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ABSTRACT 
 
 

The goal of my dissertation research was to devise new strategies to combat 

membrane fouling, which is a major hindrance in water treatment systems. Membrane 

fouling refers to the blocking of pores and the build-up of material on the membrane 

surface. There are many types of foulants, including but not limited to bacteria, 

biopolymers (such as alginate), natural organic matter, oils, proteins, particles, and salts 

(such as gypsum). Typical ways to combat fouling include expensive pretreatment 

procedures, physical membrane cleaning, and chemical treatments to the membranes. 

Chemical treatments tend to decrease the membrane lifetime, especially for nanofiltration 

and reverse osmosis membranes. One common strategy in the research community is to 

surface modify membranes to increase their fouling resistance. Chapter 1 reviews the 

surface modification methods used to reduce membrane fouling. 

Chapter 2 presents my work on modifying ultrafiltration membranes with poly(2-

((2-hydroxy-3-(methacryloyloxy)propyl)dimethylammonio)acetate) (poly(CBOH), a 

polymer that switches reversibly between a zwitterionic chemistry and a quaternary 

amine chemistry. Surface characterization showed successful membrane modification by 

UV-graft polymerization. Bacteria deposition studies showed that the poly(CBOH) 

chemistry performed better than other common anti-fouling chemistries. Biofilm studies 

showed that poly(CBOH) functionalized polyethersulfone membranes accumulated half 

the biovolume as unmodified membranes. Poly(CBOH) switches from an anti-fouling, 

zwitterion mode to an anti-microbial, quaternary amine mode by changing the 

environment pH. Studies were done to characterize the switching pH and time using 
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poly(CBOH) modified silicon wafers. Switching pH was determined to be 1.0, with 15 

min being required to switch between the zwitterion and quaternary amine chemistries. 

Biofilm mortality was elevated on ultrafiltration membranes once the anti-fouling 

poly(CBOH) zwitterion was switched to the anti-microbial, poly(CB-Ring) quaternary 

amine, with dead-to-live cell ratio increasing from 0.33 to 1.04. 

Chapter 3 describes my work to increase the fouling resistance of nanofiltration 

membranes by applying both a chemical coating and a nanometer sized pattern to the 

membrane surfaces. A line and groove nano-pattern was applied by thermal embossing 

directly onto a commercial polyamide thin-film composite nanofiltration membrane. 

Poly(ethylene glycol) diglycidyl ether (PEGDE) was reacted onto the patterned 

membrane surfaces by an epoxide ring opening reaction with unreacted carboxyl groups 

on the polyamide selective layer. Surface characterization showed successful nano-

patterning and chemical modification of the membrane surfaces. Membrane performance 

(flux and salt rejection) was unaffected by patterning the polyamide membrane surface 

directly. The fouling results show that combining line and groove nano-patterning with 

PEGDE chemical modification yields a membrane that was more resistant to fouling than 

either method alone. 

Chapter 4 presents my work to apply a nanometer sized pattern onto numerous 

commercial nanofiltration and reverse osmosis polyamide membranes.  There have been 

differing views on the ability to pattern polyamide thin-film composite (TFC) membranes 

directly by nanoimprint lithography. The goal of this study was to understand what 

factors control patternability, working towards a set of heuristics for use by the 
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membrane community to pattern any polyamide TFC membrane. Initial results showed 

that each membrane patterned to a different degree. Despite completing a comprehensive 

set of experiments to investigate the roles played by membrane chemistry, surface 

properties, mechanical properties, and performance properties on pattern peak heights for 

thirteen commercial nanofiltration and reverse osmosis membranes, I found no 

correlation between the variables studied and patternability of individual membranes. I 

did discover significant differences in patternability between membranes grouped by 

polyamide class, with those prepared by interfacial polymerization of m-phenylenediame 

and trimesoyl chloride having the largest pattern peak heights. I further discovered that 

the humectant (pore filler) used for membrane preservation plays a role on the 

patternability of the membranes. Upon replacement of the original humectants used by 

the membrane manufacturers with a 15 wt% glycerol solution, the pattern peak heights 

approached a similar value for each class of membranes. Tests performed to elucidate the 

role of the glycerol on patternability were inconclusive. Thus, while the humectant 

clearly contributes to membrane patternability, the reason why remains unknown. 

Overall, my research demonstrates the ability to reduce membrane biofouling by 

changing surface chemistry and surface features. Results of my work contribute to our 

understanding of membrane fouling and can be used to develop next-generation water 

treatment membranes with improved fouling resistance. Such membranes could be 

expected to lower the operations cost of using membranes to clean water. 
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CHAPTER ONE 
 

INTRODUCTION 
 

1.1 Introduction 

Many people lack access to clean water, either for drinking or everyday use. 

Membranes are used commonly to purify water. In water treatment, there are 4 types of 

pressure-driven membrane processes: microfiltration, ultrafiltration, nanofiltration, and 

reverse osmosis [1, 2]. Figure 1.1 shows the conventional classification of what each 

membrane process removes. Microfiltration (MF) membranes are the most open (have 

the largest pore size). MF operates through a sieving separation mechanism such that 

constituents of the process stream larger than the membrane pores are rejected. MF 

typically is used for solution clarifying, pretreatment processes, and bacteria removal [1, 

3]. Ultrafiltration (UF) membranes have smaller pores than MF membranes, but they 

operate via the same sieving mechanism. UF also is used for pretreatment and to remove 

bacteria and virus particles [1]. Nanofiltration (NF) is the newest pressure-driven 

membrane process and operates using both a sieving effect and Donnan exclusion (charge 

effect) [1, 4]. NF typically is used to reject multivalent salts and to remove small organics 

that MF and UF cannot. Reverse osmosis (RO) is the most commonly used membrane 

process in the world for water desalination [3]. RO membranes are the tightest membrane 

(smallest pores) and operate through the solution-diffusion mechanism [1, 5]. 
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Figure 1.1 Conventional classification of pressure-driven water treatment membrane 
processes. 
 

One drawback to these membrane processes is membrane fouling, which refers to 

the blocking of pores and the build-up of material on the membrane surface [6]. 

Membrane fouling can occur from a variety of foulant materials, such as: bacteria, 

biopolymers, natural organic matter, oils, proteins, particles, and salts. Membrane fouling 

causes a transient flux decline or pressure increase and a decrease in salt rejection [7].  

One type of membrane fouling, known as biofouling, involves a multi-step 

process where bacteria, biopolymers, and proteins attach or adsorb onto the membrane 

surface or within the membrane pores. Biofouling is a major hindrance to membrane 

usage, because unlike other types of fouling, microorganisms can grow, multiply, and 

relocate on a membrane [7, 8]. The multi-step process of membrane biofouling involves 

the adsorption of biopolymers, such as glycoproteins and polysaccharides, to the 

membrane surface; attachment of microorganisms, such as bacteria and algae, to the 

biopolymer conditioning layer; and eventually growth of the microorganisms into a fully 

developed biofilm on the membrane surface [6].  
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Fouled membranes eventually require physical or chemical cleaning, which 

shortens the membrane life and greatly increases process operating costs [9]. As such, 

membrane (bio)fouling reduction/elimination has been a common topic in the literature, 

as summarized in excellent reviews [2, 10]. 

1.2 Anti-Fouling Strategies 

 One strategy to combat membrane fouling has been to coat the membrane with an 

anti-fouling chemistry [11-15], as depicted in Figure 1.2 [16]. The purpose for these 

coatings is to increase the time between membrane cleanings and to increase the flux 

recovery after cleanings. Anti-fouling coatings make the membrane surface less favorable 

for foulant attachment by following the “Whitesides’ rules”: making the surface more 

hydrophilic (but not too hydrophilic), including hydrogen-bond acceptors, excluding 

hydrogen-bond donors, and having an overall neutral electrical charge [17, 18]. These 

coatings tend to be very effective by forming a strong hydration layer such that foulants 

have a hard coming into contact with the membrane surface [19]. Controlling 

hydrophilicity (e.g., targeting 35-45° water contact angle) is important to prevent high 

surface free energies that attract foulants. 

 

Figure 1.2. Anti-fouling coating depiction. Reproduced with permission from Elsevier 
[16]. 
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 Perhaps the most common anti-fouling chemistry is polyethylene glycol (PEG) 

based coatings [20]. There are numerous ways to coat membrane surfaces with PEG-

based coatings. For example, PEG-based coatings can be grafted to or from a membrane 

by using UV-light [21] or controlled radical grafting strategies such as atom transfer 

radical polyermization (ATRP) [22-24]. Modified PEG can be coupled to unreacted 

carboxylic acid/acyl chloride groups on the membrane surface [25-28]. PEG can be 

applied by physical adsorption, including application by dip-coating [29, 30]. However, 

one common downside is that PEG tends to degrade under typical membrane cleaning 

conditions, such as treatment by hypochlorite solutions [31]. 

 Bio-inspired chemistries represent another common class of anti-fouling coatings. 

Protein modification of membranes is a strategy that has been used [32]. Mussel-inspired 

polydopamine coatings [33-39] and chitosan-based coatings [40-42] have been used 

frequently to reduce fouling. 

 Zwitterionic chemistries are a more recent addition to the reportoire of coating 

strategies to reduce membrane fouling [19, 43, 44]. Zwitterions are overall charge neutral 

molecules that contain positively and negatively charged groups. There are three main 

types of zwitterions that have been used: (1) carboxybetaine, (2) sulfobetaine, and (3) 

phosphobetaine. Carboxybetaine zwitterions have carboxylic acid head groups 

(negatively charged group) and an inner quaternary amine (positively charged group) 

[45-48]. Sulfobetaine zwitterions have a sulfonate head group (negatively charged group) 

and an inner quaternary amine group [48-56]. Phosphobetaine zwitterions are most 

similar to the zwitterions in the body and have a quaternary amine head group and an 
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inner phosphate group [54, 55]. Sulfobetaine and phosphobetaine zwitterions also have 

been used to create self-assembled membranes [57-59]. 

1.3 Anti-Microbial Strategies 

Another strategy to reduce biofouling is to kill or deactivate the bacteria upon 

contact with the membrane surface [60]. Methods include coating membranes with anti-

microbial agents and embedding anti-microbial agents within the membrane structure. 

Quaternary amines are common anti-microbial coatings because they puncture the cell 

wall causing cell leakage and eventually cell death [61-65]. The length of the alky chain 

on the quaternary amine determines its effectiveness [66-68]. Alkyl chains with 6-8 

carbons have been found to be the most effective [69, 70]. 

Composite membranes have been developed to reduce biofouling. In this 

approach an additive is used in the membrane fabrication process or attached to the 

membrane surface to impart anti-microbial properties. Silver nanoparticles have been 

incorporated into membrane surfaces to kill bacteria [71, 72]. Silver ions leach out from 

the nanoparticles and damage the cell membrane of the bacteria [73]. Gold nanoparticles 

are also capable of creating anti-microbial surfaces [74]. Carbon nanotubes have been 

attached to a membrane surface to make it anti-microbial by causing cell inactivation 

[75]. Graphene oxide also has been used to inactivate bacteria [76-78]. Figure 1.3 shows 

the effect of using graphene oxide on a membrane to deactivate bacteria [76]. 
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Figure 1.3. Bacteria inactivation using graphene oxide composite thin-film composite 
membranes. Reproduced with permission from American Chemical Society [76]. 
 
1.4 Combined Anti-Fouling and Anti-Microbial Strategies 

 Combining both anti-fouling functionality and anti-microbial functionality onto a 

single surface is another strategy to reduce membrane fouling. The anti-fouling mussel-

inspired polydopamine coating has been used as a platform to also include anti-microbial 

functionality [79]. Combining two chemistries, one anti-fouling and one anti-microbial, is 

a common way to get achieve both functions on the same material surface [80-87]. 

Incorporating silver nanoparticles wthin an anti-fouling chemistry is another common 

approach to create a surface with the dual functionality [88-90]. 

