0.1 19 ± 2 

0.5 20 ± 2 

2 19 ± 1 

4 19 ± 1 

8 19 ± 2 

Note: All samples were prepared using deposition solutions at an initial pH of 8.8 and a 
deposition time of 60 minutes. 

4.2.2 Effect of Polydopamine Modification Conditions on Pure Water Flux 

The pure water flux of membranes modified at varying conditions is presented in 

Figures 4.1 – 4.3. These measurements were performed in dead-end test cells as 

described in Chapter 3 (Experimental section). The average water permeance of 

unmodified membranes was 9.0 ± 0.3 LMH/bar at a transmembrane pressure difference 

of 150 psi (10.3 bar), which is within the manufacturer’s specified water permeance of 

6.5 – 9.6 LMH/bar reported by Van Wagner et al. [9]. 
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Figure 4.1: Pure water flux as a function of dopamine concentration. The dopamine 
deposition time was 60 minutes, and the Tris-HCl buffer was at an initial pH 
of 8.8. 

 

Figure 4.2: Pure water flux as a function of polydopamine deposition time. The 
dopamine deposition solution concentration was 2 mg/mL, and the Tris-HCl 
buffer was at an initial pH of 8.8. 
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Figure 4.3: Pure water flux as a function of Tris-HCl buffer initial pH. The dopamine 
deposition solution concentration was 2 mg/mL, and the dopamine 
deposition time was 60 minutes. 

Figure 4.1 presents pure water flux of unmodified membranes and membranes 

modified with dopamine concentrations of 0.1, 0.5, 2, 4, and 8 mg/mL (in Tris-HCl 

buffer at a pH of 8.8 for 60 minutes). As dopamine coating solution concentration 

increased, water flux decreased somewhat, with the largest decrease occurring at low 

dopamine concentrations. Figure 4.2 shows pure water flux of unmodified membranes 

and of membranes modified at polydopamine deposition times of 30, 60, and 120 

minutes; these studies were conducted using 2 mg/mL dopamine in Tris-HCl buffer at a 

pH of 8.8. Water flux decreased with increasing polydopamine deposition time. Several 

previous studies demonstrated that the polydopamine film thickness increases at higher 

dopamine concentration in the deposition solution [10-12] or with longer deposition time 

[1, 2, 4, 10-12]. Also, the polydopamine coating growth rate [11] and dopamine reaction 

rate [13] increase with dopamine concentration. Our results corroborate McCloskey et 
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al.’s findings in that the pure water flux of polydopamine-modified XLE RO membranes 

decreased relative to that of unmodified XLE RO membranes as deposition time 

increased [1]. Thicker polydopamine coatings, which result from high dopamine 

concentrations or long deposition times, were likely responsible for the reduced pure 

water flux observed in these experiments. 

Figure 4.3 presents pure water flux of membranes modified with Tris-HCl buffer 

at initial pH values of 5, 8.8, and 11. The concentration of dopamine was 2 mg/mL, and 

the deposition time was 60 minutes. The unmodified membrane pure water flux is 

represented by the horizontal line. The pure water flux of membranes modified at a pH of 

5 was nearly identical to that of unmodified membranes. The membranes modified under 

alkaline conditions (i.e., at initial pH values of 8.8 and 11) exhibited lower flux values 

than those modified at a pH of 5 or not modified at all. Interestingly, the pH of the 

coating solution (dopamine in Tris-HCl buffer) remained constant throughout the 60-

minute contact time of the solution with the membrane when the buffer initial pH was 5 

or 8.8. When the initial pH of the buffer was 11, the pH of the coating solution decreased 

to 8.8 after the dopamine had been mixed in Tris-HCl buffer for about 15 seconds. The 

pure water flux of the membranes treated at a pH of 11 was, therefore, similar to the pure 

water flux of the membrane modified at a pH of 8.8. Previous studies suggest that 

dopamine polymerization begins with oxidation of the catechol moiety to a quinone [2, 3, 

6, 12, 14-16]. A study on DOPA, the amino acid closely related to dopamine and largely 

responsible for the adhesive qualities of mussel byssus protein, suggested that oxidation 

of DOPA enhances its adhesion to organic surfaces (e.g., polymers) [17]. Alkaline pH 

enables rapid oxidation as the catechol/quinone equilibrium (pKa = 9.2) favors the 

quinone [17]. Dopamine polymerization has been reported to proceed under acidic 

conditions only with the addition of oxidants (e.g., ammonium persulfate); under ambient 
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atmosphere with oxygen present as the sole oxidant, dopamine polymerization does not 

proceed appreciably at acidic pH, which is consistent with the results shown in Figure 4.3 

[18]. 

4.2.3 Effect of Polydopamine Modification Conditions on NaCl Rejection 

Apparent, Rapp, and true, Rtrue, NaCl rejection values during filtration of 2,000 

ppm NaCl feed are shown in Figure 4.4. Figure 4.4(a) and Figure 4.4(b), which show 

results from membranes modified at various dopamine concentrations and deposition 

times, respectively, demonstrate that rejection generally decreased slightly with 

increasing dopamine solution concentration and polydopamine deposition time. Figure 

4.4(c) shows that true rejection was somewhat lower for membranes modified at alkaline 

conditions than for unmodified membranes and membranes modified at a pH of 5. 

Membranes modified at a pH of 5 exhibited essentially the same rejection as unmodified 

membranes. 
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Figure 4.4: Apparent NaCl rejections and true NaCl rejections of XLE RO membranes 
from 2,000 ppm NaCl feed as a function of polydopamine modification 
conditions: (a) dopamine concentration, (b) polydopamine deposition time, 
and (c) initial pH of Tris-HCl buffer. 

Several possibilities may explain the observed results. First, a slight reduction in 

surface charge from polydopamine coatings, as reported by McCloskey et al. [19], may 



 73 

contribute to decreased salt rejection. Second, as described by Sagle et al. using a series-

resistance model, coating a high salt rejection RO membrane with a lower rejection 

surface coating could reduce salt rejection [20]. Third, the polydopamine coating may 

penetrate the selective polyamide layer of the membranes, slightly altering the transport 

properties of the polyamide. Although a systematic decrease in true NaCl rejection with 

increasing dopamine concentration and deposition time was observed, the effect was 

small enough that all measured NaCl rejection values fall within the manufacturer’s 

specified NaCl rejection range (>98%) [21]. Therefore, while the polydopamine 

modification may result in some reduction in true NaCl rejection, the effect is small, so 

polydopamine modification had little effect on NaCl rejection of these reverse osmosis 

membranes. 

4.2.4 Effect of Polydopamine Modification Conditions on Permeate Flux during 

Oil/Water Emulsion Crossflow Filtration 

Table 4.2 shows organic rejection values of unmodified XLE RO membranes and 

polydopamine-modified XLE RO membranes (prepared by using 2 mg/mL dopamine 

concentration, 60 minutes deposition time, and Tris-HCl buffer at a pH of 8.8). The 

rejection values were taken at the beginning and at the end (24 hours) of oil/water 

emulsion crossflow filtration. In all cases, the organic rejection values were more than 

99.9% which indicates that these membranes are suitable for oil/water separation. 
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Table 4.2: Organic rejection values of unmodified and polydopamine-modified XLE 
RO membranes at the beginning and end (24 hours) of oil/water emulsion 
crossflow filtration. 

Membrane 

modification 

Organic rejection (%) 

Beginning End 

Unmodified 99.91 ± 0.01 99.95 ± 0.02 

Polydopamine-modified 99.91 ± 0.05 99.9 ± 0.1 

Note: Polydopamine-modified membranes were prepared using deposition solutions at 2 
mg/mL dopamine concentration, an initial pH of 8.8, and a deposition time of 60 minutes. 

Figure 4.5 presents permeate flux during oil/water emulsion crossflow filtration 

with XLE RO membranes modified at various: (a) dopamine coating solution 

concentrations (0.1, 0.5, 2, 4, and 8 mg/mL in Tris-HCl buffer at a pH of 8.8 for 60 

minutes), (b) deposition times (30, 60, and 120 minutes with 2 mg/mL of dopamine in 

Tris-HCl buffer at a pH of 8.8), and (c) initial pH values of Tris-HCl buffer (5, 8.8, and 

11 with 2 mg/mL of dopamine solution for 60 minutes). These figures also include results 

on unmodified membranes for comparison. 

 
 



 75 

 

 



 76 

 

Figure 4.5: Permeate flux as a function of time during oil/water emulsion crossflow 
filtration of XLE RO membranes modified with varied (a) dopamine 
concentrations, (b) polydopamine deposition times, and (c) initial pH values 
of Tris-HCl buffer. 

Figure 4.5(a) presents the fouling behavior of membranes modified with various 

dopamine solution concentrations. All modified membranes exhibited higher flux than 

unmodified membranes, but increasing the dopamine concentration did not further 

increase flux, particularly at longer filtration times. Although a decrease in pure water 

flux was observed with increasing dopamine concentration (as shown in Figure 4.1), this 

did not result in lower flux during filtration of oily water. Thus, a large contribution to 

mass transfer resistance during fouling was likely to be foulant accumulation on the 

membrane surface; the changes in mass transfer resistance observed in the pure water 

flux test due to the polydopamine coating are masked by the mass transfer resistance of 

adsorbed foulants. For this reason, variations in the dopamine concentration did not 

produce systematic changes in the permeate flux during fouling. 
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As shown in Figure 4.5(b), membranes modified for 30, 60, and 120 minutes all 

exhibited higher flux than unmodified membranes. The membranes modified for 30 

minutes showed a slightly lower permeate flux throughout the fouling experiment than 

those prepared at deposition times of 60 and 120 minutes. Previous studies reported that 

polydopamine film thickness decreases with shorter deposition times [1, 2, 4, 10-12], and 

at short coating times, less polydopamine may present on the coated substrate surface 

relative to that obtained following longer coating times [22]. Therefore, the membranes 

modified for 30 minutes showed less fouling resistance than those prepared using 

deposition times of 60 and 120 minutes. Increasing the deposition time from 60 minutes 

to 120 minutes did not significantly improve the fouling resistance of the modified 

membranes, leading to the same permeate flux at extended filtration time. 

From Figure 4.5(c), membranes modified at alkaline conditions (i.e., at initial pH 

values of 8.8 and 11) had higher flux than unmodified membranes. Membranes modified 

at a pH of 5 showed no enhancement in flux over that of unmodified membranes. As 

noted previously, dopamine oxidation, an initial step in dopamine polymerization, 

proceeds very slowly under acidic conditions at ambient conditions [18]. Membranes 

modified at a pH of 5, therefore, were likely not successfully coated with polydopamine, 

and they showed no improvement in flux during fouling tests relative to that of 

unmodified membranes. Polydopamine formation occurs readily at alkaline pH [4, 13, 

17, 18]; membranes modified with dopamine coating solution by using Tris-HCl buffer at 

initial pH values of 8.8 and 11 exhibited improved flux values during oily water filtration. 

Modification at both alkaline coating conditions (i.e., initial pH values of 8.8 and 11) 

appeared to lead to similar polydopamine coatings on the membranes, as judged by their 

similar flux values in the fouling experiment. This result is consistent with pure water 
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flux data reported in Figure 4.3, since pure water flux values for membranes modified at 

initial pH values of 8.8 and 11 are essentially indistinguishable from each other. 

Membrane surface modification to decrease roughness has been associated with 

reduced membrane fouling in many studies [23, 24]. McCloskey et al. reported a slight 

decrease in the surface roughness of polydopamine-modified XLE RO membranes 

relative to unmodified membranes [19]. The decrease in surface roughness from 

polydopamine coatings may contribute to improvement of modified membrane fouling 

resistance. Additionally, an increase in surface hydrophilicity has been suggested to 

reduce organic fouling, such as that from oil emulsions [25-27]. Although we did not see 

increased hydrophilicity of the modified membranes over that of unmodified membranes 

via our contact angle experiments, perhaps the technique we used was not sensitive to 

small or subtle changes in hydrophilicity which may also help alleviate membrane 

fouling. However, a complete understanding of the cause for the observed increase in 

fouling performance is not yet available, and further studies are needed to more 

completely understand this phenomenon. 

4.3 CONCLUSIONS 

XLE RO membranes were modified with polydopamine using various dopamine 

concentrations, polydopamine deposition times, and Tris-HCl buffer initial pH. The pure 

water flux of coated membranes decreased with increasing dopamine concentration and 

deposition time, presumably because the polydopamine coating layer thickness increased. 

Membranes modified at a pH of 5 exhibited no change in pure water flux or fouling 

resistance relative to unmodified membranes, suggesting that polydopamine was not 

successfully deposited onto the membranes under acidic conditions. Membranes modified 

with polydopamine at all dopamine concentrations, deposition times, and alkaline pH 
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values were significantly more resistant to fouling in oil/water emulsion fouling tests than 

uncoated membranes, as judged by higher permeate flux values when filtering oil/water 

emulsions. Additionally, they maintained salt rejection values within the manufacturer’s 

specification. Variations in dopamine concentration, deposition times of at least 60 

minutes, and alkaline pH values had little effect on the fouling resistance of coated 

membranes, suggesting that the mass transfer resistance of the polydopamine coating was 

insignificant relative to that of the foulant layer. 
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Chapter 5: Influence of Polydopamine Deposition Conditions on 

Hydraulic Permeability and Sieving Coefficients for a Polysulfone 

Ultrafiltration Membrane 

5.1 SUMMARY 

Membrane surface modification with polydopamine (PDA) coatings can reduce 

fouling in oily water filtration due, at least in part, to enhanced surface hydrophilicity. In 

this study, polysulfone (PSf) UF membranes were coated with PDA. PDA coating 

conditions (solution concentration and deposition time) were varied, and the effect of 

coating conditions on membrane molecular weight cutoff (MWCO) and hydraulic 

permeability was measured. Membrane MWCO decreased and PDA film thickness 

increased as initial dopamine coating solution concentration or deposition time increased. 