 A unique approach is to coat a surface with a chemistry that can switch reversibly 

from an anti-fouling mode to an anti-microbial mode. These coatings typically are 

zwitterionic in nature and expose the quaternary amine under certain conditions to impart 

the anti-microbial effect. Switchable zwitterion hydrogels have been studied [91, 92]. A 

zwitterionic coating capable of switching between anti-fouling mode and anti-microbial 

mode has been developed for multiple surfaces [16, 93, 94]. Figure 1.4 shows an 

example of a surface that is able to resist bacteria attachment, switch to a new state and 

kill bacteria, and then switch back and release the dead bacteria [93]. 
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Figure 1.4. A surface capable of switching between anti-fouling zwitterion mode and 
anti-microbial quaternary amine mode. Reproduced with permissions from John Wiley 
and Sons [93]. 
 
1.5 Surface Patterning Strategies 

 A more recent strategy to reduce membrane fouling has been to change the 

surface structure of the membrane surface [95, 96]. There is a strong correlation between 

membrane (random) surface roughness and its propensity to foul [97, 98]. The rougher 

the membrane, the more likely it is to be fouled. Therefore, making smooth membrane 

surfaces has been a goal of many researchers [28, 99-101]. 

However imparting ordered roughness to a membrane surface may reduce its 

propensity to foul. By adding regular surface patterns, the fluid hydrodynamics right at 

and just above the membrane surface are altered [102]. Figure 1.5 shows a depiction of 

patterns affecting the fluid flow at the membrane surface [102]. Depending on the flow 

angle used in a line and groove pattern, the anti-fouling properties of the membrane can 

change. A 0° flow angle (flow parallel to patterns) shows significant fouling, whereas a 

45° or 90° flow angle (flow perpendicular to patterns) shows a significant reduction in 

fouling [103]. This reduction in fouling is caused by eddies that are formed at the 

membrane surface, inducing localized mixing such that foulant materials are less likely to 
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come in contact and adhere to the membrane. Patterns can range in size from nanometers 

to millimeters, with each showing promise towards fouling reduction. In fact, how 

bacteria attach onto a nanostructured surface has been studied [104]. They found post 

patterns could change the way that bacteria interact with the substrate surface, depending 

on the size and spacing of the posts [104]. The patterns can disrupt how the bacteria 

communicate, which increases the time for a biofilm to form [104]. 

 

Figure 1.5. Depiction showing how patterns on a surface can alter the fluid flow and thus 
the membrane fouling propensity at both (a) 90° and (b) 0°. Reproduced with permission 
from Elsevier [102]. 
 
 Nature has inspired many topographies to reduce fouling on surfaces [105, 106]. 

Sharklet™ is the most famous example, modeled after sharkskin [107-114]. These riblet 

type features were even used in swimsuits to reduce drag in the pool while swimming 
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[115-118]. Animals have inspired other surface features, such as those found on coral, 

butterfly wings, and hair [119-121]. Plants, such as lotus, clover, and rice leaves also 

have inspired other surface features to reduce fouling [120, 122, 123]. 

 Strategies to impart regular patterns on membrane surfaces vary. Millimeter and 

micrometer sized line and groove patterns have been applied to a membrane via a 

patterned UV light procedure [124]. Millimeter sized squares were inkjet printed onto a 

reverse osmosis membrane [125]. Millimeter sized spacer imprints (diamond shapes) 

were imparted onto a polyvinylidene (PVDF) membrane surface to reduce fouling [126, 

127]. Micrometer sized patterns have been studied most commonly in the membrane field 

and elsewhere. For example, micrometer sized pillars, wells, and crosses have been 

applied onto polydimethylsiloxane surfaces to reduce biological attachment [128-130]. 

Micrometer and nanometer sized patterns have been applied on membranes for fuel cell 

applications to increase power density [131-136]. Nanoimprint lithography (NIL) has 

been used to apply micrometer sized domes onto a membrane surface [137]. Micrometer 

sized prism and pyramid patterns have been applied to PVDF membranes through 

solution casting to mitigate fouling [138-143]. Solution casting also has been used to 

form patterns on polyethersulfone (PES) membranes [144-146]. Micrometer sized 

patterns have even been formed on hollow fibers on both the inner skin [147] and outer 

skin [148-151] to reduce fouling. Nanometer sized patterns have been used less 

frequently. Nanometer sized line and groove patterns have been imparted on membrane 

surfaces via NIL [28, 103, 152-154]. NIL also has been used to apply nanometer sized 

domes onto a membrane surface [137].  
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1.6 Evaluating Effectiveness of Membrane Surface Modifications 

 There are numerous ways to evaluate the effectiveness of anti-fouling and anti-

microbial strategies. The most common way is to challenge membranes with a foulant 

solution and measure flux decline over time and compare results to a control membrane 

[28, 51]. The key with these studies is to ensure that the initial starting flux is the same 

for modified and control membranes, as modification oftentimes reduces membrane 

permeability. If the starting fluxes are unequal, then the amount of foulant material 

brought to the surface will be different, such that the rate of fouling will be different. 

There are many examples in the literature where claims are made about the effectiveness 

of a surface modification, in which the starting flux is lower for the modified membrane 

because a common pressure was used. If the starting fluxes are not the same, then the 

evaluation will be flawed [22]. Normalized or relative flux is another approach to view 

flux decline data. Instead of flux values, percentage flux drop is compared [25]. Here 

again, it is critical that the initial flux values are the same when comparing membranes. 

Another common approach is to look at transmembrane pressure (TMP) increase during 

constant-flux experiments [139, 155]. This approach is preferred since real world 

operation requires a constant flux. As foulants accumulate on the membrane surface, 

membrane permeability will decrease. Therefore, the TMP must be increased to maintain 

a constant flux. While evaluations done at one pressure (or one flux) are useful in an 

academic research lab for comparing different membrane modification strategies, they 

are not the most useful for translating findings to industrial settings. 
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Critical flux is perhaps the most commonly used concept to determine the 

effectiveness of a membrane coating that is readily translatable to industry [156]. The 

critical flux is defined as the point below which no fouling occurs and above which 

fouling occurs [152, 156-160]. Ideally, surface modification strategies would increase the 

critical flux. While useful in theory, critical flux is not strictly practical as there is no flux 

for which fouling is eliminated. Fouling will occur at all flux values, it is just a matter as 

to what extent. 

 Sustainable flux evaluates the economics of the membrane process. The 

sustainable flux is defined as the “net flux that can be maintained using mechanical and 

chemical enhancing means to meet an operation cost objective over the projected life of 

the membrane” [156]. The sustainable flux implies there is a balance between the fouling 

of the membrane and the operating and capital costs of the membrane process [156, 161-

164]. Sustainable flux is a practical measure of the effectiveness of treatments, however it 

is difficult to evaluate in an academic research lab setting because operating and capital 

costs are difficult to determine. 

Threshold flux is arguably the most practical measure of the effectiveness of 

treatments on fouling reductions for both academic and industrial purposes. The threshold 

flux is defined as the point below which a low and near constant rate of fouling occurs 

and above which the rate of fouling increases substantially [156]. Figure 1.6 shows a 

common plot derived from constant-flux measurements and used to determine the 

threshold flux. Having a lower rate of fouling will give longer run times for the 

membranes between cleanings. The goal of threshold flux is to identify the highest flux 
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achievable (maximize productivity of the membrane) while keeping the fouling rates 

acceptably low to increase the time between cleanings [165-167]. 

 

Figure 1.6. Plot used to determine threshold flux from constant-flux filtration 
measurements. 
 
1.7 Dissertation Structure 

 The goal of my dissertation research was to devise new strategies to combat 

membrane fouling. Chapter 2 discusses a membrane surface chemistry capable of 

switching between anti-fouling and anti-microbial states depending on the solution pH. 

Chapter 3 discusses combining a PEG-based chemical coating with a nanometer sized 

line and groove pattern to create a superior anti-fouling membrane surface. Chapter 4 

delves into the factors that influence membrane patterning by nanoimprint lithography to 

advance our understanding of how nanofiltration and reverse osmosis membranes pattern. 

Chapter 5 discusses the conclusions and recommendations for future work. 
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CHAPTER TWO 

A SWITCHABLE ZWITTERIONIC MEMBRANE SURFACE CHEMISTRY FOR 
BIOFOULING CONTROL 

 
[As published in the Journal of Membrane Science 548 (2018) 490-501 with minor 

revisions] 
 

2.1 Introduction 
 

Membrane biofouling is a process involving the adsorption of biopolymers, such 

as glycoproteins and polysaccharides, to the membrane surface; attachment of 

microorganisms, such as bacteria and algae, to the biopolymer conditioning layer; and 

eventually growth of the microorganisms into a fully developed biofilm on the membrane 

surface [6]. Biofouling is a major hindrance to membrane usage, because unlike other 

types of fouling, microorganisms can grow, multiply, and relocate on a membrane [7, 8]. 

Biofouling causes a transient flux decline in the case of constant-pressure filtration or a 

pressure increase in the case of constant flux filtration, either of which increases the 

process operational costs [168]. Chemical cleaning is required for fouled membranes, 

which leads to process downtime and shortens the membrane lifetime [9].  

 Biofouling prevention not surprisingly has been a trending topic in the literature.  

Modification of membrane surfaces has been the most common approach to reducing 

biofouling, and typically is done by chemical treatments or coatings [11-14]. Anti-fouling 

coatings make the membrane surface less favorable for biopolymer/bacteria attachment 

by following the “Whitesides’ rules”: making the surface more hydrophilic, including 

hydrogen-bond acceptors, excluding hydrogen-bond donors, and having an overall 

neutral electrical charge [17, 18]. Commonly studied anti-fouling coatings include 
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poly(ethylene glycol) (PEG) [21, 29] and zwitterions such as carboxybetaine [45, 46], 

sulfobetaine [52, 169], and phosphobetaine [54, 55], which are net charge neutral 

molecules that contain positive and negative charge groups. These coating types can form 

a strong hydration layer that decreases biofoulant adsorption or attachment [19, 29]. 

Recently, I showed that membrane biofouling resistance can be enhanced by combining 

chemical surface modification with physical surface modification using a nano-scale line 

and groove pattern [28], which I will discuss in more detail in Chapter 3. 

 Application of anti-microbial agents or biocides is another common strategy used 

to control membrane biofouling by killing bacteria that attach to the surface. Quaternary 

amine containing coatings are thought to disrupt the cell membrane, resulting in cell 

leakage and eventually cell death [61, 66]. Carbon nanotubes and graphene oxide have 

been shown to deactivate the bacteria upon contact with the membrane surface [75, 76]. 

Silver nanoparticles that severely damage the bacteria cell membrane also have been 

incorporated in membranes [71, 73]. 

 There have been attempts to combine anti-fouling and anti-microbial approaches 

on one membrane [84]. One strategy has been to use an anti-fouling chemistry combined 

with silver nanoparticles [88-90]. A second strategy has been to add two chemistries to 

the membrane surface, one anti-fouling and the other anti-microbial [79, 83, 85-87, 170]. 

One such method is to pattern the two chemistries on the membrane in alternating rows 

of a stimuli-responsive polymer and a biocide, such that foulants will be brought in 

contact with the biocide, killed, and released by the stimuli responsive polymer [86]. 

This chapter of my dissertation contributes a method for applying one chemistry 
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to a membrane surface that is capable of switching between a unique anti-fouling, 

carboxybetaine zwitterion mode and an anti-microbial, quaternary amine mode [93, 94].  

The novelty of this chemistry is that it can switch between the anti-fouling and the anti-

microbial mode by changing the environment pH. Similar zwitterion chemistries with 

switching capabilities have been studied as hydrogels [91, 92]. This study is the first to 

apply a switchable zwitterion chemistry to control membrane biofouling, and the first to 

study its effectiveness under long-term exposure to water. Polyethersulfone ultrafiltration 

membranes were modified with this chemistry and other anti-fouling chemistries to 

provide direct comparisons of the resistance to bacteria attachment, cell viability, and 

biofilm growth on the membrane surfaces. 

2.2 Materials and Methods 
 
2.2.1 Materials 

 All chemicals were used as received, unless otherwise noted. The following 

chemicals were purchased from Sigma Aldrich: [2-(methacryloyloxy)ethyl]dimethyl-(3-

sulfopropyl)ammonium hydroxide (SPE, 97%), 2,2’-bipyridyl (BPY, 99+%), 2-bromo-2-

methylpropionic acid (BPA, 98%), Amberlite® IRA-400 chloride form, 

azobisisobutyronitrile (AIBN, 98%), benzophenone (BP, 99%), chloroform-d (99.8%), 

copper (I) bromide (99.999%), deuterium oxide (99.9%), glycidyl methacrylate (GMA, 

97%), hydrogen peroxide (30% in water), iodomethane (99%), N,N-dimethylformamide 

(DMF, anhydrous, 99.8%), N,N’-methylenebis(acrylamide) (MBAA, 99%), 

poly(ethylene glycol) methacrylate (PEGMA, Mn = 360 g/mol), sarcosine tert-butyl ester 

hydrochloride (97%), sulfuric acid (95-98%), trifluoroacetic acid (TFA, 99+%), 
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trifluoroacetic acid-d (99.5%), and zinc tetrafluoroborate hydrate. The following 

chemicals were purchased from Acros Organics:  chloroform (99%), dichloromethane 

(DCM, pure), diethyl ether (99.5%), and diiodomethane (99+%). Acetone (99.5+%), 

acetonitrile (anhydrous, 99.9%), ethanol (99.5% anhydrous), sodium bicarbonate (99+%), 

and tetrahydrofuran (THF, 99+%) were purchased from Fisher Scientific. Sodium 

hydroxide (97+%) was purchased from Alfa Aesar. Aqueous solutions were made with 

deionized water from a Milli-Q water purification system (Millipore-Sigma). 

 Prior to reaction, GMA was passed through a column of inhibitor remover (Sigma 

Aldrich) to remove monomethyl ether hydroquinone. Anhydrous DMF was opened and 

stored in a nitrogen atmosphere glovebox (MBraun USA). Poly(glycidyl methacrylate) 

(PGMA, MW = 290,000 g/mol, PDI = 1.7 (GPC)) [171] used for dip-coating silicon 

wafers was prepared by radical polymerization of GMA in methyl ethyl ketone at 60°C 

using AIBN as initiator. Amberlite® IRA-400 chloride form was converted to hydroxide 

form by reacting with a 1 M sodium hydroxide aqueous solution using a 1 meq resin:2 

mmol sodium hydroxide stoichiometry for 35 min. 

PES ultrafiltration membranes were kindly provided by Microdyn-Nadir GmbH 

(PM UP150, Microdyn-Nadir, 150 kDa MWCO) and GE Water & Process Technologies 

(GE Osmonics, unknown MWCO). The GE PES membrane was a gift from GE. Polished 

silicon wafers (1 cm × 3 cm) were purchased from Nova Electronic Materials.  

2.2.2 Monomer Synthesis 

The synthesis of the carboxybetaine zwitterion monomer (CBOH) is presented 

below in two parts: (1) synthesis of the protected monomer (CBtBu) and (2) deprotection 
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to yield the final product. Figure 2.1 shows the process for the entire CBOH monomer 

synthesis. The steps are similar to those reported by Cao et al. [94], but with 

modifications. 

 

Figure 2.1. Monomer synthesis schematic. CBtBu is the protected monomer and CBOH 
is the zwitterion monomer used in experiments. 
 
2.2.2.1 CBtBu Synthesis 

 Sarcosine tert-butyl ester hydrochloride was dissolved in water (6.5 mL water/g 

sarcosine tert-butyl ester hydrochloride) and neutralized with sodium bicarbonate (1.5 

mol sodium bicarbonate:1 mol sarcosine tert-butyl ester hydrochloride) for 1 h under 

stirring. Sarcosine tert-butyl ester was extracted with chloroform (1:1 v/v, 2 times) and 

then reacted with dehibited GMA (1.5 mol GMA:1 mol sarcosine tert-butyl ester 

hydrochloride) in chloroform using zinc tetrafluoroborate hydrate (1 mol zinc 

tetrafluoroborate hydrate:10 mol sarcosine tert-butyl ester hydrochloride) as a catalyst. 

This reaction was done in a microwave reactor (MARS5, CEM) at 140 °C for 2 h. 

Undissolved catalyst and byproduct PGMA generated during the reaction were removed 
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by filtration (Whatman™ hardened low ash grade 50 filter paper, GE Healthcare Life 

Sciences). Iodomethane (20 mol iodomethane:1 mol sarcosine tert-butyl ester 

hydrochloride) was reacted with the monomer solution for 6 h under stirring to quaternize 

the nitrogen. The protected monomer (CBtBu) was precipitated in diethyl ether, filtered 

out (same filter paper as above), and dried under vacuum at 20-25 °C and -0.78 to -0.95 

barg. 

2.2.2.2 CBOH Synthesis 

 CBtBu was dissolved and reacted with TFA (2 mL TFA/g CBtBu) for 2 h under 

stirring. The reaction solution was precipitated in diethyl ether. The precipitate was 

dissolved in 100-150 mL water and reacted with Amberlite® IRA-400 hydroxide form (1 

meq resin:1.01 mmol CBtBu) for 30 min in an ice bath under stirring. The resin was 

filtered out (same filter paper as above) and the undesired residual organics were 

extracted out with DCM (1:1 v/v, 3 times). The remaining aqueous solution was frozen 

and placed in a freeze-dryer (VirTis 6KBTEL-85) for 3-4 days to remove the water and 

precipitate CBOH. 

2.2.3 Surface Modification 

2.2.3.1 UV Polymerization 

 UV polymerization was performed to graft poly(CBOH), poly(PEGMA), and 

poly(SPE) from PES ultrafiltration membranes. Figure 2.2 depicts the process for 

polymerizing poly(CBOH) from PES membranes. PES membranes were rinsed in 

deionized water to remove pore filler and pat dried. Photo-initiator, BP, was entrapped in 

PES membranes by immersing the PES membranes in a solution of 100 mM BP in 
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acetonitrile for 4 h with stirring. Acetonitrile was chosen because it swelled but did not 

dissolve the PES. The PES membranes were rinsed thoroughly with deionized water to 

collapse the swollen PES to entrap the BP and then pat dried. Next, UV polymerization 

was performed using a 365 nm UV light from an EL series UVLS-28 UV lamp (UVP, 

VWR International) (Husson lab) or a 315-600 nm range UV lamp (UVACUBE100 

curing chamber equipped with Dr. Hönle lamp UV 150F and filter H1 (Hönle UV 

technology)) (Freger lab). 

 

Figure 2.2. UV-photopolymerization schematic. BP is entrapped within PES to increase 
the reaction site density. CBOH is polymerized from both BP radicals and PES radicals. 
 
 Modification of Microdyn-Nadir PM UP150 PES membranes by poly(CBOH) 

and poly(SPE) was done in the Husson lab at Clemson University. The reaction solution 

comprised 1 M CBOH or SPE and 0.01 M MBAA in deionized water. A piece of BP-

entrapped PES membrane was placed in a 50 mL glass beaker and 0.17 mL of reaction 

solution/cm2 membrane area was placed on the membrane active side. A 30 mL glass 

beaker was placed on top of the membrane and the reaction solution such that no air 

bubbles were present between the membrane and the top glass beaker. To prepare larger 

membranes for flux experiments, membranes were placed in glass petri-dishes instead of 

beakers, with the membrane being placed in the top cover of petri-dish and the bottom 

part used to form the thin film of reaction solution. The membrane was exposed to 365 
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nm UV light with an intensity of at least 500 µW/cm2 for 4.5 h (CBOH) or 25 min (SPE) 

from a source placed approximately 6.5 cm above the membrane. Modified membranes 

were rinsed thoroughly with deionized water, placed in deionized water in a shaker bath 

overnight (>15 h), and then pat dried. Samples for ATR-FTIR were vacuum dried at 20-

25 °C and -0.78 to -0.95 barg. Samples for biofilm studies were immersed in a 15 wt% 

aqueous glycerol solution and dried in air for shipment to the Herzberg lab at Ben Gurion 

University. 

 Modification of GE Osmonics PES membranes was done in the Freger lab at 

Technion. The following protocol was used for poly(CBOH), poly(SPE), and 

poly(PEGMA) UV polymerizations. First, BP was entrapped in PES membrane samples 

as described earlier in this section. Then a piece of the membrane was placed in the cover 

of a glass Petri dish, 5 mL of a monomer/cross-linker solution in DI water (0.5M 

monomer, 0.005M MBAA) was put on top of the membrane, and the bottom part of the 

Petri dish turned upside down was placed on the membrane. This procedure produces a 

thin layer of the modification solution on top of the membrane between the two glass 

Petri dish components. The assembly was placed in the UV chamber (UVACUBE 100, 

Hönle UV technology) and UV-irradiated for 5 min (SPE and PEGMA monomers) or 10 

min (CBOH monomer). The modified membranes were rinsed with DI water, washed 

with shaking in DI water overnight and stored in fresh DI water. A piece of each sample 

was dried at 30 °C for ATR-FTIR tests. 

2.2.3.2 ATRP 

 Atom transfer radical polymerization (ATRP) was performed to graft 
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poly(CBOH) from silicon wafers substrates. Figure 2.3 depicts the ATRP process for 

poly(CBOH). Silicon wafer substrate preparation was similar to that reported by Bhut et 

al. [172], with minor modifications. Substrates were cleaned in deionized water in test 

tubes by placing them in an ultrasonic bath for 20 min. The substrates were dried and 

placed in new test tubes for contact with a 1:3 (v/v) mixture of hydrogen peroxide and 

sulfuric acid at 80-90 °C for 1 h. [Caution Piranha solution: this mixture reacts violently 

with organic compounds. It should be used in small volumes with proper supervision and 

safety wear. Special precautions should be exercised in its disposal to avoid contact with 

organics.] Next, the substrates were rinsed thoroughly with de-ionized water and dried. 

PGMA was deposited onto the clean silicon wafer substrates from a 0.5 wt% PGMA 

solution in chloroform using a dip coater (QPI-128, Qualtech Products Industry Co. LTD) 

at an immersion and withdrawal rate of 60 mm/min. PGMA-coated silicon wafer 

substrates were annealed at 110 °C for 30 min under vacuum (-0.78 to -0.95 barg) to react 

some of the epoxy groups of PGMA to silanol groups on the silicon wafer substrate 

surface. BPA was reacted to the remaining epoxy groups of PGMA from the vapor phase 

at low pressure (-0.78 to -0.95 barg) and 100 °C for at least 18 h to form α-bromoester 

initiator groups on the silicon wafer substrate surface. After BPA reaction, the silicon 

wafer substrates were washed thoroughly with THF and deionized water and dried. 

Deionized water used for ATRP was de-oxygenated by three cycles of freeze–pump–

thaw and transferred to the glove box. 
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Figure 2.3. ATRP reaction schematic. BPA initiator is reacted with epoxide of PGMA 
and CBOH is polymerized from radical initiator by ATRP. 
 
 Poly(CBOH) was grown from initiator-functionalized silicon wafer substrates by 

surface-initiated ATRP similar to Cao et al. [94], but with minor modifications. 

Activator, copper (I) bromide (0.1 M), and amine ligand, BPY (0.3 M), were put in 3:1 

(v/v) mixture of DMF and deionized water inside the glovebox. The mixture was sealed 

inside the glovebox and was placed in an ultrasonic bath for 2 h outside the glovebox to 

form the activator/ligand complex. CBOH monomer (0.1 M) was added to the solution 

inside the glovebox and was mixed until dissolved. Polymerization was carried out by 

placing an initiator-functionalized substrate into this reaction mixture. Polymerization 

was done at 35 °C for 3 h. Polymerization was terminated by removing the substrates 

from the reaction mixture and washing thoroughly with a 3:1 (v/v) DMF and deionized 

water mixture. 