The MWCO decrease confirmed that PDA restricted the membrane pores. While the 

PDA coating thickness on membrane surfaces grew progressively with increasing initial 

dopamine concentration or coating time, coating inside the membrane pores was limited 

by the finite membrane pore size. A tradeoff between selectivity and hydraulic 

permeability of unmodified and PDA-modified membranes was noted. This tradeoff is 

reminiscent of that observed in other separation membranes. Zydney’s hindered solute 

transport model of flow through porous membranes was used to estimate changes in 

membrane mean pore size and pore size distribution. Based on the modelling results, 

membrane mean pore radius, �̅, increased at low initial dopamine concentrations or short 

deposition times and decreased at high initial dopamine concentrations or long deposition 

times with increasing initial dopamine concentration or increasing PDA coating time. The 

pore size distribution narrowed as the membranes were modified with PDA. The porosity 

to thickness ratio of PDA-modified membranes remained unchanged or was only slightly 

higher than that of unmodified membranes. 
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5.2 RESULTS AND DISCUSSION 

5.2.1 Polydopamine (PDA) Surface Coating Thickness 

PDA was coated on nonporous PSf dense films. PSf film thicknesses were in the 

range of 160 – 170 nm. The PDA coating thicknesses determined by spectroscopic 

ellipsometry are presented in Figure 5.1. The PDA surface coating thickness increased 

with increasing initial dopamine concentration and increasing deposition time. These 

trends correspond qualitatively to similar data reported by others [1-10]. The surface 

coating thickness was less than 10 nm at 0.1 mg/mL initial dopamine concentration for 

all deposition times studied. At the most aggressive modification condition (i.e., at 8 

mg/mL initial dopamine concentration and 240 minutes coating time), the PDA surface 

coating thickness was nearly 50 nm. 

 

Figure 5.1: PDA coating thickness on dense PSf films (measured by ellipsometry) as a 
function of PDA deposition time and initial dopamine concentration. 
Numbers noted in the plot represent initial dopamine coating solution 
concentration in mg/mL. 
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The thickness of PDA coatings has been evaluated on many substrates, both 

inorganic and organic [1-10]. Regardless of the substrate material, PDA coating thickness 

reportedly increases as initial dopamine coating solution concentration increases [5, 6, 8, 

9] or deposition time increases [1-4, 6-10]. Table 5.1 summarizes literature reports of 

PDA coating thickness on various substrates. All data shown are at an initial dopamine 

concentration of 2 mg/mL and a deposition time of 4 hours. Unless otherwise noted, these 

studies were performed at ambient conditions. The reported thicknesses varied from 2 to 

45 nm even though the initial dopamine coating solution concentration and deposition 

time were the same. There was no obvious correlation of coating thickness with either 

buffer concentration or buffer solution pH. The reported thickness values were different 

even for studies using the same substrate, Tris buffer concentration, and thickness 

measurement technique (i.e., Ball et al., 2012 [5] and Bernsmann et al., 2009 [11]). Most 

of these studies did not report detailed stirring conditions of the coating solution during 

PDA deposition. However, because oxygen is required to convert dopamine to PDA [12-

16], variations in dissolved oxygen content in the PDA coating solution due to different 

stirring conditions could influence deposition thickness. Although this hypothesis 

concerning the variability in literature reports cannot be definitively tested using the data 

in Table 5.1, it is one potential avenue for future studies. 
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Table 5.1: Summary of reported PDA deposition thicknesses on various substrates 
using 2 mg/mL initial dopamine coating solution concentration and 4 hours 
of deposition time. 

Reference Substrate 

Tris buffer  

concentration 

(mM) 

Tris 

buffer  

pH 

Thickness 

measurement  

technique 

PDA 

deposition  

thickness 

(nm) 

This study 
PSf-

coated Si 
15 8.8 Ellipsometry 25 

Ball et al., 2012 [5] Si 50 8.5 Ellipsometry 8 
Jiang et al., 2011 

[6] 
Si 10 8.5 Ellipsometry 7* 

Jiang et al., 2011 
[6] 

PVDF-
coated Si 

10 8.5 Ellipsometry 22* 

McCloskey et al., 
2010 [2] 

PSf-
coated Si 

15 8.8 Ellipsometry 45 

Pan et al., 2009 [9] Si 100 9.4 Stylus profiler 38 
Bernsmann et al., 

2009 [11] 
Si 50 8.5 Ellipsometry 2 

Li et al., 2009 [10] Si N/A 8.5 Stylus profiler 26 

Lee et al., 2007 [1] Si 10 8.5 
Atomic Force 
Microscopy 

25 

Note: All PDA deposition thickness values were extracted from plots reported in the 
literature using UN-SCAN-IT 6.0 software. * PDA modification at 30oC. 

5.2.2 Pure Water Permeance 

The influence of initial dopamine coating solution concentration and deposition 

time on pure water permeance of PS-20 UF membranes is presented in Figure 5.2(a) and 

Figure 5.2(b), respectively. PDA coating thicknesses, determined using ellipsometry on 

dense PSf films coated with PDA under identical conditions, are also included in Figure 

5.2. The pure water permeance of PDA-modified membranes decreased with increasing 

initial dopamine coating solution concentration or with increasing deposition time. This 

decrease in pure water permeance was presumably due to the growth of increasingly 

thick PDA coatings and, also, pore narrowing and pore blockage [2, 3]. However, the 

pure water permeance values of membranes modified with PDA at low initial dopamine 
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concentrations (i.e., 0.1 and 0.5 mg/mL) or short coating time (i.e., 15 minutes) remained 

near those of unmodified membranes, possibly because of relatively thin PDA coatings at 

these coating conditions. A significant pure water permeance decrease was observed at 

moderate initial dopamine concentrations or moderate deposition times, but the decrease 

was more gradual at high initial dopamine concentrations or long deposition times. The 

PDA coating thickness changed more gradually at more extensive PDA coating 

conditions and reached a plateau at long coating times [2]. Perhaps the gradual change in 

PDA coating thickness led to slower pure water permeance reduction at extensive PDA 

modification conditions. Similar trends in pure water flux or hydraulic permeability of 

unmodified and PDA-modified UF and RO membranes were observed by Miller et al. 

[17], McCloskey et al. [2], and Cheng et al. [3]. 

 

Figure 5.2: Influence of: (a) initial dopamine coating solution concentration and (b) 
PDA deposition time on pure water permeance of PDA-modified UF 
membranes (PS-20) and PDA coating thickness on dense PSf film measured 
by ellipsometry. A deposition time of 60 minutes was used in (a) and an 
initial dopamine concentration of 2 mg/mL was used in (b). The lines are to 
guide the eye. 
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5.2.3 Molecular Weight Cutoff and Nominal Pore Size 

In this study, the molecular weight cutoff (MWCO) was defined as the molecular 

weight of PEG for which the actual membrane rejection was 90% in the ASTM MWCO 

test [18-22]. The ASTM standard assumes no polarization during the filtration tests, so 

the observed rejection is directly used to determine the MWCO. However, when 

concentration polarization is significant, the observed rejection, Ro, is lower than the 

actual rejection, Ra, and the MWCO value determined from the Ro curve can be 

significantly higher than the MWCO determined from the Ra curve [23]. Causserand et 

al. estimated the Ra values from the Ro values, using a stagnant film model (with average 

k and Jv), and compared the retention profiles and MWCO values from these two cases 

[23]. In their study, the MWCO was overestimated when the Ro was used directly, and 

thus, the Ra instead should be used to determine the true MWCO since the Ra values 

represent the true selective properties of the membranes [23]. Our MWCO analysis 

followed an approach proposed by Causserand et al., so the Ra values of PEG were 

calculated and used to determine the MWCO in our study. 

Unless a filtration is conducted at very low Peclet number, where Ra is equal to 

Ro, the actual rejection may not be reflected in the observed MWCO values. Several 

studies proposed Peclet number ranges in the membrane boundary layer (i.e., PeBL = 
VJ /

k ) where concentration polarization could be neglected (and, therefore, Ra ≈ Ro). These 

proposed ranges are: (i) 0.405 < 
VJ / k  < 0.693, (ii) 

VJ / k  < 1, and (iii) 
VJ / k  < 0.18 

[24]. In general, 
VJ / k  increases with increasing PEG molecular weight due to decreased 

PEG diffusivity (which decreases k ) of larger PEG molecules [23]. In this study, 

although 
VJ / k  was small (less than 1) for most PEGs (4 – 35 kDa), 

VJ / k  was greater 

than 1 for 100 and 200 kDa PEGs. Thus, concentration polarization could not be 

neglected, at least for the highest molecular weight PEGs considered. 
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A stagnant film model, Equation (2.12), with k  calculated using Equation (2.28) 

was used to estimate Sa values of PEG from the experimental So values acquired from the 

MWCO filtration tests. Percent actual PEG rejection (%Ra = Ra×100) was calculated 

from Sa using Equation (2.10). The concentration polarization model (i.e., stagnant film 

model) was mainly used with k  and 
vJ  in this MWCO determination, following 

Causserand et al.’s study [23]. This model was also used with radially-dependent k and Jv 

(k(rc) and Jv(rc)) in the mean pore size and pore size distribution analysis, and the results 

were compared with those obtained using k  and 
vJ  as discussed later in section 5.2.6. 

Figure 5.3 and Figure 5.4 present percent actual PEG rejection values, %Ra, as a 

function of PEG molecular weight for PS-20 UF membranes modified with PDA at 

various initial dopamine coating solution concentrations and deposition times, 

respectively. MWCO values were determined from the PEG molecular weights that gave 

90% Ra values in Figure 5.3 and Figure 5.4. These values estimated by interpolating 

between the two PEG molecular weights closest to an Ra value of 90%, are recorded in 

Table 5.2 and Table 5.3. Moreover, the steepness of the PEG rejection curves 

qualitatively reflects the width of the membrane pore size distribution [25-28]. A steeper 

slope suggests a narrower pore size distribution [25-28]. For membranes modified at 

higher initial dopamine coating solution concentrations or longer times, the slopes of the 

rejection curves appear, qualitatively, to be steeper (cf., Figure 5.3 and Figure 5.4) than 

those of membranes modified at lower initial dopamine coating solution concentrations 

or shorter times. Thus, more extensive PDA deposition appears to narrow the pore size 

distribution. 
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Figure 5.3: Actual rejection values of poly(ethylene glycol) (PEG) as a function of PEG 
molecular weight for PS-20 UF membranes modified with PDA at various 
initial dopamine coating solution concentrations. The numbers in (a) and (b) 
represent initial dopamine concentration in mg/mL. A deposition time of 60 
minutes was used. Data are plotted separately in (a) and (b) to permit easier 
viewing of the rejection curves. The solid and dashed lines are provided to 
guide the eye. 
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The nominal (or effective) pore sizes of unmodified and PDA-modified 

membranes are also presented in Table 5.2 and Table 5.3. These values were PEG Stokes 

radii estimated from the MWCO data using Equation (2.22). One measure of the nominal 

pore radius of UF membranes is the Stokes radius of a solute molecule with a molecular 

weight equal to the MWCO value [29]. Others proposed estimation of the nominal 

membrane pore size from the molecular size of the solute marker [30] or more 

specifically, its radius of gyration (Rg) [31]. The radius of gyration of PEG is close to its 

Stokes radius (Rs) (Rs ≈ 0.875Rg) [32]. In this study, the PEG Stokes radius was used as 

an approximation of the membrane nominal pore size. Other similar correlations between 

PEG Stokes radius and molecular weight are reported in the literature, but the values of 

front factors and exponents on M are somewhat different from those in Equation (2.22) 

 

Figure 5.4: Actual rejection values of poly(ethylene glycol) (PEG) as a function of PEG 
molecular weight for PS-20 UF membranes modified with PDA at various 
PDA deposition times. The numbers in (a) and (b) represent PDA deposition 
time in minutes. An initial dopamine concentration of 2 mg/mL was used. 
Data are plotted separately in (a) and (b) to permit easier viewing of the 
rejection curves. The solid and dashed lines are provided to guide the eye. 
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[32-34]. Using other PEG Stokes radius correlations gives somewhat different values of 

the nominal pore size, but the relative changes in nominal pore radius of unmodified and 

PDA-modified membranes remained similar to those reported here. 

Table 5.2: Influence of initial dopamine concentration on MWCO, nominal pore 
radius, PDA coating thickness estimated from changes in MWCO, and PDA 
coating thickness from ellipsometry on flat dense PSf films. 

Initial dopamine 

concentration 

(mg/mL) 

MWCO 

(kDa) 

Nominal pore 

radius from 

MWCO (nm) 

PDA coating 

thickness from 

changes in 

MWCO (nm) 

PDA coating 

thickness from 

ellipsometry on 

dense films (nm) 

Unmodified 54±2 7.3±0.2   
0.5 26.2±0.4 4.84±0.04 2.4 2.5 ± 0.3 

1 25±2 4.7±0.2 2.5 4.9 ± 0.2 

2 21±2 4.3±0.2 2.9 9.0 ± 0.7 

4 18.5±0.3 3.98±0.03 3.3 10.2 ± 0.2 

8 18.2±0.2 3.95±0.03 3.3 14.1 ± 0.4 

Note: All samples (except unmodified membranes) were modified using a PDA 
deposition time of 60 minutes. Each reported MWCO is an average of MWCO values of 
three membrane samples, and the uncertainties represent one standard deviation. The 
uncertainties of nominal pore radius are one standard deviation and were determined 
from propagation of errors [35]. 
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Table 5.3: Influence of PDA deposition time on MWCO, nominal pore radius, PDA 
coating thickness estimated from changes in MWCO, and PDA coating 
thickness from ellipsometry on flat dense PSf films. 

Deposition time 

(minutes) 

MWCO 

(kDa) 

Nominal pore 

radius from 

MWCO (nm) 

PDA coating 

thickness from 

changes in 

MWCO (nm) 

PDA coating 

thickness from 

ellipsometry on 

dense films (nm) 

Unmodified 54±2 7.3±0.2   
60 21±2 4.3±0.2 2.9 9.0 ± 0.7 

120 19.0±0.3 4.04±0.04 3.2 15.6 ± 0.2 
240 17±2 3.7±0.2 3.5 25 ± 1 

Note: All samples (except unmodified membranes) were modified using an initial 
dopamine coating solution concentration of 2 mg/mL. Each reported MWCO is an 
average of MWCO values of three membrane samples, and the uncertainties represent 
one standard deviation. The uncertainties of nominal pore radius are one standard 
deviation and were determined from propagation of errors [35]. 

The MWCO of unmodified PS-20 UF membranes determined in our experiments 

was 54 kDa, which was higher than that specified by the manufacturer (i.e., 20 kDa). The 

manufacturer determines the MWCO using constant TMP crossflow filtration of 0.1 wt% 

aqueous PEG solution at 1.2 gal/min feed flow rate and 30 psig feed pressure [36]. 