2.2.4 Characterization Techniques 

2.2.4.1 NMR 

1H-NMR was performed with a 300 MHz NMR spectrometer (Bruker Avance) 

equipped with a 5 mm quadruple nucleus probe. The spectra were acquired from -4.1 to 

16.5 ppm with a 30° pulse, an acquisition time of 2.65 s, and a total of 16 scans were 
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collected per sample. Samples were dissolved at a concentration of 50 mg/mL in 

chloroform-d (CBtBu), deuterium oxide (CBOH), or trifluoroacetic acid-d (CB-Ring) 

with tetramethylsilane as a reference peak. Integration and peak identification were 

performed with TopSpin 2.1 software (Bruker Corp.). 

13C-NMR was performed using the same 300 MHz NMR spectrometer. The 

spectra were acquired from -20 to 220 ppm and a total of at least 512 scans were 

collected per sample. Samples were dissolved at a concentration of 50 mg/mL in 

chloroform-d (CBtBu), deuterium oxide (CBOH), or trifluoroacetic acid-d (CB-Ring) 

with tetramethylsilane as a reference peak. Peak identification was performed with 

TopSpin 2.1 software (Bruker Corp.). 

2.2.4.2 ATR-FTIR Spectroscopy 

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 

was used to characterize the surface chemistry of the unmodified and chemically 

modified PES membranes. Measurements at Clemson University were done using a 

Thermo Scientific Nicolet iS50R FT-IR with an ATR accessory (Specac Golden Gate) 

equipped with a diamond ATR crystal. Data were processed by OMNIC 9.3.32 software. 

Each spectrum was collected from 128 scans at a resolution of 4 cm-1 corrected with the 

ATR software, and manually baseline corrected. A background of the ATR crystal was 

taken before each set of samples was tested. Measurements at Technion were done using 

a Nicolet 8700 FT-IR spectrometer (Thermo Electron Corporation) with an ATR 

accessory (Smart MIRacle accessory, Pike). Each spectrum was collected from 64 scans 

at a resolution of 4 cm-1, at least 5 different places were tested on each sample, and the 
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data were processed using OMNIC software. 

2.2.4.3 FTIR Spectroscopy 

 Transmission Fourier-transform infrared spectroscopy (FTIR) was used to 

characterize the change in surface chemistry of the silicon wafers. Spectra were obtained 

using a Thermo Scientific Nicolet iS50R FT-IR. Data were processed by OMNIC 9.3.32 

software (Thermo Scientific). Each spectrum was collected from 256 scans at a resolution 

of 4 cm-1, and was manually baseline corrected. A background of an unmodified silicon 

wafer was taken before each set of samples was tested. 

2.2.4.4 Ellipsometry 

 Multi-angle ellipsometry (Beaglehole Instruments, Picometer) was used to 

measure the dry thicknesses of PGMA, BPA, and poly(CBOH) layers on silicon wafers. 

The incident beam was produced by a 632.8 nm He–Ne laser source. Measurements were 

done at incidence angles from 56° to 80° with a step size of 4°. The reported thickness is 

the average of five random locations on each wafer. In this study, an air–poly(CBOH)–

BPA–PGMA–silicon dioxide–silicon substrate multilayer model was applied to fit the 

data based on a Cauchy model. Layer thickness was allowed to vary and refractive index 

was fixed (air = 1.0, poly(CBOH) = 1.5, BPA = 1.451, PGMA = 1.525, silicon dioxide = 

1.455, and silicon = 3.875). Layer thickness was calculated by IgorPro Software version 

4.09A.  

2.2.4.5 Static Contact Angle Goniometry 

 Water and diiodomethane contact angles were measured on silicon wafers to 

evaluate changes in hydrophilicity and surface free energy (SFE) associated with the 
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changes in surface chemistry. Water contact angle was performed on unmodified and 

modified GE PES membranes and unmodified and modified Microdyn-Nadir PM UP150 

PES membranes. GE PES membranes water contact angle was measured using a Krüss 

DSA100 (Freger Lab). All other static contact angles were measured using a Krüss DSA 

10-Mk2 contact angle goniometer. A liquid drop (~ 3.0 μL) was placed carefully on the 

sample surface. The sessile drop model was used in DSA version 1.80.0.2 Drop Shape 

Analysis software to determine contact angle. For consistency, measurements were taken 

60 s after each droplet was placed on the surface. Measurements were done at a minimum 

of three locations on each sample to get an average contact angle value with standard 

deviation. SFE of the silicon wafers was calculated using the Owens-Wendt method [173, 

174]. Equation 2.1 was used to calculate the surface free energy (SFE) of silicon wafers: 

                                                                                                                  (2.1) 

γs is the SFE of the silicon wafer, γsd is the dispersion component of the SFE of the 

silicon wafer, and γsp is the polar component of the SFE of the silicon wafer. Two liquids 

with different surface free energy components were used to determine the dispersion and 

polar components of the SFE. Using the SFE values (total, polar, and dispersion) for each 

fluid and the respective contact angles of each fluid on the silicon wafers, Equations 2.2 

and 2.3 were used to calculate the dispersion and polar components of the silicon wafer 

SFE [174]. 

                                                                        (2.2) 
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                                                                                            (2.3) 

γd is the SFE of diiodomethane (50.8 mJ/m2) [175], γdd is the dispersive component of the 

diiodomethane SFE (49.5 mJ/m2) [175], γdp is the polar component of the diiodomethane 

SFE (1.3 mJ/m2) [175], γw is the SFE of water (72.8 mJ/m2) [175], γwd is the dispersive 

component of the water SFE (21.8 mJ/m2) [175], γwp is the polar component of the water 

SFE (51 mJ/m2) [175], θd is the diiodomethane contact angle, and θw is the water contact 

angle. 

2.2.4.6 Scanning Electron Microscopy 

 Membrane surface morphology before and after modification was studied using a 

Hitachi S-4800 Scanning Electron Microscopy (SEM). Representative samples of the 

membranes were careful dried using hexamethyldisilazane (HMDS, Electron Microscopy 

Sciences) to prevent pore collapse [176]. The method involved soaking samples 

consecutively in ethanol-water solutions containing 25, 50, and 75% by volume for 5 min 

each. The samples were then soaked in 100% ethanol. Next the samples were soaked in a 

50% ethanol/50% HMDS (v/v) solution and subsequently a 100% HMDS solution for 15 

min each. Finally, the samples were then allowed to air dry. Membranes pieces were 

attached with carbon tape to aluminum stabs, and coated with gold-palladium prior to 

SEM measurements. The SEM measurements were performed at an accelerating voltage 

of 10 kV, a current voltage of 20 µA, and a magnification of 30,000x. 

2.2.5 Substrate Performance Testing 

2.2.5.1 Water Permeance Testing of Membranes 
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 Water permeance was measured for the unmodified and surface modified PES 

membranes. Unmodified, BP entrapped, poly(CBOH) modified, poly(SPE) modified, and 

poly(PEGMA) modified GE PES membranes were tested at Technion in 165 mL 

cylindrical stainless steel direct-flow cell with an active membrane area of 11.3 cm2 

(diameter 38 mm) [177]. The cell was stirred magnetically and pressurized with nitrogen. 

The flux was determined at feed pressure of 3 bar by collecting and weighing the 

permeate.  

Unmodified, BP entrapped, poly(CBOH), and poly(SPE) modified Microdyn-

Nadir PES membranes were tested in direct-flow mode using a stainless steel Sterlitech 

HP4750 stirred cell with an active membrane area of 14.6 cm2 at Clemson University. 

The cell was filled with approximately 280 mL of deionized water and pressurized to the 

desired pressure (up to 1.9 barg) with air (UN1002, Airgas). Each membrane was 

conditioned before making the flux measurement by passing at least 150 mL of water or 

running for 30 min, whichever came first. At least 8 g of permeate was collected while 

recording the time to measure permeance. At least 4 membranes were tested for each 

membrane type for statistical relevance. 

2.2.5.2 Bacteria Deposition Studies on Membranes 

Pseudomonas fluorescens bacteria tagged with green fluorescent protein (GFP) 

were pre-cultured by incubating at 30 °C in Luria-Bertani (LB) broth (Sigma-Aldrich) in 

the presence of 25 μg/mL Kanamycin (Sigma-Aldrich) for 24 h. Then a 0.5 mL aliquot 

was transferred to fresh LB broth solution that also contained 25 μg/mL Kanamycin, and 

cultured for another 5 h. The cultured bacteria in the stationary stage of growth were 
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centrifuged out, washed by suspending/centrifuging in 0.01 M NaCl (Sigma-Aldrich) 

solution three times, and finally suspended in a fresh 0.01 M NaCl solution and diluted to 

an optical density of 0.1 (bulk concentration Cb = 2.99 × 107 ± 6 × 106 bacteria/cm3). The 

experiments were carried out in a parallel plate flow cell setup (FC 81 flow cell, 

BioSurface Technologies) at room temperature. A glass slide with a 2.5 cm long piece of 

membrane glued on it was mounted inside the cell, forming the bottom of the channel. 

The bacterial suspension was fed to the cell at a flow rate of 2.0 mL/min, which 

corresponds to cross-flow velocity of 7.7 cm/min and shear rate of 230 min−1. The 

bacteria deposited on the membrane surface were imaged and counted using a 

fluorescence microscope (Nikon LV100) equipped with a 20x objective lens and a digital 

camera. The imaged area was 0.148 mm2 and was located in the middle of the cell. 

Images were taken every 5 min for 30-40 min. The mass transfer (deposition) coefficient 

kd was calculated by Equation 2.4 assuming first-order deposition kinetics [169]: 

                                                                                                                    (2.4) 

N is the number of bacteria in the image, A is the imaged area, and Cb is the bacteria 

concentration in the feed solution. The reported kd values are averages of at least 3 tests 

performed for each sample type, each time using a fresh bacteria suspension. 

2.2.5.3 Switching Between CBOH and CB-Ring 

 CBOH (monomer or polymer) has the ability to switch from the anti-fouling, 

zwitterion mode to the anti-microbial, quaternary amine mode (coined CB-Ring). Figure 

2.4 depicts the switching and Cao et al. [93] proposed the mechanism of reversible 

switching between CBOH and CB-Ring.  



29 

 

Figure 2.4. Switching schematic between the anti-fouling, zwitterion chemistry (CBOH, 
left) and the anti-microbial, quaternary amine chemistry (CB-Ring, right). CBOH would 
switch to CB-Ring when exposed to a typical cleaning solution for membranes, and CB-
Ring would switch to CBOH when exposed back to normal operating conditions. 
 

NMR was used to test switching of CBOH monomer to CB-Ring. CBOH 

monomer was dissolved in trifluoroacetic acid-d (50 mg/mL) and 1H NMR and 13C NMR 

spectra were collected after 4 h. 

FTIR was used to study the switching of poly(CBOH) to poly(CB-Ring) and vice 

versa on silicon wafers. To switch from poly(CBOH) to poly(CB-Ring), the poly(CBOH) 

modified silicon wafers were placed in pure TFA for 1 h. To switch from poly(CB-Ring) 

to poly(CBOH), the poly(CB-Ring) modified silicon wafers were placed in deionized 

water for 1 h. To test the longevity of switching, a poly(CBOH) modified silicon wafer 

was placed in pure TFA for at least 0.33 h to switch to poly(CB-Ring), then the poly(CB-

Ring) modified silicon wafer was placed in deionized water for at least 0.33 h to switch 

back to poly(CB-OH). This cyclical process was repeated 50 times, with FTIR spectra 

taken after 1, 10, and 50 cycles. 

To test the pH at which the switching occurs, poly(CBOH) modified silicon 
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wafers were immersed in TFA/water solutions with pH values of 0.6, 1.0, and 1.5 for 1 h 

with pH measured using an accumet Basic AB15 pH meter (Fisher Scientific) equipped 

with an accumet 13-620-285 pH probe (Fisher Scientific). To test the time needed for 

complete switching to occur from poly(CBOH) to poly(CB-Ring), the poly(CBOH) 

modified silicon wafers were placed in a TFA/water solution at pH 1.0 for 0-30 min. To 

test the time needed for complete switching to occur from poly(CB-Ring) to 

poly(CBOH), poly(CBOH) modified silicon wafers were placed in a pure TFA solution 

for 1 h to ensure complete conversion to poly(CB-Ring). Next they were placed in 

deionized water for 0-30 min. 