Because their operating conditions, including feed pressure, permeate flow rate, and 

crossflow filtration mode, were different from those specified by the ASTM standard 

used in this study, the manufacturer-reported MWCO value may be different from that 

determined in this study [37, 38]. Variations in TMP and permeate flow rate can lead to 

differences in observed rejection values and, therefore, different MWCO values [23, 39-

41]. Several studies reported a deviation in experimentally determined MWCO values 

from manufacturers’ specifications due to variations in MWCO test conditions [24, 30, 

41]. In addition, the membrane manufacturer does not apply a concentration polarization 

correction to their PEG rejection data, so observed PEG rejections are used to specify the 

MWCO [36]. In our study, as explained above, a stagnant film model was used to 
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calculate actual PEG rejections for the MWCO determination. Variations in MWCO 

values due to concentration polarization corrections have been reported [23]. 

Based on the results in Table 5.2 and Table 5.3, the MWCO and nominal pore 

radius of PS-20 UF membranes decrease with increasing initial dopamine coating 

solution concentration or deposition time. Thus, PDA likely deposits not only on the 

surface of the membrane but also in its pores, thereby changing membrane pore size and 

possibly pore size distribution. Therefore, increasing the initial dopamine coating solution 

concentration or coating time leads to thicker PDA coatings on the membrane surface and 

to reductions in nominal pore size due to pore narrowing. 

PDA coating thicknesses measured by ellipsometry are also presented in Table 

5.2 and Table 5.3. The coating thickness estimated from changes in MWCO was 

calculated by subtracting the nominal pore radius of a PDA-modified membrane from 

that of an unmodified membrane. A schematic of PDA coating on a PSf surface 

(estimated via ellipsometry) and the reduction of nominal pore size (estimated from 

MWCO measurements) is presented in Figure 5.5. PDA thickness values determined 

from ellipsometry and estimated from MWCO values are plotted for comparison in 

Figure 5.6. 
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Figure 5.5: A diagram showing PDA coating thickness from ellipsometry on dense film 
and PDA coating thickness estimated from changes in molecular weight 
cutoff. 



 95 

Based on Figure 5.6(a) and Figure 5.6(b), the PDA coating thickness on the 

surface (as characterized by ellipsometry) increased monotonically with increasing initial 

dopamine concentration or coating time. However, the PDA coating thickness inside the 

membrane pores (as characterized by pore size changes from MWCO) initially increased 

at low initial dopamine concentration or deposition time and then reached a plateau. A 

possible explanation for this phenomenon is that the membrane pore size cannot decrease 

without limit (i.e., if PDA fills a pore, there can be no further deposition), whereas PDA 

deposition on the membrane surface is not subject to such a limitation. However, further 

study is needed to completely understand this phenomenon. 

5.2.4 Selectivity and Permeability Tradeoff 

To gauge the impact of PDA deposition on the separation properties of 

membranes coated under various conditions, PEG rejection was measured as a function 

 

Figure 5.6: Comparison of PDA thickness from ellipsometry measurements on PSf 
films (■) and PDA thickness estimated from nominal pore size changes 
from MWCO data (●). A deposition time of 60 minutes was used in (a) and 
an initial dopamine concentration of 2 mg/mL was used in (b). 
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of PDA coating conditions. In our study, PEG of very low molecular weight (i.e., 4 kDa 

PEG) was poorly rejected by the membranes at all coating conditions. PEG samples of 

high molecular weight were almost completely rejected by PDA-modified membranes 

(e.g., 35 kDa PEG), and even by uncoated membranes (e.g., 100 and 200 kDa PEGs). 

Thus, at the extremes of the PEG molecular weight range studied, there was relatively 

little change in rejection with coating conditions. From Figure 5.3 and Figure 5.4, large 

changes in rejection as a function of coating conditions were observed for intermediate 

PEG samples (i.e., 12 and 20 kDa PEG). The separation factor, α, which represents the 

retention capability of the membranes, was calculated for the 12 and 20 kDa PEG 

samples according to [42]: 

 
1 1

(1 )a aS R
α = =

−
 (5.1) 

Separation factors of unmodified and PDA-modified membranes are presented as 

a function of membrane hydraulic permeability (i.e., pure water permeance) in Figure 

5.7. These plots show a correlation between membrane hydraulic permeability and 

separation factor. Membranes with a higher hydraulic permeability had a lower 

separation factor, and vice versa. Regardless of the modification conditions, PDA-

modified membranes with similar hydraulic permeabilities had similar separation factors. 

Additionally, among the 12 and 20 kDa PEG molecules, the larger PEG probe molecule 

showed a greater change in rejection properties with changes in hydraulic permeability 

brought about by PDA deposition. The separation properties of large solutes should be 

more sensitive to changes in pore size than those of small solutes as long as the large 

solutes are not completely excluded from the pores. Generally, the ratio of solute size to 

membrane pore size governs membrane separation properties [43, 44]. 
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In a related correlation, Figure 5.8 presents pure water permeance and hydraulic 

permeability as a function of MWCO for unmodified and PDA-modified PS-20 

membranes. Figure 5.8 provides another illustration of the tradeoff between water 

permeation and rejection properties. Generally, a reduction in membrane pore size leads 

to higher solute retention (i.e., higher separation factor due to lower MWCO) but reduced 

water transport. A similar effect of membrane permeability on separation properties of a 

variety of UF membranes was reported by Mehta and Zydney [42]. This tradeoff is at 

least qualitatively reminiscent of those observed for RO membranes [45] and gas 

separation membranes [46, 47].  

 

Figure 5.7: Effect of PDA deposition conditions on separation factor and hydraulic 
permeability of PS-20 UF membranes modified with PDA at various initial 
dopamine concentrations (♦) and deposition times (□). The solutes used to 
calculate the separation factor were (a) 12 kDa PEG and (b) 20 kDa PEG. 
The lines are drawn to guide the eye.                                                                    
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5.2.5 Data Fitting to Determine ��, σ/��, and ε/δm Parameters 

In the MWCO experiments, the observed sieving coefficient, So, was measured 

for each solute molecular weight (i.e., PEG in this study) in each membrane considered. 

The hydraulic permeability (i.e., pure water permeance), pL , of each membrane was 

measured using dead-end filtration. These experimental pL  and So values were used to 

estimate �̅, σ/�̅, and ε/δm for each membrane by fitting the experimental So values to the 

theoretical So values calculated using the water and solute transport models. 

The data fitting strategy is first described for the case when Jv and k are allowed 

to vary with rc. For a particular membrane, the model calculations were started by 

choosing �̅ and σ/�̅ values that were reasonable (e.g., �̅ = 4 nm, σ/�̅ = 0.25) and using the 

pure water permeance, pL , to estimate ε/δm from Equation (2.8). This procedure 

 

Figure 5.8: Effect of change in molecular weight cutoff of PS-20 UF membranes 
modified with PDA at various initial dopamine concentrations (♦) and 
deposition times (□) on pure water permeance (hydraulic permeability). The 
lines are to guide the eye. 
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established an initial set of �̅, σ/�̅, and ε/δm parameters for further calculations. For a 

given PEG molecular weight, a corresponding molecular size, a, was calculated using 

Equation (2.22), and the diffusion coefficient was calculated using Equation (2.15). A 

radially-dependent permeate flux, Jv(rc), was estimated from Equation (2.26) using 

experimentally measured 
vJ  and pL  values. For a particular membrane pore size, r, and a 

PEG molecular size, a, an asymptotic sieving coefficient, S∞(r, a), was calculated using 

Equation (2.20), and a Pem(r, a, rc) was calculated from Equation (2.14). The calculated 

S∞(r, a) and Pem(r, a, rc) were then inserted into Equation (2.13) to calculate Sa(r, a, rc). 

The average actual sieving coefficient for a certain membrane with a given PEG 

molecular weight, , )(  a cS a r , was then calculated by integrating Sa(r, a, rc) over the 

membrane pore size distribution using Equation (2.27). Afterwards, So value was 

evaluated from , )(  a cS a r  using the stagnant film model, Equation (2.30), where k(rc) was 

calculated for a given PEG molecular weight using Equation (2.29). 

So values were calculated for all PEG molecular weights used in the MWCO tests 

for each membrane by repeating the calculation steps described above. For each 

membrane, calculated So values were fit to the experimental So values. The �̅ and σ/�̅ 

values were varied, and a goodness-of-fit parameter, χ2 [35], between the experimental 

and calculated So values was computed. Best fit values of �̅ and σ/�̅ for each membrane 

were determined by minimizing χ2. A grid-search method for nonlinear least-squares 

fitting, as explained by Bevington and Robinson [35], was used to identify optimum �̅ 

and σ/�̅ values having a minimum χ2 value. Wolfram Mathematica 10.0 software was 

used for all calculations, and the NIntegrate command was used for numerical 

integration. The range of �̅ used in the model fitting was selected based on the nominal 

pore radii of all membranes. A range of σ/�̅ was chosen based, in part, on previously 

reported σ/�̅ values of UF membranes (e.g., σ/�̅ = 0.2 and 0.25 [41, 42]). Here, a broader 
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σ/�̅ range than that of the literature-reported σ/�̅ values was investigated. In our study, �̅ 

was varied from 1 – 10 nm, and σ/�̅ was varied from 0.05 – 1. The optimum ε/δm value of 

each membrane was that calculated from Equation (2.8) corresponding to the best fit �̅ 

and σ/�̅ values for a particular membrane. 

For the case where Jv and k do not depend on rc, Jv(rc) in Equation (2.14) was 

replaced by 
vJ , which was the value set during the MWCO experiments. For each PEG 

molecular weight, the resulting expression for Pem(r, a) was used in Equation (2.13) to 

calculate Sa(r, a) of a particular membrane pore size r. The Sa(r, a) was then integrated 

over the pore size distribution, n(r), in Equation (2.27) to calculate )(aS a  of a given 

membrane. Subsequently, So for each membrane and each PEG molecular weight was 

calculated from this )(aS a  value using a stagnant film model, Equation (2.12), where k  

was calculated using Equation (2.28). So values were calculated for all PEG molecular 

weights studied for each membrane. Afterwards, the same strategy for minimizing χ2 

explained earlier was used to identify the best �̅ and σ/�̅ values for each membrane. 

5.2.6 Mean Pore Size and Pore Size Distribution Analysis 

The effect of PDA deposition conditions on mean pore size and pore size 

distribution of PDA-modified PS-20 UF membranes was further explored via modeling 

as described in the Background and Theory section. The So values calculated using the 

radially-dependent mass transfer coefficient, k(rc), and permeate flux, Jv(rc), were 

compared with those estimated using average parameters k  and 
VJ . The best fit �̅ and σ 

parameters from model calculation using k(rc) and Jv(rc) are presented later in this 

section, and results based on k  and 
VJ  are presented in Appendix B (cf., Figure B.1). 

These two approaches provided very similar absolute values and trends for �̅ and σ. In 

addition, these different approaches provided nearly identical fits of calculated So values 
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to experimental So values at PEG molecular weights of 4 – 35 kDa. However, the use of 

k(rc) led to improved So data fitting at higher PEG molecular weights (i.e., 100 and 200 

kDa) compared to fits using k . This result was perhaps due to a better prediction of 

concentration polarization when using k(rc) compared to using k  for molecules with a 

high potential for concentration polarization, such as high molecular weight PEGs. Other 

modelling results presented in this section are based on the model calculations using k(rc) 

and Jv(rc). 

Figure 5.9 presents calculated and experimental So values of membranes modified 

with PDA at various initial dopamine concentrations, and Figure 5.10 presents similar 

data for membranes modified with PDA at different deposition times. The solid curves in 

Figure 5.9 and Figure 5.10 represent So profiles from the model. The model fits in Figure 

5.9 and Figure 5.10 are considered to be in good agreement with the experimental data. 

The experimental and calculated So values of unmodified and PDA-modified membranes 

are also recorded in Table B.1 and Table B.2 in Appendix B. However, for some PDA-

modified membranes (not presented in this main study), some deviations in the 

experimental and modeled So from the data fitting were observed at large PEG molecules 

(i.e., 100 and 200 kDa). These membranes were those modified with PDA at low initial 

dopamine concentration (i.e., 0.1 mg/mL, using a 60-minute deposition time) and at short 

coating times (i.e., 15 and 30 minutes, using a 2 mg/mL initial dopamine concentration). 

The results are presented and discussed in Appendix B, and they were not included in this 

main study. 
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Figure 5.9: Effect of initial dopamine concentration on observed PEG sieving 
coefficient of unmodified and PDA-modified PS-20 UF membranes. 
Discrete data points show experimental data and solid curves show 
corresponding model calculations. ε/δm was used as a fitted parameter, and 
k(rc) and Jv(rc) were employed in the model calculations. The numbers in (a) 
and (b) represent initial dopamine concentration in mg/mL. A deposition 
time of 60 minutes was used. 
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Figure 5.11 presents best fit values of �̅ and σ for membranes modified with PDA 

at various conditions. These �̅ and σ values represent the arithmetic (not geometric) mean 

and standard deviation of the membrane pore radius, r, respectively [48]. The 

uncertainties in �̅ were estimated by varying �̅ about its minimum χ2 to increase χ2 by 1 as 

explained in Bevington and Robinson [35]. Uncertainties in �̅ calculated in this manner 

were less than 0.1 nm, so they are not apparent in Figure 5.11. The best fit values of �̅ 

and σ/�̅ for unmodified and PDA-modified membranes are also tabulated in Table B.3 

and Table B.4 in Appendix B. 

All PDA modification conditions led to an increase in membrane mean pore 

radius relative to that of unmodified membranes. At low initial dopamine concentrations 

(i.e., ≤ 1 mg/mL), �̅ increased with increasing initial dopamine concentration (cf., Figure 

 

Figure 5.10: Effect of PDA deposition time on observed PEG sieving coefficient of 
unmodified and PDA-modified PS-20 UF membranes. Discrete data points 
show experimental data and solid curves show corresponding model 
calculations. ε/δm was used as a fitted parameter, and k(rc) and Jv(rc) were 
employed in the model calculations. The numbers in (a) and (b) represent 
PDA deposition time in minutes. An initial dopamine concentration of 2 
mg/mL was used. 
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5.11(a)). Similarly, at short deposition times (i.e., ≤ 120 minutes), �̅ increased as the 

membranes were coated with PDA for longer times (cf., Figure 5.11(b)). An increase in 

mean pore radius with increasing initial dopamine concentration or deposition time could 

be caused by blockage of the smallest pores due to PDA deposition. Such low 

concentrations or short deposition times may not coat bigger pores sufficiently to 

significantly reduce their pore sizes, resulting in an overall increase in mean pore radius, 

basically shifting the pore size distribution to higher average pore sizes. Plots of the pore 

size distribution from the model reflect this trend (cf., Figure B.4 and Figure B.5 in 

Appendix B). In addition, this increase in mean pore radius might also be influenced by a 

membrane pore wetting due to PDA modification as observed in other studies [49]. 

 

Figure 5.11: Effect of PDA deposition conditions on mean pore radius (�̅) and standard 
deviation (σ) of pore size distribution of PS-20 UF membranes modified 
with PDA at various: (a) initial dopamine concentrations and (b) deposition 
times. ε/δm was used as a fitted parameter, and k(rc) and Jv(rc) were 
employed in the model calculations. A deposition time of 60 minutes was 
used in (a), and an initial dopamine concentration of 2 mg/mL was used in 
(b). 
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In contrast, at higher initial dopamine concentrations (i.e., > 1 mg/mL) or longer 

deposition times (i.e., > 120 minutes), �̅ decreased with increasing initial dopamine 

concentration or increasing deposition time. At these more aggressive coating conditions, 

the PDA coating presumably blocked small pores and also reduced the size of large 

pores, decreasing the average pore radius (cf., Figure B.4 and Figure B.5). At the highest 

initial dopamine concentration (i.e., 8 mg/mL) or longest deposition time (i.e., 240 

minutes), the mean pore radius was still somewhat higher than that of the unmodified 

membranes. In these cases, the size reduction of large pores and small pore blockage may 

both contribute to changes in the mean pore size of PDA-modified membranes, resulting 

in only modest increases in �̅ from that of the unmodified membranes. The mean pore 

radii of unmodified and PDA-modified membranes were compared to their nominal pore 

radii, which were determined from MWCO experiments. This comparison is presented in 

Table B.3 and Table B.4, and a detailed discussion regarding the nominal and mean pore 

radii comparison is included in Appendix B. 

From Figure 5.11, σ of membranes modified with PDA at all deposition 

conditions decreased relative to that of unmodified membranes. This finding is consistent 

with the reduction in the width of the pore size distribution inferred from the enhanced 

steepness of the PEG rejection curves due to PDA coating (cf., Figures 5.3, 5.4, B.4, and 

B.5). The PDA coating appears to reduce the size of the largest pores and block the 

smallest pores, which narrows the pore size distribution, leading to lower σ values. At 

initial dopamine concentrations lower than 1 mg/mL or deposition times shorter than 120 

minutes, σ decreased with increasing initial dopamine concentration or deposition time, 

and reached minimum values. The σ value increased and approached a plateau at higher 

initial dopamine concentrations (i.e., > 1 mg/mL). Similarly, the σ value did not decrease 

further at longer deposition times (i.e., > 120 minutes), but instead increased. Perhaps 
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there were a limited number of small pores that could be completely blocked by PDA 

coating, resulting in minimum σ values of the pore size distribution of PDA-modified 

membranes. Extensive PDA modifications at high initial dopamine concentrations or 

long coating times might further decrease the overall pore sizes, leading to increased 

number of small pores (i.e., converting larger pores to small pores due to coating) and 

broader pore size distribution. 

As discussed earlier, several correlations relating PEG Stokes radius to PEG 

molecular weight, such that similar to Equation (2.22), have been reported in the 

literature [32-34]. The correlation used in the model calculations can influence the values 

of �̅ and σ, but it has no influence on the relative trends in these parameters among 

various PDA coating conditions. Thus, the reported fitted parameter values should only 

be used to provide a qualitative comparison among unmodified and different PDA-

modified membranes. However, they should not be taken to represent absolute values, 

given the approximations inherent in both the modeling and the PEG molecule size 

estimations. 

Figure 5.12 presents the influence of initial dopamine concentration (Figure 

5.12(a)) and deposition time (Figure 5.12(b)) on ε/δm estimated from the model 

calculations. The values of ε/δm of unmodified and PDA-modified membranes are also 

tabulated in Table B.3 and Table B.4 in Appendix B. Changes in ε/δm describe changes in 

membrane porosity, tortuosity, and selective layer thickness, all of which could influence 

water and solute transport through membranes. From Figure 5.12(a), ε/δm of PDA-

modified membranes tended to increase with increasing dopamine concentration initially, 

but it reached a plateau as dopamine concentration was increased above 4 mg/mL. 

Speculatively, the PDA coating inside the pores may open pores that may have been 

initially inaccessible due to wettability issues by increasing the hydrophilicity of the pore 
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walls, which would increase membrane porosity [49]. The plateau in ε/δm values could 

exist because all accessible pores had been opened. Although the PDA coating might 

increase membrane porosity in some cases, the pure water permeance of all PDA-

modified membranes decreased relative to that of unmodified membranes (cf., Figure 

5.2), suggesting that the pore size and distribution changes discussed above were 

responsible for the pure water permeance decrease. Any potential increase in porosity 

from pore opening in this study has a very minor influence on changes in pure water 

permeance relative to that caused by pore size and distribution changes. 

On the other hand, from Figure 5.12(b), ε/δm did not significantly change when 

the membranes were modified with PDA for longer deposition times. Another hypothesis 

is that the PDA modification did not significantly influence ε/δm values. In other studies, 

 

Figure 5.12: Effect of PDA deposition conditions on porosity to thickness ratio, ε/δm, of 
PS-20 UF membranes modified with PDA at various: (a) initial dopamine 
concentrations and (b) deposition times. ε/δm was used as a fitted parameter, 
and k(rc) and Jv(rc) were employed in the model calculations. A deposition 
time of 60 minutes was used in (a), and an initial dopamine concentration of 
2 mg/mL was used in (b). 
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ε/δm was chosen to be a constant value for modelling solute and solvent transport through 

different UF membranes [42]. Although Figure 5.12 shows some variation in ε/δm values 

at different PDA modification conditions, most of the ε/δm values were close to an 

average value of 0.4 µm-1. Thus, we also modeled the membrane pore size distribution 

(i.e., �̅ and σ parameters) using a constant ε/δm value of 0.4 µm-1. For membranes 

modified with PDA at each modification condition, the Hagen-Poiseuille equation (cf., 

Equation (2.5)) was used to correlate �̅ and σ values to achieve calculated pL  values 

equal to experimental pure water permeance values. The �̅ and corresponding σ values 

were varied (keeping ε/δm fixed), and the calculated So values were computed using the 

hindered solute transport model (cf., Equations (2.13), (2.14), (2.20), and (2.27)) and 

stagnant film model (cf., Equation (2.30)) as explained earlier. The best fit �̅ and σ values 

for each membrane were determined by minimizing the χ2 between the modeled and 

experimental So data. 

The best fit �̅ and σ values from the model calculations using a fixed value of ε/δm 

(0.4 µm-1) are presented in Figure B.2 in Appendix B. The influence of initial dopamine 

concentration or PDA deposition time on these �̅ and σ values remained qualitatively 

similar to that reported earlier (cf., Figure 5.11). 

5.3 CONCLUSIONS 

PDA was deposited from aqueous solution onto PSf flat dense films and PS-20 

UF membranes. As initial dopamine coating solution concentration or deposition time 

increased, the PDA surface coating thickness increased, and pure water permeance of 

PDA-modified PSf UF membranes decreased. MWCO, used to determine nominal pore 

size of the membranes, decreased with increasing initial dopamine concentration or 

longer deposition time. The decrease in MWCO was consistent with PDA coating inside 
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the membrane pores, and the coating reduced the membrane nominal pore size. In 

addition, PDA modification led to a tradeoff in hydraulic permeability and selectivity. A 

hindered solute transport model was used to characterize more completely the influence 

of PDA deposition conditions on mean pore size and pore size distribution, as well as the 

ratio of porosity to selective layer thickness of the membranes. When the membranes 

were coated at low initial dopamine concentrations or short deposition times, the mean 

pore radius increased relative to that of the unmodified membranes, possibly due to the 

blockage of small pores by PDA coating. At higher initial dopamine coating solution 

concentrations or longer deposition times, the mean pore size of PDA-modified 

membranes was somewhat higher than that of unmodified membranes. Perhaps large 

pores were coated sufficiently that the sizes of large pores were reduced. With 

contributions from the reduction in large pore sizes and blockage of small pores, there 

was only a moderate change in the mean pore radius of membranes modified with 

extensive PDA modification (i.e., at high dopamine concentration or long deposition 

time). The pore size distribution of all PDA-modified membranes was narrower than that 

of the unmodified membranes. 
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Chapter 6: Effect of Polydopamine Deposition Conditions on 

Polysulfone Ultrafiltration Membrane Properties and Threshold Flux 

During Oil/Water Emulsion Filtration 

6.1 SUMMARY 

 Polysulfone ultrafiltration membranes were modified with polydopamine (PDA) 

at different initial dopamine concentrations and deposition times. Membrane properties, 

including surface hydrophilicity, roughness, and zeta potential, were characterized. PDA 

coatings significantly increased surface hydrophilicity, but they did not clearly change the 

surface roughness or zeta potential. The influence of PDA modification conditions on 

membrane threshold flux during oil/water emulsion fouling was investigated. Threshold 

flux increased when PDA was deposited at low initial dopamine concentrations or short 

coating times. However, PDA deposition at high initial dopamine concentrations or long 

coating times decreased threshold flux. These trends reflect a balance between increased 

hydrophilicity and modification of membrane pore size due to PDA deposition. An 

increase in membrane surface hydrophilicity was observed at all PDA deposition 

conditions. However, extensive PDA coating significantly decreased membrane pure 

water permeance, which may have narrowed or blocked some membrane pores, and in 

turn, increased local permeate flux through the remaining pores in the PDA-modified 

membranes. This higher local flux likely led to a more severe fouling and decreased the 

threshold flux. When unmodified and PDA-modified membranes began with similar pure 

water permeance, the PDA-modified membranes had higher threshold flux than the 

unmodified membranes. 
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6.2 RESULTS AND DISCUSSION 

6.2.1 Membrane Surface Roughness 

The root-mean-square surface roughness (Rrms) values of membranes modified 

with PDA at different initial dopamine concentrations and deposition times are recorded 

in Table 6.1 and Table 6.2, respectively. The surface roughness values of most PDA-

modified membranes were statistically identical to that of the unmodified membranes. 

Thus, there was no obvious trend in the roughness values when initial dopamine 

concentration or PDA deposition time was varied. The large uncertainties in the 

roughness of some PDA-coated membranes could be due to deposition of PDA 

aggregates onto the membrane surfaces. 

Table 6.1:  Root-mean-square surface roughness (Rrms) of unmodified PS-20 UF 
membranes and membranes modified with PDA at various initial dopamine 
concentrations (60-minute deposition time). 

Initial dopamine concentration  

(mg/mL) 
Rrms (nm) 

Unmodified 4.7±0.9 
0.1 4.9±0.3 
0.5 6±2 
1 6±2 
2 7±2 
4 5.0±0.2 
8 6.2±0.2 
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Table 6.2:  Root-mean-square surface roughness (Rrms) of unmodified PS-20 UF 
membranes and membranes modified with PDA at various deposition times 
(2 mg/mL initial dopamine concentration). 

Deposition time (minutes) Rrms (nm) 

Unmodified 4.7±0.9 
15 5.4±0.2 
30 5.7±0.4 
60 7±2 

120 7.5±0.6 
240 5.3±0.5 

In several previous studies, PDA modification increased surface roughness of 

various substrates due to the formation of PDA nanoaggregates on the surfaces [1-8]. 

Moreover, the roughness increased with increasing dopamine concentration [4] or coating 

time [1, 3-5, 8] perhaps because the size and number of PDA nanoparticles became larger 

[1, 4, 8]. Most of the substrates in the previous studies were flat, non-porous surfaces 

such as glass, Si wafers, and polymer films. For polymeric porous membranes, PDA 

modification has been reported to either increase or decrease surface roughness [2, 9]. 

The change in surface roughness could be influenced by a variation in the membrane pore 

size and porosity [2]. In our study, the native surface of PS-20 UF membranes was not 

smooth, so PDA coating led to essentially no significant change in membrane surface 

roughness. 

6.2.2 Membrane Surface Hydrophilicity 

Figure 6.1(a) and Figure 6.1(b) present contact angles of membranes modified 

with PDA at various initial dopamine concentrations and deposition times, respectively. 

From Figure 6.1(a), contact angle decreased with increasing initial dopamine 

concentration and plateaued at concentrations greater than 2 mg/mL. The PDA 

modification significantly increased membrane surface hydrophilicity (i.e., reduced 

contact angle) regardless of the initial dopamine concentration used, even for initial 
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dopamine concentrations as low as 0.1 mg/mL. The membranes coated at 2 mg/mL in our 

study may already be covered primarily with PDA on the surface, so any further 

increases in initial dopamine concentration did not change surface hydrophilicity (i.e., no 

reduction in contact angle value). 

From Figure 6.1(b), contact angle decreased continuously with increasing PDA 

deposition time until the coating time reached 60 minutes. Afterwards, the contact angle 

remained constant for coating times greater than 60 minutes. Membrane surface 

hydrophilicity moderately increased at short coating times of 15 and 30 minutes, 

suggesting that the membrane surface might only be partially coated with PDA at these 

conditions. Extending the coating time to 60 minutes increased surface hydrophilicity 

relative to 15-minute and 30-minute coatings. At longer coating times (i.e., greater than 

 

Figure 6.1: Influence of: (a) initial dopamine concentration and (b) PDA deposition 
time on contact angle (representing surface hydrophilicity) of unmodified 
and PDA-modified PS-20 UF membranes. The numbers in (a) and (b) 
represent initial dopamine concentration in mg/mL and deposition time in 
minutes, respectively. A deposition time of 60 minutes was used in (a), and 
an initial dopamine concentration of 2 mg/mL was used in (b). 
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60 minutes), the membranes could be covered with a higher amount of PDA and perhaps 

a more homogeneous coating than those coated at shorter deposition times. 

Based on previous studies, as the PDA films grow on a surface, the contact angle 

of the surface usually converges to the same range regardless of the underlying substrate 

[10, 11]. As proposed in some studies, changes in contact angle induced by PDA 

deposition could also partly be due to changes in surface roughness [5, 6]. However, in 

our study, the membrane surface roughness was not obviously changed following PDA 

modification, so the decrease in contact angle was presumed to be primarily influenced 

by the increase in surface hydrophilicity. PDA is well-known for its hydrophilicity, and 

surface hydrophilicity increases of many substrates coated with PDA have been reported 

[1-6, 10-15]. Earlier literature studies on other substrates reported the influence of initial 

dopamine concentration [1, 2, 6] and PDA deposition time [1-3, 5, 6, 10] on surface 

hydrophilicity consistent with the trends observed in this study. 