2.2.5.4 Biofilm Studies on Membranes 

Biofilm studies on PES membranes were conducted with Sphingomonas 

wittichii RW1 (GenBank #NC 00951), which was obtained from the DSMZ (Deutsche 

Sammlung von Mikroorganismen and Zellkulturen GmbH) culture collection, Germany. 

The bacterium was grown on nutrient agar medium containing peptone (5 g/L) and meat 

extract (3 g/L) adjusted to pH 7 and supplemented with 150 μg/mL streptomycin (Sigma 

Aldrich, S6501). A single colony was inoculated overnight in 5 mL of the nutrient 

medium in a shaker–incubator at 150 rpm at 30 °C (ZHWY-1102C, ZHWY). Thereafter, 

the S. wittichii RW1 cells were diluted in the nutrient medium (1:100) and incubated for 

24 h to achieve early stationary growth phase. Bacteria were harvested by centrifugation 

(4K15, Sigma) (4000g and 4 °C for 10 min) and the pellet was washed three times in 

fresh nutrient broth. After the washing steps, the optical density (OD600) of the 

suspension was adjusted to 0.5 in wastewater effluents taken from MBR UF permeate, 
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treating municipal wastewater of Sede Boqer Ben Gurion University campus [178, 179] 

and supplemented with 12.5 mg/L  peptone  and 7.5 mg/L meat extract.  Twenty-five 

milliliters of the bacterial suspension were injected into the biofilm growth chamber, 

which was previously loaded with 5 mm × 5 mm membranes fixed on glass cover slips, 

at flow rate of 2 mL/min, as previously reported by Bernstein et al. [56]. S.wittichii RW1 

biofilm was grown on the membranes for 4 d before sampling of the membrane coupons. 

Note that the conditions used for biofilm growth were very aggressive to keep the time 

period for experiments to a reasonable length. The membrane pieces with biofilm were 

carefully removed and stained with concanavalinA (ConA) conjugated to Alexa Fluor 

633 (Invitrogen, Israel), SYTO 9, and propidium iodide (PI) for probing EPS, live cells, 

and dead cells with a confocal laser scanning microscope (CLSM). Probing EPS, live 

cells, and dead cells of the biofilms was carried out before and after rinsing poly(CBOH) 

modified and poly(SPE) modified Microdyn-Nadir PES membranes with 0.1 M HCl (pH 

1) for 20 min.   

Microscopic observation and image acquisition were performed using Zeiss-

Meta510, a CLSM equipped with Zeiss dry objective LCI Plan-Neofluar (20x 

magnification and numerical aperture of 0.5). The CLSM was equipped with detectors 

and filter sets for monitoring Alexa Fluor 633 bonded to ConA, SYTO 9, and PI stained 

cells (excitation wavelengths of 633, 568 and 488 nm, respectively). CLSM images were 

generated using the Zeiss LSM Image Browser. Images were analyzed, and the specific 

biovolume per membrane area (μm3/μm2), average thickness (μm) and roughness 

coefficient [180] of the biofilm layer were determined by COMSTAT [181], an image 



32 

processing software written as a script in MatLab 6.5 (The Math Works, Inc., Natick, 

MA) and equipped with an image-processing tool box. For every sample, five to six 

positions on the membrane were chosen and microscopically observed, acquired, and 

analyzed. Three-dimensional reconstruction of the CLSM image stacks was carried out 

using Imaris software (Imaris Bitplane, Zurich, Switzerland). 

2.3 Results and Discussion 

2.3.1 CBOH Monomer Synthesis 

 Protected monomer, CBtBu, was synthesized successfully. Figure 2.5 depicts 

typical 1H-NMR and 13C-NMR spectra of CBtBu. Yield was approximately 85 mol% 

with approximately 85% purity as determined by NMR. Cao et al. [94] provided an 

interpretation for each NMR spectrum, however an interpretation is provided based on 

the results obtained from the experiments described. The following is the interpretation of 

the 1H-NMR spectrum in Figure 2.5A, with lowercase letters assigned to identify each 

proton type as assigned in the image: 1.49 (a), 1.94 (i), 3.55-3.66 (c), 3.74-4.07 (d), 4.22-

4.24 (b), 4.48-4.70 (f), 4.74-4.78 (e), 5.62-5.63 (h), 6.18 (g), 7.28 (residual chloroform). 

The following is the interpretation of the 13C-NMR spectrum in Figure 2.5B, with 

lowercase letters assigned to identify each carbon type as assigned in the image: 18.30 (l), 

27.94 (a), 53.8-54.5 (e), 62.57 (d), 63.51 (g), 65.19 (f), 65.81 (h),76.5-77.5 (residual 

chloroform), 85.41 (b), 126.90 (j), 135.37 (k), 163.34 (i), 166.99 (c). 
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Figure 2.5. (A) 1H-NMR spectrum and (B) 13C-NMR spectrum of protected monomer 
CBtBu. CBtBu was dissolved in chloroform-d at a concentration of 50 mg/mL. 
Lowercase letters were assigned to each proton and carbon type as specified in each 
spectrum. 
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The protected monomer, CBtBu, was deprotected successfully to become CBOH. 

Figure 2.6 depicts typical 1H-NMR and 13C-NMR spectra of CBOH. Yield was 

approximately 80 mol% with approximately 85% purity as determined by NMR. Cao et 

al. [94] provided an interpretation for each NMR spectrum, however an interpretation is 

provided based on the results obtained from the experiments described. The following is 

the interpretation of the 1H-NMR spectrum in Figure 2.6A, with lowercase letters 

assigned to identify each proton type as assigned in the image: 1.88-1.89 (h), 3.26-3.41 

(b), 3.64-3.94 (c), 4.11-4.24 (a), 4.23-4.33 (e), 4.39-4.59 (d), 4.79 (residual water), 5.70-

5.72 (g), 6.11-6.13 (f). The following is the interpretation of the 13C-NMR spectrum in 

Figure 2.6B, with lowercase letters assigned to identify each carbon type as assigned in 

the image: 17.30 (j), 53.1-53.7 (c), 62.11 (e), 63.83 (d), 65.30 (f), 66.33 (b), 127.43 (h), 

135.34 (i), 167.12 (g), 168.97 (a). The peaks for the tert-butyl protecting group are gone, 

indicating that the monomer was deprotected successfully. 
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Figure 2.6. (A) 1H-NMR spectrum and (B) 13C-NMR spectrum of monomer CBOH. 
CBOH was dissolved in deuterium oxide at a concentration of 50 mg/mL. Lowercase 
letters were assigned to each proton and carbon type as specified in each spectrum. 
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2.3.2 PES Membrane Surface Modification  

Polyethersulfone membranes were surface modified using UV-graft 

polymerization. Even though PES is UV active by itself [182], initial work found that the 

polymerization rate of CBOH from unmodified PES membranes was slow. Therefore, 

benzophenone (BP) photo-initiator was entrapped in the PES membranes to increase the 

polymerization rate and chain density by increasing the number of reaction sites on the 

PES membranes [183]. Figure 2.7 shows the ATR-FTIR spectra of GE (A) and 

Microdyn-Nadir PM UP150 (B) PES membranes surface modified with various 

chemistries. The two unmodified membranes have different ATR-FTIR spectra due to the 

Microdyn-Nadir PM UP150 membrane being considered a hydrophilic PES membrane 

(see Figure 2.8). Most likely there is a coating or an additive on the Microdyn-Nadir PES 

membrane. PES membranes showed successful BP entrapping by the presence of its 

characteristic carbonyl stretching peak centered at about 1655 cm-1 (as indicated by the 

arrows on the right side in Figure 2.7). There is a slight evolution of a peak at about 1720 

cm-1 in the polymer modified membrane spectrum (as indicated by arrows on the left side 

in Figure 2.7), which would correspond to carbonyl stretching of the grafted polymer 

layer. The small carbonyl stretching peak at about 1720 cm-1 indicates a very thin 

grafting layer of each polymer. 
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Figure 2.7. ATR-FTIR spectra of (A) GE Osmonics PES membranes unmodified, BP 
entrapped, and modified by poly(CBOH), poly(SPE), and poly(PEGMA) and (B) 
Microdyn-Nadir PM UP150 PES membranes unmodified, BP entrapped, and modified by 
poly(SPE) and poly(CBOH). Scale bar represents (A) 0.02 absorbance units (a.u.) and 
(B) 0.05 absorbance units (a.u.). 
 

Figure 2.8A shows the water contact angle data for the GE PES membranes. The 

unmodified GE PES membranes had an average contact angle of 70°. The BP entrapped 

GE PES membranes showed a slight increase in water contact angle, while the polymer 

modified GE PES membranes showed a slight decrease in water contact angle. 

Statistically, using a t-test to compare the unmodified GE PES to the modified GE PES 

membranes, the BP entrapped and the poly(PEGMA) modified membranes are 

considered different from the unmodified membrane. Figure 2.8B shows the water 

contact angle data for the Microdyn-Nadir PES membranes. Microdyn-Nadir PM UP150 

PES membranes are more hydrophilic than most common PES membranes with an 

average water contact angle of 51° [184-186]. Interestingly, unlike the GE PES 
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membranes, the BP entrapped Microdyn-Nadir PES membranes had a significantly 

reduced water contact angle of 22°. The poly(CBOH) modified PES membranes had a 

water contact angle of 39°, which is similar to that of the poly(CBOH) modified silicon 

wafers. All three Microdyn-Nadir PES membrane data points are statistically different 

from each other, therefore indicating the membrane surface was further hydrophilized 

upon surface modification. 

 

Figure 2.8. Water contact angle of (A) unmodified and modified GE PES membranes 
and (B) unmodified and modified Microdyn-Nadir PM UP150 (MN) PES membranes. 
Error bars represent one standard deviation among at least three samples. 
 
 Figure 2.9 shows representative SEM images of the unmodified and surface 

modified Microdyn-Nadir PES membranes. The BP entrapped membranes in Figure 

2.9B shows a slightly different surface pore structure than the unmodified membranes in 

Figure 2.9A, most likely due to possible pore collapse from swelling in acetonitrile and 

subsequent collapse in water [187]. Poly(SPE) modified membranes showed a significant 

reduction in pore size as evidenced by the small pores seen in Figure 2.9C. Poly(CBOH) 
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modified membranes also showed a slight decrease in pore size in Figure 2.9D, however 

the pore size reduction is not as great as it was for the poly(SPE) modified membranes. 

 

Figure 2.9. SEM images of unmodified (A), BP entrapped (B), poly(SPE) modified (C), 
and poly(CBOH) modified (D) Microdyn-Nadir PM UP150 PES membranes.  Images 
were taken at 30k resolution and the scale bar represents 1 µm. 
 
2.3.3 Water Permeance of Membranes 

 Water permeance of the modified PES membranes was measured to ensure the 

membrane was not plugged during surface modification. Figure 2.10 shows the water 

permeability coefficient versus the modified PES membrane type. Figure 2.10A shows 

the results for the GE PES membranes. The unmodified GE PES had an average water 

permeance of 123 L/m2/h/bar. The modified membranes had a statistically significant 



40 

lower water permeance than the unmodified GE PES. The BP entrapped GE PES had an 

average water permeance of 65 L/m2/h/bar. This permeance reduction could be attributed 

to possible pore collapse due to the PES swelling in acetonitrile and subsequent collapse 

in water [187]. Poly(CBOH) modified, poly(SPE) modified, and poly(PEGMA) modified 

GE PES had average water permeances of 53, 31, and 26 L/m2/h/bar respectively. The 

further decrease in water permeance could be from increased resistance due to the grafted 

polymer layer on the surfaces and pore size reduction (as described in Section 2.3.2).  