6.2.3 Membrane Zeta Potential 

Figure 6.2 presents zeta potentials of unmodified and PDA-modified membranes 

as a function of pH. The zeta potential of the native polysulfone membranes in the pH 

range considered was negative, which is consistent with other literature reports [16-19]. 

Although polysulfone is non-ionizable and should be neutral, the negative surface charge 

is ascribed to adsorption of hydroxide ions (OH-) from aqueous solution onto the 

membrane surface [16, 17, 19]. This phenomenon is regarded as the cause of apparent 

negative charges on many neutral hydrophobic surfaces, such as oil droplets and solid 

hydrophobic polymers [20-23]. 
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PDA is believed to be an amphoteric material containing amine groups and 

phenolic hydroxyl groups [24-27]. At low pH, amine groups may be protonated from 

−NH to −NH2
+, and at high pH, phenolic hydroxyl groups can dissociate from −OH to –

O- [26]. At neutral pH, PDA exhibits a negative charge, possibly due to the deprotonation 

of phenolic hydroxyl groups [24, 28]. Several factors may influence the zeta potential of 

surface-modified membranes, including the chemical structure of the underlying 

membranes [25, 29], the functional (ionic) groups of the surface-modifying materials 

[29], and, in the case of polymeric coatings, the coating thickness [30] or grafting density 

[29, 31].  

In our study, the zeta potential of membranes coated with PDA at 0.5 mg/mL was 

identical to that of unmodified membranes. This PDA coating condition may result in a 

coating layer too thin to influence the membrane zeta potential. In another study, a thin 

poly(ethylene glycol) (PEG) coating had no influence on the zeta potential of the coated 

 

Figure 6.2: Influence of pH on zeta potential of unmodified PS-20 UF membranes and 
membranes modified with PDA at 0.5 and 2 mg/mL initial dopamine 
concentrations (1-hour deposition time). 
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substrate, while the zeta potential changed more obviously as PEG coating thickness 

increased [30]. From Figure 6.2, the zeta potential profile of membranes coated with 

PDA at 2 mg/mL was only slightly different from that of unmodified membranes. The 

isoelectric point (IEP) of these PDA-modified membranes (2 mg/mL coating) was about 

pH 4.2. This value is similar to the IEP values of PDA coatings reported in the literature 

(i.e., pH 3.4 [32] and 4.0±0.5 [33]). The zeta potential profile of these PDA-coated 

membranes (2 mg/mL coating) qualitatively agrees with those reported in some other 

studies [9, 33]. However, in several other publications, the reported zeta potential values 

of PDA coatings are quite varied [24-26, 28, 32-36]. The variation in these values could 

be due to different substrates, PDA deposition conditions, or morphologies of the PDA 

layer (such as a flat film or a capsule). Different PDA coating concentrations or coating 

times could result in different PDA coating thicknesses and lead to variations in zeta 

potential [16]. Zeta potential values of PDA films at neutral pH from the literature were 

summarized and compared to results from our study in Table C.1 in Appendix C. 

In this study, the membrane zeta potential was investigated to determine if the 

application of a PDA modification leads to any changes in membrane surface charge that 

could reduce oil fouling and possibly enhance the threshold flux. The oil/water emulsion 

used as a model foulant in this study had a pH of approximately 5 and a zeta potential of -

13±0.9 mV at this pH. The negative charge on such emulsions is commonly observed 

(even if the oil/water emulsion is prepared with a non-ionic surfactant), due to OH- ion 

adsorption at the oil/water interface [21]. Since oil droplets usually exhibit apparent 

negative surface charges, membranes may foul less if the membrane surface charge is 

more negative due to stronger electrostatic repulsion between the emulsion droplets and 

the membrane surface [37, 38]. At pH ~5, which was the pH of the oil/water emulsion 

used in our fouling experiments, the zeta potential values of unmodified and PDA-
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modified membranes were approximately the same (cf., Figure 6.2). Since the zeta 

potential of the membranes at the conditions used for the fouling experiments was not 

influenced by PDA deposition, changes in membrane surface charge due to PDA 

modification were presumed to have little effect on fouling in this study. 

6.2.4 Threshold Fluxes of PDA-Modified Membranes under Oil/Water Emulsion 

Filtration 

6.2.4.1 Criteria for Threshold Flux Determination 

 The threshold fluxes of unmodified and PDA-modified PS-20 UF membranes 

during oil/water emulsion filtration were determined using the flux stepping method 

described earlier. The TMP and permeate flux profiles of a representative unmodified 

membrane during the flux stepping experiment are shown in Figure 6.3(a). Figure 6.3(b) 

and Figure 6.3(c) present TMPavg and d(TMP)/dt, respectively, as a function of permeate 

flux of the unmodified membrane from the flux stepping test for threshold flux 

determinations. 
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In Figure 6.3(b), TMPavg values were calculated from an average of TMP values 

recorded during each flux step. From this plot, the first linear regression line (i.e., line A) 

 

 

Figure 6.3: Threshold flux (Jthreshold) determination of unmodified PS-20 UF membranes 
during oil/water emulsion filtration. (a) TMP and permeate flux profiles 
during the flux stepping experiment. (b) and (c) represent the threshold flux 
determination using the TMPavg and d(TMP)/dt parameters, respectively. A 
minimum R2 coefficient (R2

min) of 0.99 was used to generate the linear 
regression line (line A) below the threshold flux in (b). Each plot is 
representative of at least three replicates. The line in (c) connects average 
d(TMP)/dt at each flux to guide the eye on changes in the d(TMP)/dt values. 
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of the data below the threshold flux (Jthreshold) was established by requiring that the R2 

coefficient must not be less than 0.99. Above the threshold flux, the membrane fouls 

rapidly, and TMP usually does not increase linearly with increasing permeate flux [39-

42]. The second linear regression line (i.e., line B) was then drawn from the first two data 

points beyond the threshold flux. The flux at the intersection of the first and second linear 

regression lines (i.e., lines A and B) was defined as the threshold flux. This flux divides 

the flux-independent fouling region (i.e., below Jthreshold) from the flux-dependent fouling 

region (i.e., above Jthreshold) [42]. When the minimum R2 value (R2
min) of 0.99 was used as 

shown in Figure 6.3(b), the threshold flux of the unmodified membrane was 60 LMH. 

This threshold flux value is in the same range as that observed in our previous study with 

the same membrane and model foulant system [43]. 

In many studies, a linear relationship of TMPavg and permeate flux below the 

threshold flux was determined from visual observation of the linearity [44-48]. The 

linearity requirement of the regression line below the threshold flux (i.e., how well the 

experimental data fit with the line) was not reported quantitatively. Thus, an exact point 

where the non-linear behavior of the TMPavg vs. flux profile started (i.e., the threshold 

flux) could be difficult to determine precisely [48]. The reported threshold flux value may 

vary according to how the regression at fluxes below the threshold flux (i.e., line A in 

Figure 6.3(b)) is drawn. The influence of the minimum R2 value, which was used to 

establish line A in the TMPavg vs. flux profile, on the estimated threshold flux was 

investigated in this study. In additional to Figure 6.3(b), where an R2
min value of 0.99 was 

used, threshold flux determinations using the TMPavg parameter with the R2
min of 0.995 

and 0.998 are presented in Figure C.1(a) and Figure C.1(b), respectively, in Appendix C. 

Three sets of the PDA-modified membrane threshold fluxes determined using R2
min 

values of 0.99, 0.995 and 0.998 are compared in Figure C.2(a) and Figure C.2(b). Higher 
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R2
min values led to somewhat lower threshold flux values. The R2

min of 0.99 was chosen 

in this study because it provided threshold flux values most consistent with long-term 

filtration results presented in our earlier study [43]. More details about the selection of 

R2
min criterion are provided in Appendix C. In addition, the regression lines below the 

threshold flux were established based on a statistical analysis using an F-test to estimate 

the threshold fluxes of unmodified and PDA-modified membranes. Details of this 

analysis are discussed in Appendix C. 

In Figure 6.3(c), d(TMP)/dt values were calculated from the slope of a linear 

regression line (as shown with dashed lines in Figure 6.3(a)) of the TMP versus time 

during each flux step. The reported average d(TMP)/dt values at each flux step in Figure 

6.3(c) is the arithmetic mean of d(TMP)/dt values from three membrane samples at that 

flux, and the error bars represent one standard deviation. At some permeate fluxes, the 

error bars are smaller than the symbols in the plot. The standard deviations typically 

increased in magnitude at fluxes above the threshold flux due to variations in the rate of 

fouling among different membrane coupons (also observed in other studies [45, 46]). In 

our study, the d(TMP)/dt limit used for the threshold flux determination was chosen to be 

0.5 mbar/min. At this value, the d(TMP)/dt values of most membranes below and above 

the threshold fluxes were statistically different. The d(TMP)/dt values also started to 

obviously increase from those at lower fluxes using this d(TMP)/dt limit. Using this 

approach on the unmodified membrane as an example, Figure 6.3(c) gives a threshold 

flux of approximately 53 LMH determined by estimating, using linear interpolation, the 

flux at which the d(TMP)/dt reached the 0.5 mbar/min limit. This threshold flux value 

was somewhat lower than the value of 65 LMH determined using d(TMP)/dt in our 

previous study, possibly due to a membrane variability from different production batches 

[43]. Figure 6.3(c) shows d(TMP)/dt data at different permeate fluxes up to 60 LMH so 
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that the threshold flux determination at a d(TMP)/dt limit of 0.5 mbar/min limit can be 

seen more clearly. However, a full profile of the d(TMP)/dt vs. flux curve that includes 

d(TMP)/dt data at all permeate fluxes tested in the flux stepping experiments is shown in 

Figure C.3. 

6.2.4.2 Threshold Fluxes of PDA-Modified Membranes 

Figure 6.4(a) presents estimated threshold fluxes determined using the TMPavg 

parameter for membranes modified with PDA at various initial dopamine concentrations. 

Figure 6.4(b) shows similar data for membranes modified with PDA at various deposition 

times. The TMPavg vs. flux plots from the flux stepping experiments and the 

corresponding threshold flux from each plot for these membranes are presented in 

Figures C.4(a) – C.9(a) in the Appendix C. These threshold flux values are also tabulated 

in Table C.2 and Table C.3 in Appendix C. In addition, the threshold fluxes determined 

using the d(TMP)/dt approach are presented in Table C.2 and Table C.3 to compare with 

threshold fluxes estimated using the TMPavg approach. Although the threshold flux values 

determined using these two approaches were not identical, they were in the same range 

and had similar trends when PDA modification conditions were changed. The d(TMP)/dt 

vs. flux plots of PDA-modified membranes are also shown in Figures C.4(b) – C.9(b), 

and their full profiles are presented in Figures C.4(c) – C.9(c). 



 126 

 The threshold flux increased for membranes prepared using low initial dopamine 

concentrations or short PDA deposition times. As shown in Figure 6.4(a), a PDA coating 

deposited from 0.1 and 0.5 mg/mL initial dopamine concentration increased the threshold 

flux relative to that of unmodified membranes. Similarly, in Figure 6.4(b), coating the 

membrane with PDA for 15 minutes enhanced the membrane threshold flux relative to 

that of unmodified membranes. However, when membranes were coated with PDA using 

higher initial dopamine concentrations (≥ 2 mg/mL, cf., Figure 6.4(a)) or longer coating 

times (≥ 60 minutes, cf., Figure 6.4(b)), threshold flux decreased. Thus, the threshold flux 

 

Figure 6.4: Influence of: (a) initial dopamine concentration and (b) PDA deposition 
time on the estimated threshold flux of PDA-modified PS-20 UF 
membranes during oil/water emulsion filtration. The threshold fluxes were 
determined using the TMPavg parameter. A minimum R2 coefficient (R2

min) 
of 0.99 was used as a criterion to generate linear regression line below the 
threshold flux. A deposition time of 60 minutes was used in (a), and an 
initial dopamine concentration of 2 mg/mL was used in (b). The threshold 
flux of the unmodified membranes is shown in (a) as an initial dopamine 
concentration of zero mg/mL and in (b) as a deposition time of zero minute. 
At some PDA modification conditions, the error bars are smaller than the 
symbols in (a) and (b). 
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could be optimized when the membranes were modified with PDA using modification 

conditions giving low levels of surface modification. The threshold fluxes determined 

using the d(TMP)/dt approach, shown in Table C.2 and Table C.3, also provided a similar 

trend as discussed here when the initial dopamine concentration or PDA deposition time 

was varied. 

 As discussed earlier, PDA modification significantly increased the membrane 

surface hydrophilicity even at low initial dopamine concentrations or short deposition 

times (e.g., 15 minutes). However, PDA modification had a very minor effect on 

membrane surface roughness and surface charge (as characterized by zeta potential). For 

this reason, the observed threshold flux increase is attributed mainly to membrane surface 

hydrophilicity increase from PDA modification. Enhanced surface hydrophilicity helps 

reduce hydrophobic interactions between the emulsion droplets and the surface of the 

native polysulfone membranes, thereby reducing fouling. The threshold flux was reported 

to be higher for hydrophilic membranes than for hydrophobic membranes in several 

studies [42, 49, 50]. 

 Despite the increase in surface hydrophilicity, the threshold flux decreased when 

the membranes were coated more extensively using high initial dopamine concentrations 

or long coating times. From our previous studies, the pure water permeance of these 

highly modified membranes was significantly lower than that of unmodified membranes 

(cf., Figure 5.2 and Figure 6.5) [14, 51]. During membrane modification, the PDA not 

only coats membrane surfaces, but it can also penetrate inside and coat membrane pores 

[51]. The pure water permeance decrease in highly modified membranes is attributed to 

membrane pore blockage and pore size reduction [52, 53]. The PDA coating, as a 

consequence, decreases the nominal pore size of UF membranes [51]. Furthermore, 

extensive PDA modification narrows the membrane pore size distribution, implying that 
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small pores may be blocked by PDA and large pores may become smaller [51]. These 

factors reduce pure water permeance (i.e., increase membrane hydraulic resistance to 

flow). While the macroscopic permeate flux over the entire membrane filtration area was 

maintained, the local permeate flux, which is the flux through individual open pores, was 

likely increased due to the decreased pore size and decreased number of open pores [54]. 

The higher local flux could lead to higher permeate drag forces on foulant particles 

approaching the membranes, leading to more severe fouling [54]. Thus, the higher local 

flux caused by PDA modification at extreme coating conditions (i.e., high initial 

dopamine concentration or long deposition time) is a likely cause of the threshold flux 

decrease observed in this study. 