Figure 2.10B shows the water permeance results for the Microdyn-Nadir PES 

membranes. The unmodified PES had an average water permeance of 915 L/m2/h/bar, 

which is similar to what has been reported in the literature [48, 185]. The BP entrapped 

PES had an average water permeance of 503 L/m2/h/bar, the poly(SPE) modified PES 

had an average water permeance of 22 L/m2/h/bar, and the poly(CBOH) modified PES 

had an average water permeance of 770 L/m2/h/bar. The error bars seem to indicate that 

the BP entrapped PES has a lower water permeance than the unmodified PES; however, a 

multiple mean hypothesis test shows that only the poly(SPE) modified Microdyn-Nadir 

PES was statistically different from the three other membrane types at 95% confidence. 

(All statistical analysis details are given in the Appendix A.) The decrease in water 

permeance in the poly(SPE) modified PES could be from increased resistance due to the 

grafted polymer layer on the surfaces and pore size reduction (as described in Section 

2.3.2). 
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Figure 2.10. Pure water permeability coefficient (L/m2/h/bar) versus modified membrane 
type for (A) unmodified, BP entrapped, and modified by poly(CBOH), poly(SPE), and 
poly(PEGMA) GE PES and (B) unmodified, BP entrapped, poly(SPE) modified, and 
poly(CBOH) modified Microdyn-Nadir PM UP150 PES membranes. Membranes were 
tested in direct-flow configuration and the testable membrane area was 14.6 cm2. Error 
bars represent one standard deviation among at least 4 samples. 
 
2.3.4 Bacteria Deposition on Membranes 

Bacteria deposition studies were performed on the surface-modified GE 

Osmonics PES membranes. GFP-tagged Pseudomonas fluorescens bacteria were injected 

parallel to the surface-modified PES membranes under conditions of no permeate flow 

and the number of bacteria adsorbed onto each membrane was counted as a function of 

time. The purpose of this study was to see how different surface modifications affected 

the bacteria interactions (adsorption characteristics) with the PES membranes. Table 2.1 

shows the bacteria deposition coefficients that were calculated from Equation 2.4 for 

each membrane type. As expected, unmodified PES had a higher bacteria deposition 

coefficient of 1.4 µm/min due to the hydrophobic nature of the unmodified GE PES 
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membranes (70° water contact angle [Figure 2.8A]). Even with a very thin surface 

modification layer on the PES (as described in Section 2.3.2), the bacteria deposition 

coefficient was reduced by approximately an order of magnitude with all modification 

types. Interestingly, the water contact angle of the dry polymer modified surfaces did not 

change much (only poly(PEGMA) modified PES had a statistically significant lower 

water contact angle [Figure 2.8A]), suggesting hydration of the grafted polymer layers 

upon immersion in water plays a more important role than hydrophilicity of the 

membrane surface, as indicated by water contact angle values. Poly(PEGMA) modified 

PES had the highest bacteria deposition coefficient of the modification layers with a 

value of 0.18 µm/min. Poly(SPE) modified PES had the next lowest bacteria deposition 

coefficient of 0.13 µm/min. Poly(CBOH) modified PES had the lowest bacteria 

deposition coefficient of 0.10 µm/min. The cause for the poly(CBOH) modified PES 

having the lowest bacteria deposition coefficient can be attributed to the increase in 

hydration upon immersion in water as well as the weaker hydrophobic interactions 

expected with bacteria as a result of a lower surface free energy as described in Section 

2.3.6. However statistically, all three modification layers on PES can be considered the 

same using a multiple mean hypothesis test (95% confidence). By this same test, all three 

are statistically different from the unmodified PES. These data show that even a thin 

modification layer could reduce the frequency of membrane cleanings. 
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Table 2.1. Pseudomonas fluorescens deposition (mass transfer) coefficients of 
unmodified GE Osmonics PES membranes and membranes modified with poly(CBOH), 
poly(SPE), and poly(PEGMA) by UV polymerization. Uncertainties represent one 
standard deviation among at least four different membrane samples. 

Sample kd (µm/min) 
Unmodified PES 1.4 ± 0.33 

poly(CBOH) modified 0.10 ± 0.07 
poly(SPE) modified 0.13 ± 0.07 

poly(PEGMA) modified 0.18 ± 0.07 
 
2.3.5 Switching Characteristics of Poly(CBOH) 

 A unique feature of CBOH (monomer or polymer) is that it can switch reversibly 

between the anti-fouling, zwitterion mode (CBOH) and an anti-microbial, quaternary 

amine mode (CB-Ring). NMR was used to show that the CBOH monomer switches to 

the CB-Ring. Fundamental studies were done using silicon wafer substrates to assess the 

polymer switching characteristics. Silicon wafers were chosen for this phase of the work 

to enable characterization of layer thicknesses by ellipsometry and to determine the 

switching pH and switching time without the concern of membrane degradation in low 

pH environments. CBOH was polymerized from silicon wafers using the graft-from 

ATRP method. FTIR was used to track the changes in surface chemistry. Silicon dioxide 

thickness was 1.8 nm, PGMA thickness was 8-12 nm, BPA thickness was 3-5 nm, and 

poly(CBOH) thickness was 45-70 nm. 

2.3.5.1 Demonstration of Monomer Switching 

 Figure 2.11 depicts the 1H NMR and 13C NMR spectra of CB-Ring. Cao et al. 

[94] provided an interpretation for each NMR spectrum, however an interpretation is 

provided based on the results obtained from the experiments described. The following is 
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the interpretation of the 1H-NMR spectrum in Figure 2.11A, with lowercase letters 

assigned to identify each proton type as assigned in the image: 2.10 (h), 3.57 (sarcosine 

impurity of protons attached to terminal carbon(s) on the nitrogen), 3.69 (a), 4.05-4.38 

(c), 4.49 (sarcosine impurity of protons attached to the carbon between the nitrogen and 

the carbonyl), 4.58-4.88 (b and e), 5.58-5.63 (d), 5.96 (g), 6.41 (f), 11.50 (residual 

trifluoroacetic acid). The following is the interpretation of the 13C-NMR spectrum in 

Figure 2.11B, with lowercase letters assigned to identify each carbon type as assigned in 

the image: 18.79 (j), 54.46 (a), 56.68 (sarcosine impurity of terminal carbons attached to 

the nitrogen), 59.35 (d), 61.01 (f), 63.45 (e), 65.53 (sarcosine impurity of carbon between 

the nitrogen and the carbonyl), 75.50 (b), 111.4-122.7 (residual trifluoroacetic acid), 

132.03 (h), 137.00 (i), 163.3-165.1 (residual trifluoroacetic acid), 165.52 (g), 170.23 

(sarcosine impurity of the carbon in the carbonyl), 172.63 (c). The sarcosine impurities 

are seen only in this set of spectra because the switching was tested with a less pure 

sample as compared to the CBtBu and CBOH NMR spectra. Notice how each spectrum 

changed drastically from CBOH to CB-Ring, indicating a successful change in structure 

from CBOH to CB-Ring. 
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Figure 2.11. (A) 1H-NMR spectrum and (B) 13C-NMR spectrum of switched monomer 
CB-Ring. CBOH was dissolved in trifluoroacetic acid-d at a concentration of 50 mg/mL 
for 4 h before spectra was recorded. Lowercase letters were assigned to each proton and 
carbon type as specified in each spectrum. 
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2.3.5.2 Demonstration of Polymer Switching 

Figure 2.12 shows the FTIR spectra demonstrating the successful grafting of 

poly(CBOH), successful switching to poly(CB-Ring), and successful switching back to 

poly(CBOH). The main peaks of interest to see the changes in surface chemistry are 

those from 1600 to 1800 cm-1 assigned to carbonyl stretching and those from 1150 to 

1200 cm-1 assigned to C-O stretching. The peak at 1730 cm-1 in the BPA-modified 

spectrum is assigned to carbonyl stretching in PGMA and BPA. After poly(CBOH) 

grafting, the same peak at 1730 cm-1 increases in intensity, which corresponds to 

carbonyl stretching in the ester group next to the carbon backbone of the polymer. The 

new peak at 1640 cm-1 corresponds to the carboxylate anion of the poly(CBOH) 

zwitterion, indicating successful grafting of CBOH from the silicon wafers. Interestingly, 

the CBOH carboxylate anion peak shifted from 1705 cm-1 on PES membranes to 1640 

cm-1 on silicon wafers. To test if the poly(CBOH) zwitterion switched to poly(CB-Ring), 

the poly(CBOH) modified silicon wafers were placed in pure TFA. The shift in the 

carbonyl stretching peak from 1640 cm-1 to 1680 cm-1 indicates a successful switch from 

poly(CBOH) to poly(CB-Ring). Also, the large increase in peak area at approximately 

1150 cm-1 to 1200 cm-1 (assigned to C-O stretching) further supports successful switching 

from the carboxylate anion of poly(CBOH) (weak C-O stretching) to the acetate ester of 

poly(CB-Ring) (strong C-O stretching) [188]. The poly(CB-Ring) modified wafers were 

then placed in water to switch back to poly(CBOH). The spectrum for poly(CBOH) was 

fully recovered, indicating that switching was reversible. 
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Figure 2.12. FTIR spectra of silicon wafers surface modified with initiator (BPA), 
poly(CBOH), poly(CB-Ring) (poly(CBOH) after immersion in TFA for 1 h), and 
poly(CBOH) after poly(CB-Ring) (poly(CB-Ring) after immersion in deionized water for 
1 h). Poly(CBOH) layer thickness was approximately 60 nm. Scale bar represents 0.02 
absorbance units (a.u.). 
 
2.3.5.3 Determination of Switching pH 

Poly(CBOH) modified silicon wafers were placed in solutions of various pH 

values for 1 h to study poly(CBOH) switching to poly(CB-Ring). As described by Cao et 

al. [93], the first step in the switching mechanism is protonation of the carboxylate anion, 

which requires a decrease in pH. Therefore, the solution pH was decreased from pH 7 in 

0.5 increments until switching was observed by FTIR. Figure 2.13 shows the FTIR 

spectra of the poly(CBOH) modified silicon wafers after immersion in deionized water, 

pure TFA, and TFA/water solutions at pH values of 0.6, 1, and 1.5 for 1 h. Switching 

started to occur at pH 1.5, however there was incomplete switching, as indicated by the 

presence of peaks at 1680 cm-1 and at 1640 cm-1 assigned to poly(CB-Ring) and 
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poly(CBOH). Also, the peak area change is noticeable at 1150 cm-1 (assigned to C-O 

stretching), but not as large as for poly(CB-Ring) from pure TFA, further indicating 

switching is incomplete. When the pH was reduced to 1, the area of the peak at 1640 cm-1 

reduced significantly, and the area of the peak at 1150 cm-1 increased significantly, 

indicating almost complete switching to poly(CB-Ring). There was little difference 

between the spectra at pH 0.6 and pH 1. The poly(CBOH) carbonyl peak at 1640 cm-1 is 

barely seen in pH 0.6 and pH 1 spectra indicating almost complete switching. 

Interestingly, the pKa value of the sarcosine acid group is 2.1 [189]. It appears that this 

pKa value decreases (indicating an increase in acidity of the acid groups) by a full unit as 

a result of quaternization of the amine group on sarcosine during monomer synthesis 

[190], perhaps because the quaternary amine is a strong electron-withdrawing group near 

the carboxylic acid group. While using pH 1 cleaning solutions is not unprecedented, it 

may be desirable to carry out membrane cleaning under less aggressive conditions. 
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Figure 2.13. FTIR spectra of poly(CBOH) modified silicon wafers after being immersed 
in deionized water, TFA, and TFA/water solutions at pH values of 0.6, 1.0, and 1.5 for 1 
h. The evolution of the peak at 1680 cm-1 and the increase in peak area at 1150 cm-1 
indicates conversion from poly(CBOH) to poly(CB-Ring). Poly(CBOH) layer thickness 
is approximately 60 nm. Scale bar represents 0.02 absorbance units (a.u.). 
 