Figure 6.5 presents the threshold flux and pure water permeance of unmodified 

and PDA-modified membranes. The observed threshold flux appears to reflect a tradeoff 

between membrane surface hydrophilicity increase, which should increase threshold flux, 

and pure water permeance decrease, which should decrease threshold flux, due to PDA 

modification. The surface hydrophilicity of PDA-modified membranes (average contact 

angle, θavg, ≈ 30 – 40o) was significantly higher than that of unmodified membranes (θUM 

≈ 110o), even for those coated for 15 minutes. From our earlier studies, the membrane 

pure water permeance decreased with increasing initial dopamine concentration or 

coating time [14, 51, 55, 56]. However, the pure water permeance remained near that of 

unmodified membranes if low initial dopamine concentrations (such as 0.1 and 0.5 

mg/mL) or short coating time (such as 15 minutes) were used. 
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From Figure 6.5, comparing unmodified and PDA-modified membranes with pure 

water permeance in a similar range, the PDA-modified membranes had higher threshold 

flux than the unmodified membranes, presumably because of higher surface 

hydrophilicity. However, as pure water permeance of the PDA-modified membranes 

decreased substantially due to more extensive surface modification, the threshold flux of 

PDA-modified membranes became lower than that of unmodified membranes despite the 

higher surface hydrophilicity of the modified membranes. Membranes with low pure 

water permeance likely have smaller pore sizes and, therefore, higher local flux than 

membranes with high pure water permeance, leading to lower threshold flux values. 

 

Figure 6.5: Correlation between pure water permeance and threshold flux of unmodified 
(●) and PDA-modified PS-20 UF membranes ( , □). The membranes were 
modified with PDA at various initial dopamine concentrations ( ) of 0.1, 
0.5, 2, and 8 mg/mL (60-minute deposition time) and at various deposition 
times (□) of 15, 60, and 240 minutes (2 mg/mL initial dopamine 
concentration). θUM represents the contact angle of unmodified membranes. 
θconc and θdept are average contact angles of membranes modified with PDA 
at various initial dopamine concentrations and various deposition times, 
respectively. The straight line is to guide the eye for the data trend of PDA-
modified membranes. Pure water permeance values were taken from [51]. 
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6.3 CONCLUSIONS 

 Polysulfone ultrafiltration membranes were modified with polydopamine (PDA) 

using various initial dopamine concentrations and deposition times. In this study, 

membrane properties related to fouling (i.e., surface hydrophilicity, roughness, and 

charge) of unmodified and PDA-modified membranes were investigated. PDA 

modification increased membrane surface hydrophilicity regardless of the modification 

conditions used. The membrane surface roughness or surface charge, as characterized by 

zeta potential, did not noticeably change following PDA modification. The threshold flux 

of membranes challenged with an oil/water emulsion increased when PDA modification 

was applied at optimum coating conditions. Changes in threshold flux were governed by 

a tradeoff between membrane surface hydrophilicity increase and pure water permeance 

decrease due to PDA modification. When low initial dopamine concentrations or short 

coating times were used, the threshold flux of PDA-modified membranes increased. In 

contrast, the threshold flux decreased when the membranes were modified with PDA at 

high initial dopamine concentrations or long coating times. With excessive PDA 

deposition, the membrane pure water permeance significantly decreased, and some 

membrane pores may have been blocked or the pore size may have been reduced. Thus, 

the local permeate flux was likely increased in highly modified membranes, leading to 

more severe fouling and a threshold flux decrease even though the surface hydrophilicity 

was improved. 
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Chapter 7: Conclusions and Recommendations 

A major challenge in membrane filtration is fouling. Polydopamine (PDA) 

surface modification can be used to increase membrane surface hydrophilicity [1-12]. 

Thus, it helps improve membrane fouling resistance towards various types of foulants, 

including organics such as oil/water emulsions [4, 5, 13, 14]. PDA modification 

conditions are important factors governing the reaction to form PDA and PDA 

deposition, which can directly influence PDA-modified membrane properties and fouling 

propensity. This dissertation presents systematic studies to determine the influence of 

PDA modification conditions on membrane properties (i.e., surface characteristics, 

permeability, and selectivity) and fouling behavior during oil/water emulsion filtration. 

The studies were conducted with both porous (UF) and non-porous (RO) membranes. A 

summary of the research studies discussed in Chapter 4 – 6 and recommendations for 

future work are presented in this chapter. 

7.1 CONCLUSIONS 

PDA surface modification of RO membranes is presented in Chapter 4. The RO 

membranes were surface-modified with PDA at various modification conditions, which 

include various initial dopamine concentrations, PDA deposition times, and pH values of 

dopamine coating solution. The pure water flux, permeate flux during oil/water emulsion 

filtration, and NaCl rejection of these PDA-modified membranes were determined and 

compared to those of unmodified membranes. The pure water flux of all membranes 

modified with PDA at alkaline conditions decreased relative to that of unmodified 

membranes, and it decreased with increasing initial dopamine concentration or PDA 

deposition time. This pure water flux decrease could be attributed to an increase in PDA 

coating thickness, which increased mass transfer resistance to water flow at higher initial 
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dopamine concentration or longer coating times. However, the pure water flux of 

membranes modified with PDA at acidic conditions (i.e., pH 5) remained the same as that 

of unmodified membranes, suggesting that PDA was not deposited onto the membranes 

at this modification condition. Fouling tests were performed under constant 

transmembrane pressure (TMP) filtration using oil/water emulsions as model foulants. 

All PDA-modified membranes except those coated at acidic conditions exhibited higher 

permeate flux than that of unmodified membranes during the fouling tests. Thus, PDA 

surface modification helped improve the fouling resistance of RO membranes to oil/water 

emulsions. For membranes modified with PDA at acidic conditions (i.e., pH 5), no 

difference in permeate flux was observed relative to that of unmodified membranes 

during the fouling tests, most likely because the PDA was not added to the membranes at 

acidic pH. The NaCl rejection of all PDA-modified membranes was maintained within 

the membrane manufacturer’s specification. During the fouling test, enhanced permeate 

flux or improved fouling resistance of membranes modified with PDA at alkaline 

conditions (except those coated for 30 minutes) was similar regardless of the 

modification conditions. This result suggested that the mass transfer resistance during 

fouling due to PDA coating layer was less significant relative to that of fouling. 

PDA surface modification studies on UF membranes are discussed in Chapters 5 

and 6. Chapter 5 describes an investigation of PDA modification on the surface and 

inside the pores of UF membranes. The influence of PDA modification conditions on UF 

membrane pore characteristics is presented in detail in the same Chapter. The pore 

characteristics (e.g., pore size and pore size distribution) of porous membranes can 

influence several important membrane properties, including pure water permeance, solute 

selectivity, and fouling propensity [5, 15, 16]. For this reason, an understanding of 
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changes in membrane pore properties due to PDA modification is of interest in this 

research work. 

Polysulfone (PSf) UF membranes were modified with PDA at various initial 

dopamine concentrations and PDA deposition times. Similarly, spin-coated PSf dense 

films were modified with PDA at these various PDA modification conditions. The PDA 

coating thickness on PSf dense films was determined and used to represent the PDA 

coatings on the membrane surface. Membrane pure water permeance was also 

determined. The PDA coating thickness increased and the pure water permeance 

decreased with increasing initial dopamine concentration or PDA deposition time. The 

pure water permeance decrease could be partly due to the increase in PDA coating 

thickness, which introduced higher mass transfer resistance to water flow. Molecular 

weight cut off (MWCO) values of unmodified and PDA-modified membranes were 

measured via poly(ethylene glycol) (PEG) rejection tests. The nominal pore radius of 

each membrane was then estimated from the Stokes radius of PEG molecules having a 

molecular weight that gave 90% rejection or was the same as the MWCO value. The 

MWCO (and in turn, the nominal pore radius) decreased with increasing initial dopamine 

concentration or PDA deposition time. The MWCO results suggested that PDA not only 

coated on the membrane surface, but also coated inside the pores, decreasing the 

membrane pore size. For PEGs that were not fully rejected by or completely passed 

through all membranes in this study, a tradeoff between permeability and selectivity was 

observed, similar to that reported in the literature for RO membranes [17] or gas 

separation membranes [18, 19]. More details of pore characteristics, such as pore size 

distribution, of PDA-modified membranes were investigated. UF membrane pore size is 

usually too small to be measured experimentally, by techniques such as porosimetry or 

bubble point tests for MF membranes. Thus, mathematical modelling using a hindered 
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solute transport model, proposed by Opong and Zydney [20], was employed to estimate 

membrane mean pore size and pore size distribution from the PEG rejection data. A log-

normal pore size distribution was used to model UF membrane pores. The Hagen-

Poiseuille equation and concentration polarization model were also used in this modelling 

work, and the details of model fitting are explained in Chapter 5. With increasing initial 

dopamine concentration or PDA deposition time, the PDA-modified membrane mean 

pore size increased for membranes with minimal PDA deposition, but it decreased for 

membranes with excessive PDA deposition. At minimal PDA deposition using low initial 

dopamine concentrations or short coating times, a significant increase in the mean pore 

size of PDA-modified membranes relative to unmodified membranes was observed, 

possibly due to small pore blockage by PDA coating. At excessive PDA deposition using 

high initial dopamine concentrations or long coating times, the mean pore size of PDA-

modified membranes was still somewhat higher than that of unmodified membranes, but 

it was much closer to the value of unmodified membranes compared to the earlier case. In 

this latter case, the size of large pores could also be significantly reduced, and the 

contributions of both large pore size reduction and small pore blockage perhaps led to 

this moderate increase in the mean pore size. The pore size distribution of all PDA-

modified membranes became narrower than that of unmodified membranes. Modeled 

pore size distributions of unmodified and PDA-modified membranes are presented in 

Appendix B. The porosity to selective layer thickness ratio of PDA-modified membranes 

slightly increased or remained similar relative to that of unmodified membranes. 

Chapter 6 presents the influence of PDA modification conditions on surface 

properties and threshold flux of UF membranes. The PSf UF membranes were again 

modified with various initial dopamine concentrations and PDA deposition times. The 

membrane surface properties, including surface hydrophilicity, charge, and roughness 
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were characterized. The surface hydrophilicity of PDA-modified membranes was 

significantly higher than that of unmodified membranes. The surface hydrophilicity 

increased with increasing initial dopamine concentration or PDA deposition time, but 

then reached a constant at high initial dopamine concentration or long coating time. 

However, there was no noticeable change in surface roughness or zeta potential (i.e., 

representing surface charge) of PDA-modified membranes compared to those of 

unmodified membranes. 

The threshold flux is the maximum permeate flux where fouling is low and stable 

membrane operation can be achieved [21]. Thus, the threshold flux can be used as an 

indicator of membrane fouling propensity. Membranes with higher threshold flux can be 

operated at higher permeate flux before fouling becomes significant, so they generally 

have lower fouling propensity. Chapter 6 discusses the threshold flux determination for 

PDA-modified membranes during oil/water emulsion filtration. PDA modification using 

low initial dopamine concentrations or short coating times increased the membrane 

threshold flux, presumably mainly due to surface hydrophilicity increase. With minimal 

PDA coating at these coating conditions, the membrane pure water permeance was still 

maintained near that of unmodified membranes. In contrast, the threshold flux of 

membranes modified with PDA using high initial dopamine concentrations or long 

coating times decreased relative to that of unmodified membranes, possibly due to 

significant decreases in membrane pure water permeance. A large decrease in pure water 

permeance of membranes modified extensively with PDA could be attributed to pore 

narrowing or blockage by PDA coating. Thus, these highly modified membranes likely 

had lower permeable open pore areas to permeate flow and, in turn, higher local permeate 

flux, thereby increasing the convective flow force acting to encourage foulant contact 

with the remaining open pores. The higher local permeate flux due to the extensive PDA 
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coating led to decreased threshold flux even though the membrane surface hydrophilicity 

was increased. In brief, changes in threshold flux due to PDA modification were 

influenced by a tradeoff between surface hydrophilicity increase and pure water 

permeance decrease. In addition, among PDA-modified membranes having similar 

surface hydrophilicity, the threshold flux decreased with decreasing pure water 

permeance. In summary, the membrane threshold flux may be increased via PDA surface 

modification using optimum coating conditions that help increase surface hydrophilicity, 

but still maintain high pure water permeance. 

7.2 RECOMMENDATIONS FOR FUTURE WORK 

7.2.1 MWCO Determination and UF Pore Size Modelling 

7.2.1.1 Mass Transfer Coefficient (k) Determination 

In this research, the mass transfer coefficient (k) was used in a concentration 

polarization model (i.e., film layer theory) to relate actual PEG sieving coefficients (or 

actual PEG rejections) and observed PEG sieving coefficients (or observed PEG 

rejections). The k values of different PEGs in the concentration boundary layer were 

determined using Equation (2.28) or Equation (2.29). The equation (2.28) was initially 

proposed by Smith et al. [22], and it has been widely-used to estimate k values in stirred 

filtration cells [20, 23]. However, these calculations and use of k value were based on 

several assumptions. For example, k was estimated as an average value (i.e., from 

Equation (2.28)) and used across an entire area over the stirred cell, while k in fact varies 

according to the radial position in the stirred cell [23]. Moreover, these calculations of k 

involved estimations of feed solution properties such as solute diffusivity, feed solution 

viscosity and density. These correlations could also depend on stirred cell geometry [22]. 

Although the estimation of k from the models has been widely acceptable, it may be 
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worthwhile to determine the k value experimentally, as conducted by some researchers 

[20]. The experimentally-determined k values should then be compared to the calculated 

k values from the models. The influence of different k values (i.e., those determined 

experimentally and from the models) on calculated actual PEG rejections (for MWCO 

determination) and on pore size modelling results should be investigated. It would also be 

interesting to check if k values determined from such experiments may help improve the 

model fitting of PEG sieving coefficient curves that are presented in Chapter 5 (cf., 

Figure 5.9 and Figure 5.10). 

7.2.1.2 Modeled and Experimental Observed PEG Sieving Coefficient (So) Curve 

Fitting 

As presented in Appendix B (cf., Figure B.6), the modeled So did not fit well with 

the experimental So values for 100 and 200 kDa PEGs for membranes modified with 

PDA at 0.1 mg/mL initial dopamine concentration (using 60 minutes coating time), and 

at 15 and 30 minutes coating time (using 2 mg/mL initial dopamine concentration). 