2.3.5.4 Determination of Switching Times 

Cao et al. [93, 94] report the switching kinetics for the monomer in solution, but 

not for the polymer modified gold surfaces used in their study. Poly(CBOH) modified 

silicon wafers were placed in a TFA/water solution of pH 1 for various times to 

determine the time required to switch from poly(CBOH) to poly(CB-Ring). Figure 

2.14A shows the FTIR spectra of the poly(CBOH) modified silicon wafers in pH 1 

solution for various times. Fifteen minutes (0.25 h) was sufficient to see complete 

switching, i.e., the peak at 1640 cm-1 assigned to carbonyl stretching in poly(CBOH) was 

absent and the peak area at 1150 cm-1 assigned to C-O stretching was greatly increased. A 

typical cleaning process for membranes lasts 30 min to 1 h [191, 192], so a switching 
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time of 15 min is practical. Poly(CB-Ring) modified silicon wafers were placed in 

deionized water for various times to determine the time required to switch from poly(CB-

Ring) to poly(CBOH). Figure 2.14B shows the FTIR spectra of the poly(CB-Ring) 

modified silicon wafers in water for various times. Again, 0.25 h was sufficient to see 

complete switching, as evidenced by the lack of a peak at 1680 cm-1 assigned to carbonyl 

stretching in poly(CB-Ring) and the decrease in peak area at 1150 cm-1 assigned to C-O 

stretching. 

 

Figure 2.14. FTIR spectra of (A) poly(CBOH) modified silicon wafers conversion to 
poly(CB-Ring) by immersion in a TFA/water solution of pH 1.0 for 0 h, 0.25 h, and 0.5 h 
and (B) poly(CB-Ring) modified silicon wafers conversion to poly(CBOH) by immersion 
in deionized water for 0.1 h, 0.25 h, and 0.5 h. Poly(CBOH) layer thickness is 
approximately 60 nm. The scale bar in each figure represents 0.01 absorbance units (a.u.). 
 
2.3.5.5 Demonstration of Polymer Layer Stability 

 To test if the switching mechanism would hold over numerous cycles, the surface 

of a polymer-modified silicon wafer was switched over 50 cycles. Each cycle comprised 
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placing the poly(CBOH) modified silicon wafer in pure TFA for at least 0.33 h to switch 

to poly(CB-ring) and then in deionized water for at least 0.33 h to switch back to 

poly(CBOH). Figure 2.15 shows the FTIR spectra of the wafers after switching 1, 10, 

and 50 cycles. Switching was confirmed by the shift in the carbonyl stretching peak from 

1640 cm-1 to 1680 cm-1 and the large increase in peak area from approximately 1150 cm-1 

to 1200 cm-1 (assigned to C-O stretching). The switchability remained after 50 cycles, 

showing that this chemistry can withstand many cleaning cycles. 

 

Figure 2.15. FTIR spectra of silicon wafers surface modified with poly(CBOH), 
poly(CB-Ring)  (prepared by immersion of the poly(CBOH) sample in TFA for 0.33 h), 
and poly(CBOH) (prepared by immersion of the poly(CB-Ring) sample in deionized 
water for 0.33 h). The number of cycles of switching from poly(CBOH) to poly(CB-
Ring) back to poly(CBOH) are shown in the legends of (A) 0-1, (B) 9-10, and (C) 49-50. 
Poly(CBOH) layer thickness is approximately 60 nm. Scale bar represents 0.01 
absorbance units (a.u.). 
 
2.3.6 Surface Free Energy Measurements 

Surface free energies (SFEs) were calculated for poly(CBOH) modified silicon 

wafers and poly(CB-Ring) modified silicon wafers by measuring the contact angle of 

water and diiodomethane on each surface. Table 2.2 presents the SFE data based on the 

Owens-Wendt method. Also included are the contact angle data for PEG and three other 
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common zwitterions on silicon wafers for comparison [175, 193]. SFE is a measure of the 

“stickiness” of a surface, and thus the lower the SFE, the lower the potential for foulants 

to adsorb to the surface. While the other zwitterions are more hydrophilic than CBOH as 

indicated by their lower water contact angles, CBOH has a lower affinity (higher contact 

angle) towards diiodomethane than all but PDMAB. This implies that CBOH could have 

weaker hydrophobic interactions with biopolymers/microorganisms than the other 

zwitterions, which would improve its effectiveness as an anti-fouling coating. Both the 

poly(CBOH) and the poly(CB-Ring) modified silicon wafers had lower SFEs than any of 

the common anti-fouling coatings. Thus, coating membranes with the poly(CBOH) 

chemistry was expected to improve biofouling resistance. 

Table 2.2. Water and diiodomethane contact angles for silicon wafers modified with 
poly(CBOH) and poly(CB-Ring). Contact angle data are included for common 
antifouling chemistries: PEG, PMAPS (sulfobetaine zwitterion), PDMAB 
(carboxybetaine zwitterion), and PMPC (phosphobetaine zwitterion) on silicon wafers. 
Surface energy calculations are based on the Owens-Wendt method. Uncertainties 
represent the data range from at least 3 measurements or the error values reported in the 
articles cited.  

 
Contact Angle 

(degree) 
Surface energies 

(mJ/m2) 

 Water CH2I2 Dispersive Polar Total 
poly(CBOH) 41 ± 1 40 ± 1 30 ± 1 29 ± 1 59 ± 1 

poly(CB-Ring) 42 ± 4 50 ± 1 25 ± 0 31 ± 3 57 ± 2 
PEG [193] 39 ± 1 14 ± 3 40 ± 1 24 ± 1 64 ± 1 

PMAPS [175] 11 ± 2 30 ± 2 32 ± 1 41 ± 1 73 ± 1 
PDMAB [175] 16 ± 1.5 40 ± 2 28 ± 1 42 ± 2 71 ± 1 
PMPC [175] < 3 27 ± 2 34 ± 1 41 ± 1 75 ± 1 

 
2.3.7 Biofilm Studies on Membranes 

 Biofilm studies were performed on unmodified, poly(CBOH) modified, and 

poly(SPE) modified Microdyn-Nadir PES membranes. Biofilm of a known biofouling 
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bacterium (Sphingomonas wittichii RW1) [194] was grown under conditions promoting 

rapid/strong biofilm growth by providing enrichment of nutrients for biofilm 

development on unmodified, poly(CBOH) modified, and poly(SPE) modified Microdyn-

Nadir PES membranes, and the characteristics of each biofilm were determined. Anti-

microbial effects of the grafted layer due to the switching of the poly(CBOH) zwitterion 

to poly(CB-Ring) quaternary amine were evaluated by conducting an analysis of the 

biofilm components (live cells, dead cells and EPS) with CLSM before and after 20 min 

exposure to 0.1 M HCl (pH 1). Data were compared to a control membrane that was 

modified by grafting a poly(SPE), "non-switchable" zwitterion layer. Figure 2.16 shows 

representative biofilm images on unmodified, poly(CBOH) modified, and poly(SPE) 

modified PES membranes. Table 2.3 shows the volumetric quantification of the biofilm 

components (live cells, dead cells, and EPS) for all three membrane types (no acid rinse). 

The biovolume per membrane area (live and dead cells) was reduced greatly upon surface 

modification of the PES membranes from 42 µm3/µm2 to 19 µm3/µm2 (poly(CBOH) 

modified) and 21 µm3/µm2 (poly(SPE) modified) (Figure 2.16 and Table 2.3). These 

results can be seen in Figure 2.16 where white spots indicate the membrane surface that 

is devoid of biomass. The corresponding average thickness of biomass was reduced from 

70 µm to 36 µm (poly(CBOH) modified) and 39 µm (poly(SPE) modified). 
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Figure 2.16. CLSM images of the biofilm development by Sphingomonas wittichii RW1 
on poly(CBOH) modified (top, A-B), poly(SPE) modified (middle, C-D) and pristine 
(bottom, E) Microdyn-Nadir PM UP150 PES membrane. Red, blue and green represent 
non-viable bacteria, EPS and viable bacteria. Figure 2.16A, 2.16C, and 2.16E represents 
biofilm on poly(CBOH) modified, poly(SPE) modified, and unmodified PES membrane 
respectively; while 2.16B and 2.16D indicates biofilm formation on the acid treated 
poly(CBOH) modified and poly(SPE) modified PES membrane, respectively.  The deep 
orange color indicates overlapping zone of dead and live cells. Images are 635 µm × 635 
µm and the scale bar represents 100 µm. 
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Table 2.3. Biofilm volumetric quantification (biovolume per membrane area, biomass 
thickness, and biomass roughness coefficient) for each component of the biofilm 
formatted by Sphingomonas wittichii RW1 on unmodified, poly(CBOH) modified and 
poly(SPE) modified Microdyn-Nadir PM UP150 PES membranes. Uncertainties 
represent one standard deviation amongst at least five data points. 

 
Table 2.4 shows the volumetric quantification of the biofilm components (live 

cells, dead cells, and EPS) for the poly(CBOH) modified and poly(SPE) modified PES 

membranes after exposing the biofilms to 0.1 M HCl for 20 min. After acid exposure, the 

biovolume of dead cells was elevated significantly only for the poly(CBOH) modified 

membrane (from 4.7 to 9.3 µm3/µm2), and the dead to live cells ratio increased from 0.33 

to 1.04 (Figure 2.16 and Tables 2.3 and 2.4). A larger number of dead cells and a 

smaller number of live cells were detected after rinsing with 0.1 M HCl only on the 

poly(CBOH) modified PES membrane (Figure 2.16 and Tables 2.3 and 2.4). The EPS 

material was quantified with the fluorescently labeled ConA. EPS biovolume was 

determined to be statistically different only for the poly(CBOH) modified membrane, and 

EPS biomass thickness for poly(CBOH) and poly(SPE) modified membranes were 

Membrane Unmodified PES poly(CBOH)-PES poly(SPE)-PES 

  dead live EPS dead live EPS dead live EPS 

Biovolume 
(µm

3
/µm

2
 

membrane) 
16.7 ± 2.5 25.2 ± 1.7 4.0 ± 0.8 4.7 ± 1.3 14.0 ± 2.6 2.2 ± 1.2 6.8 ± 1.6 14.7 ± 3.0 3.7 ± 0.4 

Biomass 
Thickness 

(µm) 
33.5 ± 4.4 36.5 ± 4.4 13.7 ± 2.6 9.6 ± 3.6 26.5 ± 5.1 3.1 ± 1.4 12.5 ± 2.8 26.7 ± 6.9 5.1 ± 2.3 

Biomass 
Roughness 
Coefficient 

0.1 ± 0.0 0.07 ± 0.0 1.2 ± 0.1 1.4 ± 0.7 0.1 ± 0.1 1.8 ± 1.5 1.0 ± 0.4 0.2 ± 0.2 1.4 ± 1.0 
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determined to be statistically different from the unmodified membrane. The reductions in 

dead and live biovolume and biomass thickness on the poly(CBOH) and poly(SPE) 

modified membranes (before exposure to 0.1 M HCl) relative to unmodified membrane 

were found to be statistically different at the 95% confidence level (Table A-1). The 

reduction in biomass on the poly(CBOH) and on the poly(SPE) modified PES 

membranes can be attributed to the increase in hydrophilicity and hydration of the grafted 

zwitterion layers (Figure 2.8B). Also, the elevation of dead cell biovolume and thickness 

and the reduction of live cell biomass thickness on the poly(CBOH) modified membranes 

before and after exposure to 0.1 M HCl were found to be statistically different at the 95% 

confidence level based on a two-tailed t-test (Table A-2). The dead and live cell 

biovolume and the live cell biomass thickness on the poly(SPE) modified membranes 

before and after exposure to 0.1 M HCl were found to be statistically the same at 95% 

confidence (Table A-3). While the overall number of cells and EPS on the poly(CBOH) 

modified and poly(SPE) modified PES membranes did not change after exposure to 0.1 

M HCl (Tables 2.3 and 2.4), biofilm mortality was higher on the poly(CBOH) coated 

membrane. Acid washing with a pH 1.0 solution was expected to increase the biofilm 

mortality by itself. Therefore, the control of using another low-fouling zwitterion like 

poly(SPE) was necessary to determine if there was a significant enhancement in biofilm 

mortality after acid washing. This mortality, expressed as the dead to live cells ratio, was 

likely enhanced by the anti-microbial, quaternary amine group of the poly(CB-ring) layer 

(Figure 2.4) upon exposure to the pH 1.0 acid solution, since no enhancement was found 

for the non-switchable poly(SPE) coated membrane. 
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Table 2.4. Biofilm volumetric quantification (biovolume per membrane area, biomass 
thickness, and biomass roughness coefficient) for each component of the biofilm 
formatted by Sphingomonas wittichii RW1 on poly(CBOH) modified and poly(SPE) 
modified Microdyn-Nadir PM UP150 PES membranes after pH 1.0 acid treatment for 20 
min. Uncertainties represent one standard deviation among at least eight data points. 