Although the cause of this deviation is not fully understood, several hypotheses are 

proposed. Some of these hypotheses include possible membrane defects (i.e., very large 

pores) that could have led to higher experimental So values than the predicted values [24, 

25]. Different types of UF membranes (which are assumed to have different defects) with 

similar MWCO may be used in this PEG MWCO test and pore modelling analysis. It 

would be worthwhile to observe if the deviation between modeled and experimental So 

values of these PEGs (i.e., 100 and 200 kDa) is specific to only our membranes or if it 

may also exist in other types of UF membranes. In addition, some studies reported that 

such deviations could be due to an extensive concentration polarization in an actual 

stirred cell compared to that predicted by the models [23]. The experimentally-

determined k values, as proposed in the earlier section, should be used for this model 
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calculation to best replicate the degree of concentration polarization occurred in the 

stirred cell. In addition, bulk properties of feed solution (e.g., viscosity and diffusivity) 

were used in our model calculations. However, the feed solution properties in the models 

are in fact those in the concentration boundary layer [26]. Thus, the effect of viscosity 

and diffusivity change due to higher solute concentration at the membrane wall (i.e., in 

the concentration boundary layer) relative to the bulk on the So prediction may be worth 

studying. 

7.2.2 Threshold Flux Determination by Flux Stepping Experiments 

The threshold flux was determined using a flux stepping method. In this work, the 

flux stepping experiments were conducted using an initial flux step of 10 LMH, a step 

height of 10 LMH, and a step length of 20 minutes for all membranes. These operational 

parameters were chosen based on convenience in performing the flux stepping 

experiments and the determined threshold flux values that were reasonable when 

compared to those determined from long term constant permeate flux filtration 

experiments. However, the initial flux step, step length, and step height have been 

reported to influence the estimated threshold flux values [27]. For this reason, the flux 

stepping experiments should also be conducted using different initial flux steps, step 

heights, and step lengths. The influence of these operational parameters on the 

determined threshold flux value should be systematically investigated for both 

unmodified and PDA-modified membranes. By using the most proper operational 

parameters, the accuracy of the threshold flux determined using this method might be 

enhanced. In addition, long term constant permeate flux filtration should be performed 

for each membrane to verify the threshold flux values determined from the flux stepping 

method, as recommended by some researchers [27]. 



 144 

7.2.3 Determination of Pore Characteristics of Fouled Membranes 

Information related to pore characteristics of fouled membranes may help reveal 

fouling mechanisms during each stage of the filtration tests. For example, if MWCO and 

pore size of the fouled membranes are reduced from those of clean membranes, fouling 

may occur by pore blocking. The MWCO test and pore size modelling, presented in 

Chapter 5, should be used to determine the MWCO, mean pore size, and pore size 

distribution of unmodified and PDA-modified membranes after fouling. In addition, the 

pore characteristics of unmodified membranes after fouling should be compared with 

those of PDA-modified membranes to more clearly identify the fouling mechanisms in 

each membrane. Also, by using this approach, fouling propensity of the membranes may 

be determined more quantitatively than that from a conventional study. 
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Appendix A: List of Symbols 

A.1 ENGLISH SYMBOLS 

a Solute or particle radius (m) 

A Effective membrane filtration area (m2) 

b Membrane radius determined from effective membrane filtration area (m) 

Cb  Bulk feed solute concentration (mg/L) 

Cf  Filtrate solute concentration (mg/L) 

Cm  Solute concentration at the membrane surface on feed side (mg/L) 

D∞ PEG diffusion coefficient in infinite dilute solution (m2/s) 

pwJ  Average pure water flux (m/s) 

vJ  Average permeate flux from solute filtration test in the stirred cell (m/s) 

( )
v c

J r  Local permeate flux from solute filtration test at any radial position rc in the 

stirred cell (m/s)  

Kc Hindrance factor for solute convection 

Kd Hindrance factor for solute diffusion 

k  Average mass transfer coefficient (m/s) 

( )
c

k r  Local mass transfer coefficient at any radial position rc in the stirred cell 

(m/s) 

pL  Average membrane pure water permeance or hydraulic permeability 

(m/(s∙Pa)) 

m Permeate mass of pure water (kg) 

M PEG molecular weight (g/mol) 

no Total number of pores per unit membrane area 

n(r) Total number of pores of radius r per unit membrane area 

Pem Peclet number inside the membrane pores 
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Pfeed(rc) Applied feed pressure at any radial position rc in the stirred cell at the 

membrane surface (kg/(m∙s2)) 

Pf Filtrate pressure (kg/(m∙s2)) 

Po Applied feed pressure at the central axis of the stirred cell at the membrane 

surface (kg/(m∙s2)) 

r Membrane pore radius (m) 

�̅ Membrane mean pore radius (m) 

rc Radial position from the center of the stirred cell (m) 

Ra Actual membrane retention coefficient 

Ro Observed membrane retention coefficient 

Re Reynolds number 

Sa Actual membrane sieving coefficient 

So Observed membrane sieving coefficient 

aS  Averaged actual membrane sieving coefficient over all pore sizes (based on 

log-normal pore size distribution) 

S∞ Asymptotic sieving coefficient 

Sc Schmidt number 

t Pure water filtration time (s) 

TMPlocal(rc) Local transmembrane pressure at any radial position rc in the stirred cell 

(kg/(m∙s2)) 

TMPn Nominal measured (average) transmembrane pressure (pressure difference 

between feed and permeate side of the membrane) (kg/(m∙s2)) 

z Axial position away from the feed surface of the membrane (m) 
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A.2 GREEK SYMBOLS 

α Separation factor 

αstir  Constant based on filtration device geometry for k  or ( )
c

k r  determination 

χ
2
 Chi-squared goodness-of-fit parameter 

δc Concentration boundary layer thickness (m) 

δm Membrane selective layer thickness (m) 

ε Porosity of membrane selective layer 

µ Dynamic viscosity of solvent (kg/(m∙s)) 

ν Kinematic viscosity of solvent (m2/s) 

ω Stirring speed in the stirred filtration cell (radians/s)  

φ  Equilibrium partition coefficient 

ρ Density of solvent (kg/m3) 

σ Standard deviation of log-normal pore size distribution (m) 
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Appendix B: Supplementary Information for Chapter 5 

B.1 EXPERIMENTAL AND CALCULATED SO DATA 

Table B.1: Comparison of observed PEG sieving coefficients, So, from experiments and 
model calculations of PS-20 UF membranes modified with PDA at various 
initial dopamine concentrations. 

Initial dopamine 

concentration 

(mg/mL) 

PEG Molecular 

weight (kDa) 

PEG Stokes 

radius (nm) 
Experimental So 

Calculated 

So 

Unmodified 

4 1.7 0.985±0.003 0.975 

8 2.5 0.94±0.03 0.903 

12 3.1 0.866±0.006 0.816 

20 4.2 0.655±0.004 0.657 

35 5.7 0.33±0.01 0.444 

100 10.2 0.115±0.002 0.125 

200 15.0 0.086±0.003 0.038 

0.5 

4 1.7 0.995±0.005 0.983 
8 2.5 0.912±0.004 0.898 

10 2.8 0.836±0.004 0.821 
12 3.1 0.63±0.01 0.728 
20 4.2 0.301±0.008 0.360 
35 5.7 0.090±0.004 0.069 

1 

4 1.7 0.991±0.001 0.985 
8 2.5 0.925±0.005 0.926 

10 2.8 0.84±0.02 0.870 
12 3.1 0.63±0.04 0.796 
20 4.2 0.28±0.04 0.414 
35 5.7 0.09±0.01 0.069 

2 

4 1.7 0.979±0.001 0.978 
8 2.5 0.88±0.01 0.868 

10 2.8 0.77±0.02 0.770 
12 3.1 0.52±0.04 0.659 
20 4.2 0.22±0.02 0.274 
35 5.7 0.060±0.009 0.040 

4 

4 1.7 0.981±0.003 0.966 
8 2.5 0.85±0.01 0.787 

10 2.8 0.698±0.008 0.661 
12 3.1 0.41±0.01 0.537 
20 4.2 0.144±0.008 0.198 
35 5.7 0.038±0.001 0.029 
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Initial dopamine 

concentration 

(mg/mL) 

PEG Molecular 

weight (kDa) 

PEG Stokes 

radius (nm) 
Experimental So 

Calculated 

So 

8 

4 1.7 0.977±0.004 0.960 
8 2.5 0.83±0.02 0.760 

10 2.8 0.66±0.01 0.628 
12 3.1 0.39±0.01 0.502 
20 4.2 0.141±0.007 0.178 
35 5.7 0.038±0.002 0.026 

Note: All samples (except unmodified membranes) were modified with PDA using a 
deposition time of 60 minutes. The PEG Stokes radius was calculated from Equation 
(2.22). 
 

Table B.2: Comparison of observed PEG sieving coefficients, So, from experiments and 
model calculations of PS-20 UF membranes modified with PDA at various 
deposition times. 

Deposition time 

(minutes) 

PEG Molecular 

weight (kDa) 

PEG Stokes 

radius (nm) 
Experimental So 

Calculated 

So 

60 

4 1.7 0.979±0.001 0.978 
8 2.5 0.88±0.01 0.868 

10 2.8 0.77±0.02 0.770 
12 3.1 0.52±0.04 0.659 
20 4.2 0.22±0.02 0.274 
35 5.7 0.060±0.009 0.040 

120 

4 1.7 0.988±0.003 0.980 
8 2.5 0.874±0.001 0.874 

10 2.8 0.746±0.008 0.768 
12 3.1 0.46±0.02 0.634 
20 4.2 0.16±0.01 0.173 
35 5.7 0.039±0.004 0.006 

240 

4 1.7 0.973±0.005 0.962 
8 2.5 0.79±0.05 0.765 

10 2.8 0.59±0.07 0.625 
12 3.1 0.32±0.06 0.489 
20 4.2 0.10±0.02 0.149 
35 5.7 0.027±0.005 0.016 

Note: All samples were modified with PDA using an initial dopamine coating solution 
concentration of 2 mg/mL. The PEG Stokes radius was calculated from Equation (2.22). 
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B.2 A COMPARISON OF MEAN PORE RADII AND NOMINAL PORE RADII OF UNMODIFIED 

AND PDA-MODIFIED UF MEMBRANES 

Table B.3 and Table B.4 present a comparison of nominal pore radii and mean 

pore radii of unmodified and PDA-modified membranes. Generally, the nominal pore 

radius (i.e., the radius of a solute molecule giving 90% rejection or the radius of a solute 

molecule with molecular weight the same as the MWCO) can be smaller or larger than 

the mean pore radius. The relationship of nominal and mean pore radii depends on the 

standard deviation of the pore size distribution [1]. In this study, the nominal pore radius 

of the unmodified membranes was larger than their mean pore radius. The unmodified 

membranes had a wide pore size distribution (i.e., high σ value), so there were 

presumably a relatively large number of big pores in this membrane. Other studies have 

shown that such a long tail-effect of big pores leads to high values of MWCO and, 

therefore, large nominal pore radii [1]. However, for PDA-modified membranes (as 

presented in Table B.3 and Table B.4), the nominal pore radii were smaller than their 

mean pore radii. The pore size distributions of these PDA-modified membranes were 

markedly narrower (i.e., have lower σ values) than that of the unmodified membranes. 

Consequently, the long-tail effect of big pores was not significant in these membranes 

while the sieving effect mainly controls MWCO, leading to smaller nominal pore radii 

than mean pore radii [1]. 
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Table B.3:  Mean pore radius, �̅, ratio of standard deviation of pore size distribution to 
mean pore radius, σ/�̅, and porosity to thickness ratio, ε/δm, of PS-20 UF 
membranes modified with PDA at various initial dopamine concentrations. 

Initial dopamine 

concentration 

(mg/mL) 

MWCO 

(kDa) 

Nominal pore 

radius from 

MWCO (nm) 

Mean pore 

radius, �� 

(nm) 

σ/�� ε/δm (µm
-1

) 

Unmodified 54±2 7.3±0.2 3.3 0.64 0.38±0.05 
0.5 26.2±0.4 4.84±0.04 5.6 0.18 0.41±0.04 
1 25±2 4.7±0.2 6.8 0.06 0.30±0.02 
2 21±2 4.3±0.2 5.2 0.18 0.42±0.02 
4 18.5±0.3 3.98±0.03 4.2 0.24 0.55±0.01 
8 18.2±0.2 3.95±0.03 4 0.25 0.56±0.03 

Note: All samples (except unmodified membranes) were modified with PDA using a 
deposition time of 60 minutes. Uncertainties in ε/δm represent one standard deviation and 
were calculated using propagation of errors [2]. 

 

Table B.4:  Mean pore radius, �̅, ratio of standard deviation of pore size distribution to 
mean pore radius, σ/�̅, and porosity to thickness ratio, ε/δm, of PS-20 UF 
membranes modified with PDA at various PDA deposition times. 

Deposition time 

(minutes) 

MWCO 

(kDa) 

Nominal pore 

radius from 

MWCO (nm) 

Mean pore 

radius, �� 

(nm) 

σ/�� ε/δm (µm
-1

) 

Unmodified 54±2 7.3±0.2 3.3 0.64 0.38±0.05 
60 21±2 4.3±0.2 5.2 0.18 0.42±0.02 

120 19.0±0.3 4.04±0.04 5.5 0.08 0.43±0.03 
240 17±2 3.7±0.2 4.4 0.2 0.43±0.03 

Note: All samples (except unmodified membranes) were modified with PDA using an 
initial dopamine coating solution concentration of 2 mg/mL. Uncertainties in ε/δm 
represent one standard deviation and were calculated using propagation of errors [2]. 
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B.3 MEMBRANE MEAN PORE SIZE AND PORE SIZE DISTRIBUTION ANALYSIS 

 

 

Figure B.1: Effect of PDA deposition conditions on mean pore radius (�̅) and standard 
deviation (σ) of pore size distribution of PS-20 UF membranes modified 
with PDA at various: (a) initial dopamine concentrations and (b) deposition 
times. ε/δm was used as a fitted parameter, and k  and 

VJ  were employed in 

the model calculations. A deposition time of 60 minutes was used in (a), and 
an initial dopamine concentration of 2 mg/mL was used in (b). 
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Figure B.2: Effect of PDA deposition conditions on mean pore radius (�̅) and standard 
deviation (σ) of pore size distribution of PS-20 UF membranes modified 
with PDA at various: (a) initial dopamine concentrations and (b) deposition 
times. ε/δm was used as a constant value of 0.4 µm-1, and k(rc) and Jv(rc) 
were employed in the model calculations. A deposition time of 60 minutes 
was used in (a), and an initial dopamine concentration of 2 mg/mL was used 
in (b). 
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Figure B.3: So values from experiments (represented by discrete data points) and So from 
model calculations (represented by solid curves) using: (i) ε/δm as a fitted 
parameter and (ii) ε/δm as a constant value of 0.4 µm-1. k(rc) and Jv(rc) were 
employed in the model calculations. The membranes were modified with 
PDA at initial dopamine concentrations of (a) 1 mg/mL, (b) 4 mg/mL, and 
(c) 8 mg/mL. A deposition time of 60 minutes was used. 
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B.4 A COMPARISON OF PORE SIZE DISTRIBUTION WHEN �/	
 IS TREATED AS A 

FITTING PARAMETER AND WHEN �/	
 IS SET TO A CONSTANT VALUE FOR MODEL 

CALCULATIONS 

When using ε/δm as a fitted parameter (cf., Figure S.4(a)), for membranes coated 

with PDA at 4 and 8 mg/mL initial dopamine concentrations, the distribution of pores 

shifted largely towards smaller pore sizes relative to those coated at lower initial 

dopamine concentrations. However, when using a fixed value of ε/δm as 0.4 µm-1 (cf., 

Figure B.4(b)), the pore size distribution of these membranes (i.e., coated with 4 and 8 

mg/mL initial dopamine concentrations) remained closer to that of those coated at lower 

initial dopamine concentrations. Generally, the membrane pore size directly influences 

the pure water permeance [3]. The latter pore size distribution profiles, which were 

modeled using a fixed value of ε/δm, were more consistent with the experimental pure 

water permeance data. The pure water permeance only slightly decreased at high initial 

dopamine concentrations (i.e., 4 and 8 mg/mL) relative to that at low initial dopamine 

concentrations (i.e., 1 and 2 mg/mL) (cf., Figure 5.2(a)). The slight change in pure water 

permeance implies that there were only small changes in the membrane pore sizes at 

those coating conditions. 
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Figure B.4: Probability density function of pore size distributions, n(r)/no, calculated 
using the log-normal distribution, of unmodified membranes and 
membranes modified with PDA at various initial dopamine concentrations. 
The model calculations used (a) ε/δm as a fitted parameter and (b) ε/δm as a 
constant value of 0.4 µm-1. k(rc) and Jv(rc) were employed in the model 
calculations. The numbers in plots (a) and (b) represent initial dopamine 
concentration in mg/mL. A deposition time of 60 minutes was used. �̅ and σ 
values used to generate plots (a) and (b) are presented in Figure 5.11(a) (and 
Table B.3) and Figure B.2(a), respectively. 
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Figure B.5: Probability density function of pore size distributions, n(r)/no, calculated 
using the log-normal distribution, of unmodified membranes and 
membranes modified with PDA at various PDA deposition times. The 
model calculations used (a) ε/δm as a fitted parameter and (b) ε/δm as a 
constant value of 0.4 µm-1. k(rc) and Jv(rc) were employed in the model 
calculations. The numbers in plots (a) and (b) represent PDA deposition 
time in minutes. An initial dopamine concentration of 2 mg/mL was used. �̅ 
and σ values used to generate plots (a) and (b) are presented in Figure 
5.11(b) (and Table B.4) and Figure B.2(b), respectively. 

B.5 DEVIATION OF EXPERIMENTAL AND MODELED SO FROM DATA FITTING 

Figure B.6 shows the modeled and experimental So values of membranes 

modified with PDA at the lowest initial dopamine concentration (i.e., 0.1 mg/mL, using 

60 minutes coating time) and the shortest coating times (i.e., 15 and 30 minutes, using 2 

mg/mL initial dopamine concentration) studied. For these PDA-modified membranes, 

high molecular weight PEGs, which were 100 and 200 kDa, were used for the MWCO 

tests. As shown in Figure B.6, the model did not capture So at the highest PEG molecular 

weights of 100 and 200 kDa, which corresponded to the largest PEG Stokes radii of 10 

and 15 nm, respectively. The cause of this deviation is not fully understood. Zydney and 

Xenopoulos suggested that under-prediction of experimental So values from this model 
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could be due to more extensive concentration polarization in the experiment than 

predicted by the model [4]. Moreover, high molecular weight molecules could elongate 

under shear flow and pass through smaller pores than those predicted by the model, 

leading to higher observed sieving coefficients in the experiments than model values [5-

7]. In addition, the actual membrane pore size distribution could deviate from the log-

normal pore size distribution used here, leading to higher numbers of large pores than 

those predicted by the model. These membrane defects (i.e., large pores) could lead to 

increased membrane sieving coefficients relative to that of the defect-free membranes [8, 

9]. Future studies aimed at clarifying the basis for such deviations would be helpful in 

understanding the limits of applicability of such modeling approaches and/or suggest 

experimental protocols to minimize such deviations. 

 

 

Figure B.6: Observed PEG sieving coefficients of PS-20 UF membranes modified with 
PDA at initial dopamine concentration (Cdopamine) and PDA deposition time 
(tdeposition) of (i) Cdopamine = 0.1 mg/mL, tdeposition = 60 minutes (□), (ii) 
Cdopamine = 2 mg/mL, tdeposition = 15 minutes (♦) and, and (iii) Cdopamine = 2 
mg/mL, tdeposition = 30 minutes (∆). Discrete data points show experimental 
data and solid curves show corresponding model calculations. 
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Appendix C: Supplementary Information for Chapter 6 

C.1 ZETA POTENTIALS OF PDA COATING FILMS FROM LITERATURE 

Table C.1: Summary of literature zeta potentials of deposited PDA films at neutral pH. 

Reference Coated 

substrate 

Initial 

dopamine 

concen-

tration 

(mg/mL) 

PDA 

deposition 

time 

(hours) 

Tris 

buffer 

concen-

tration 

(mM) 

Tris 

buffer 

pH 

Zeta 

potential 

(mV) at 

pH 7
** 

This study PSf UF 2 1 15 8.8 -28 
Zhang et al. 
(2014) [1] PES UF 2 2 50 8.5 -15.3 

(pH 6) 
Kim et al. 
(2014) [2] 

Regenerated 
cellulose UF 2 12 15 8.5 -20.4 

Azari and 
Zou (2012) 
[3] 

SW30XLE 
RO 

2 (using 
L-DOPA) 

24 10 8.3 -21 

Karkhanechi 
et al. (2014) 
[4] 

ES20 RO 1.5 24 15 8.8 -8.9 
(pH 5.9) 

Vaselbehagh 
et al. (2014) 
[5] 

Anion 
exchange 
membrane 

0.5 
24 15 8.8 

-18 
(pH 6.2) 

2 -15 
(pH 6.2) 

Ball (2010) 
[6] Glass 2 

12 immer-
sions of 5 
minutes 

each 
50 8.5 

-34 
(from data 
interpola-
tion) 

Yu et al. 
(2010) [7] 

PDA 

particles
* 2 24 10 8.5 -2.26 

Zhang et al. 
(2014) [8] 

PDA 

capsules
* 

2 
24 10 8.5 -7.9 

3 -14 

Liu et al. 
(2011) [9] 

PDA 

capsules
* 0.2 24 N/A 8.5 

-38 
(from data 
interpola-
tion) 

Note: * Zeta potentials of PDA particles and capsules were measured using a Zetasizer. 
** Zeta potential values are reported at pH 7 unless otherwise noted in the 
parenthesis. 
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C.2 THRESHOLD FLUX OF UNMODIFIED AND PDA-MODIFIED MEMBRANES 

Table C.2: Threshold fluxes (determined from the TMPavg and d(TMP)/dt estimates) of 
unmodified PS-20 UF membranes and membranes modified with PDA at 
various initial dopamine concentrations (60-minute deposition time). 

Initial dopamine 

concentration  

(mg/mL) 

Threshold flux (LMH) 
Nominal pore 

radius
**

 (nm) TMPavg d(TMP)/dt 

Unmodified 59±2 53 12.3 
0.1 69±1 71 9.5 
0.5 69* 70 5.6 
2 57* 69 5.3 
8 47* 51 4.7 

Note: The threshold flux data from TMPavg were determined using the R2
min of 0.99, and 

the d(TMP)/dt value used to estimate threshold flux was 0.5 mbar/min. 
 * The uncertainties in these data were very small, so they are not presented here. 
         ** The nominal pore radius values were taken from [10]. 

 

Table C.3: Threshold fluxes (determined from the TMPavg and d(TMP)/dt estimates) of 
unmodified PS-20 UF membranes and membranes modified with PDA at 
various PDA deposition times (2 mg/mL initial dopamine concentration). 

PDA deposition time 

(minutes) 

Threshold flux (LMH) Nominal pore 

radius
**

 (nm) TMPavg d(TMP)/dt 

Unmodified 59±2 53 12.3 
15 68* 61 10.2 
60 57* 69 5.3 

240 51±7 44 4.2 

Note: The threshold flux data from TMPavg were determined using the R2
min of 0.99, and 

the d(TMP)/dt value used to estimate threshold flux was 0.5 mbar/min. 
 * The uncertainties in these data were very small, so they are not presented here. 
          ** The nominal pore radius values were taken from [10]. 
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C.3 THRESHOLD FLUX DETERMINATION OF UNMODIFIED AND PDA-MODIFIED 

MEMBRANES USING DIFFERENT R
2
 COEFFICIENTS 

 

 
 

 

Figure C.1: Threshold flux (Jthreshold) determination from TMPavg vs. flux profile using 
different minimum R2 coefficients (R2

min): (a) R2
min = 0.995 and (b) R2

min = 
0.998 for the linear regression of data below the threshold flux. Each plot is 
representative of at least three replicates. 
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To identify the most appropriate R2
min used in this work, the threshold fluxes were 

verified with long-term constant flux filtration reported in our previous study [11]. From 

such constant flux filtration studies, the threshold flux of unmodified PS-20 UF 

membranes was in the range of 55 – 70 LMH [11]. Here, the average threshold fluxes 

(from three membrane samples) of unmodified PS-20 UF membranes using R2
min values 

of 0.99, 0.995, and 0.998 were 59±2, 50±6, and 43±7 LMH, respectively. Since the R2
min 

of 0.99 provided the most realistic threshold flux relative to that from the long-term 

filtration, the R2
min of 0.99 was used as the criterion to estimate threshold fluxes for all 

membranes in this study. 

 

Figure C.2: A comparison of the threshold fluxes determined using the TMPavg 
parameter with different R2

min values: 0.99 (●), 0.995 (■), and 0.998 (▲) to 
generate linear regression lines below the threshold flux in TMPavg vs. flux 
profiles of PS-20 UF membranes modified with PDA at various (a) initial 
dopamine concentrations and (b) deposition times. A deposition time of 60 
minutes was used in (a) and an initial dopamine concentration of 2 mg/mL 
was used in (b). 
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In addition, we attempted to establish the regression line below the threshold flux 

based on a statistical analysis using the F-test [12]. The F-test was used to identify the 

maximum flux that changed the relationship of TMPavg and flux from linear to non-linear 

(i.e., a quadratic polynomial). The analysis was performed based on confidence intervals 

of 95% and 99% (equivalent to levels of significance, α, of 0.05 and 0.01, respectively) 

[12]. For several membranes in this study, regardless of the confidence interval used, the 

threshold fluxes determined based on this analysis could not be identified. In these cases, 

the F-test analysis predicted threshold fluxes that were higher than the maximum fluxes 

tested in our flux stepping experiments. Thus, this approach could not provide reliable 

estimations of the threshold fluxes in our study. 
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C.4 THRESHOLD FLUX DETERMINATION 

 

 

 

Figure C.3: A full profile of average d(TMP)/dt vs. permeate flux of unmodified PS-20 
UF membranes from flux stepping experiments. 
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Figure C.4: Threshold flux (Jthreshold) determination using: (a) TMPavg and (b) d(TMP)/dt 
of PS-20 UF membranes modified with PDA at 0.1 mg/mL initial dopamine 
concentration (60-minute deposition time). (c) shows a full profile of 
average d(TMP)/dt vs. permeate flux from the flux stepping experiments. 
An R2

min of 0.99 was used to generate linear regression line below the 
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each 
flux to guide the eye on changes in the d(TMP)/dt values. 
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Figure C.5: Threshold flux (Jthreshold) determination using: (a) TMPavg and (b) d(TMP)/dt 
of PS-20 UF membranes modified with PDA at 0.5 mg/mL initial dopamine 
concentration (60-minute deposition time). (c) shows a full profile of 
average d(TMP)/dt vs. permeate flux from the flux stepping experiments. 
An R2

min of 0.99 was used to generate linear regression line below the 
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each 
flux to guide the eye on changes in the d(TMP)/dt values. 
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Figure C.6: Threshold flux (Jthreshold) determination using: (a) TMPavg and (b) d(TMP)/dt 
of PS-20 UF membranes modified with PDA at 2 mg/mL initial dopamine 
concentration (60-minute deposition time). (c) shows a full profile of 
average d(TMP)/dt vs. permeate flux from the flux stepping experiments. 
An R2

min of 0.99 was used to generate linear regression line below the 
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each 
flux to guide the eye on changes in the d(TMP)/dt values. 
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Figure C.7: Threshold flux (Jthreshold) determination using: (a) TMPavg and (b) d(TMP)/dt 
of PS-20 UF membranes modified with PDA at 8 mg/mL initial dopamine 
concentration (60-minute deposition time). (c) shows a full profile of 
average d(TMP)/dt vs. permeate flux from the flux stepping experiments. 
An R2

min of 0.99 was used to generate linear regression line below the 
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each 
flux to guide the eye on changes in the d(TMP)/dt values. 
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Figure C.8: Threshold flux (Jthreshold) determination using: (a) TMPavg and (b) d(TMP)/dt 
of PS-20 UF membranes modified with PDA at 15-minute deposition time 
(2 mg/mL initial dopamine concentration). (c) shows a full profile of 
average d(TMP)/dt vs. permeate flux from the flux stepping experiments. 
An R2

min of 0.99 was used to generate linear regression line below the 
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each 
flux to guide the eye on changes in the d(TMP)/dt values.  
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Figure C.9: Threshold flux (Jthreshold) determination using: (a) TMPavg and (b) d(TMP)/dt 
of PS-20 UF membranes modified with PDA at 240-minute deposition time 
(2 mg/mL initial dopamine concentration). (c) shows a full profile of 
average d(TMP)/dt vs. permeate flux from the flux stepping experiments. 
An R2

min of 0.99 was used to generate linear regression line below the 
threshold flux in (a). The line in (b) connects average d(TMP)/dt at each 
flux to guide the eye on changes in the d(TMP)/dt values. 
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