Membrane 
after  

Acid treatment  
(pH 1) 

poly(CBOH)-PES poly(SPE)-PES 

  dead live EPS dead live EPS 

Biovolume 
(µm3/µm2 

membrane) 
9.4 ± 2.5 8.9 ± 7.8 1.9 ± 1.8 8.2 ± 2.5 13.9 ± 3.4 1.0 ± 0.9 

Biomass 
Thickness (µm) 17.7 ± 4.4 14.7 ± 10.4 3.0 ± 2.9 17.0 ± 4.3 25.9 ± 6.1 0.2 ± 0.1 

Biomass 
Roughness 
Coefficient 

0.7 ± 0.4 0.8 ± 1.0 1.9 ± 0.7 0.8 ± 0.5 0.1 ± 0.09 2.0 ± 0.01 

 
Interestingly, the total biomass roughness was much higher for poly(CBOH) 

modified and poly(SPE) modified PES membranes (both before and after exposure to 0.1 

M HCl) than for unmodified PES membranes. A possible reason is because there is a 

more fully developed biofilm on the unmodified membranes, which would present a 

smoother surface than a patchy, less well developed biofilm on the poly(CBOH) 

modified and poly(SPE) modified membranes (as it appears in Figure 2.16) [195]. This 

patchiness of the biofilm on the poly(CBOH) modified and poly(SPE) modified 

membranes shows a slower rate of biofilm development on the modified membranes, 

further indicating the modification layers effectiveness towards biofouling control. 
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2.4 Conclusions 

 A method was developed for applying a new type of zwitterionic surface 

chemistry onto polyethersulfone ultrafiltration membranes to reduce membrane 

biofouling. Poly(CBOH) modified PES membranes reduced the bacteria deposition 

coefficient by an order of magnitude from unmodified PES, and less than half the amount 

of biofilm biomass was developed onto the modified membrane surface compared to the 

unmodified membrane. The enhanced fouling resistance of the poly(CBOH) modified 

PES membranes is attributed to the increase in surface hydrophilicity and hydration of 

the grafted polymer layer. A unique feature of this chemistry is its ability to switch from 

zwitterionic to cationic states. The short time required to switch from a low fouling 

zwitterion surface to an antimicrobial quaternary amine surface is practical for use. 

Biofilm mortality was elevated once the anti-fouling poly(CBOH) zwitterion was 

switched to the anti-microbial, poly(CB-Ring) quaternary amine. 
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CHAPTER THREE 

INFLUENCE OF CHEMICAL COATING COMBINED WITH NANOPATTERNING 
ON ALGINATE FOULING DURING NANOFILTRATION 

 
[As published in the Journal of Membrane Science 513 (2016) 146-154 with minor 

revisions] 
 

3.1 Introduction 

Membrane biofouling refers to the attachment or adsorption of biopolymers or 

organisms onto the membrane surface or within the membrane pores. It is a major 

hindrance to membrane usage [7, 168], causing a transient flux decline or pressure 

increase and a decrease in salt rejection. Fouled membranes require chemical cleaning, 

which shortens the membrane life and greatly increases membrane operating cost [9]. 

Biofouling is one of multiple steps in the process that leads to biofilm formation [6]. In 

this process, a conditioning film is adsorbed to the surface, typically comprising 

macromolecules from the solution or macromolecules secreted from bacteria. This 

conditioning of the surface provides favorable conditions for bacteria to adsorb or attach 

onto the surface, where they grow and form colonies, eventually leading to a biofilm. 

 Biofouling reduction/elimination on membranes has been a common topic in the 

literature. Specifically, surface modification of membranes is a common strategy [11], 

with numerous studies describing the use of chemical treatments and coatings. Anti-

fouling coatings are designed to make the membrane surface less favorable for bacterial 

attachment; e.g., by making the surface more hydrophilic, by including hydrogen-bond 

acceptors, by excluding hydrogen-bond donors, and by having an overall neutral 

electrical charge [12, 17]. Examples of widely studied antifouling coatings include 
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poly(ethylene glycol) (PEG) due to its high degree of hydration [29, 196], and 

zwitterions, which are net charge neutral molecules that have positive and negative 

charge groups that can form a strong hydration layer that excludes biopolymers and 

bacteria [19]. Three zwitterions of interest are carboxybetaine [45], sulfobetaine [100], 

and phosphobetaine [55], with sulfobetaine being the most commonly used in the 

literature.  

 Another common strategy involves coating membranes with anti-microbial agents 

that are able to kill bacteria. Coatings with quaternary amine groups are common and are 

thought to disrupt the cell membrane allowing release of intracellular contents causing 

cell death [61, 66]. Graphene oxide and carbon nanotubes have shown promise by 

deactivating bacteria upon contact with these surfaces [75, 76]. Also, silver nanoparticles 

have been incorporated into membranes, making anti-microbial membranes that severely 

damage the bacteria cell membrane [71, 73]. 

 A more recent area of interest has been physical modification of surfaces with a 

specific, ordered pattern to disrupt the hydrodynamic boundary layer at the surface, 

making foulants less likely to adhere. One of the first designs, coined Sharklet™ [107, 

113, 130], used micron-scale patterns that mimic shark skin. Other groups have placed 

micro-patterned posts [144] and an imprinted spacer design [126] on membrane surfaces 

in an attempt to reduce biofouling. Micro-patterned hollow fibers also have been of 

interest with patterning on the outer skin of the hollow fiber to reduce fouling [150, 151, 

197]. Other micro-patterns applied onto membranes to reduce fouling include line and 

groove patterns [145], pyramids [139], and prisms [142]. Nano-scale line and groove 



62 

patterns have been applied onto membranes to reduce protein fouling [153], colloidal 

particle fouling [103, 152], and gypsum scaling [198]. 

 This chapter of my dissertation contributes a method for applying both a chemical 

coating and a nano-pattern to a membrane surface. First, a nano-scale line and groove 

pattern was applied to a polyamide thin-film composite membrane by thermal embossing. 

Next, poly(ethylene glycol) diglycidyl ether (PEGDE) was reacted onto the membrane as 

a PEG-based chemical coating. The membranes were tested for flux and salt rejection 

pre- and post-modification in a cross-flow system. Alginate was used as a model 

biopolymer foulant material [199]. To my knowledge, this study is the first to combine 

chemical and physical modification of a membrane surface to enhance biofouling 

resistance, but not the first time these two methods have been combined on a surface 

[200]. It also is the first to demonstrate the successful, direct thermal embossing of a 

nano-pattern onto a polyamide thin-film composite membrane.  

3.2 Materials and Methods 

3.2.1 Materials 

 Magnesium sulfate (MgSO4, ≥ 99.5%), PEGDE (Mn = 500 Da), sodium alginate 

(from brown algae), and sodium chloride (NaCl, ≥ 99%) were used as received from 

Sigma Aldrich. Calcium chloride dihydrate (CaCl2⋅2H2O) was used as received from 

Fisher Scientific. Aqueous solutions were made with deionized water from a Milli-Q 

water purification system (EMD Millipore). 

 Polyamide thin-film composite nanofiltration (NF) membranes (GE HL series) 

were purchased from Sterlitech Corporation. This membrane consists of a polyester 
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fabric backing, a polyethersulfone support layer, and a semi-aromatic (piperazine-

trimesoyl chloride based) polyamide selective layer [201]. 

3.2.2 Membrane Surface Modification 

3.2.2.1 Patterning the Membrane 

 Figure 3.1 illustrates the two-step process of patterning the membrane and 

applying a chemical coating to the membrane surface. The silicon line and groove stamps 

used to pattern the membranes were purchased from LightSmyth Technologies, Inc. The 

stamps were specified to have a 606 nm period between peaks, a 190 nm groove depth, 

and a 303 nm line width. A 29 mm × 12 mm stamp was used to prepare membranes for 

physiochemical characterization and salt rejection experiments. A 29 mm × 24 mm stamp 

was used to prepare membranes for the alginate fouling experiments.  A Carver press 

(AutoFour/1512H model) was used to emboss the membranes with the stamp/wafer. 

First, the press plates were heated to 45 °C. A small aluminum plate was placed on the 

bottom press plate, the membrane was placed on top of the aluminum plate with 

polyamide surface facing up, and then the silicon stamp was placed on top of the 

polyamide surface with the stamp features facing the polyamide surface. A 30 cm × 30 

cm Kimwipe was folded into 1/16th its original size and placed on top of the stamp to act 

as a “cushion” to help prevent the stamp from breaking. Another small aluminum plate 

was placed on top of the Kimwipe. The press plates were closed at 25% pump speed until 

the force was 6670 N. A force was maintained at 6670 ± 1330 N, which was found to be 

sufficient for patterning without damaging the silicon stamps. After 20 min, the press was 
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released and the stamp was removed from the membrane, leaving a patterned membrane 

surface. 

 

Figure 3.1. Methodology of combining chemical coating and physical patterning on a 
membrane surface by deformation (i.e., embossing) of the membrane substrate. The 
chemical coating is a poly(ethylene glycol) diglycidyl ether aqueous solution. 
 

Control experiments were done to study the effect of the thermal compression 

alone. For the control process, a 29 mm × 10 mm flat silicon wafer from Nova Electronic 

Materials was used to prepare membranes for physiochemical characterization and salt 

rejection experiments. A 29 mm × 24 mm flat silicon wafer from UniversityWafer, Inc. 

was used to prepare membranes for the alginate fouling experiments. 

3.2.2.2 Chemically Coating the Membrane 

PEGDE was used to modify the membrane surface chemically. Aqueous solutions 

of 5 wt% and 15 wt% PEGDE were used. A control experiment was done using DI water. 

The reaction process followed that given by Van Wagner et al. [196] with minor 

modifications. Aluminum foil tape was placed on the membrane edges to create a 

solution boundary. Next, the reaction solution was heated to 42 ± 2°C by a hot plate and 

approximately 0.2 g/cm2 membrane of solution was pipetted onto the membrane such that 

the whole membrane surface area was contacted by the solution. The solution was 
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allowed to react on the membrane for 10 min, and then the membrane was rinsed in DI 

water. The membranes used for the cross-flow filtration experiments were stored in DI 

water until use. The membranes used for physicochemical characterization were patted 

dry and then dried fully under vacuum at 20-25°C and -0.78 to -0.95 barg. In all cases, 

the entirety of the membrane testable area was modified with the desired reaction 

solution. 

3.2.3 Membrane Characterization Techniques 

3.2.3.1 Atomic Force Microscopy 

 Atomic force microscopy (AFM) was used to observe the surface morphology of 

the stamps and the membranes. Images were obtained using a Bioscope AFM (Bruker, 

Inc.) with NanoScope IIIa controller equipped with Nanoscope version 5.32R1 software. 

Silicon cantilevers (MikroMasch, Inc., HQ:NSC16/AL BS) were used as probes for the 

non-contact tapping mode measurements. AFM images were taken with a 256 × 256 

pixel resolution over 20 μm × 20 μm or 5 μm × 5 μm areas at a scan rate of 0.5 Hz. The 

section analysis feature of the software was used to determine peak heights and peak 

periods (peak-to-peak distances). 

3.2.3.2 Laser Measuring Microscopy 

 An Olympus LEXT OLS4000 3D laser measuring microscope (software version 

2.2.3) was used to take images of the stamps and the patterned membrane surfaces on a 

larger scale than the AFM. Images were taken with 50x and 100x objective lenses at 

varying optical zooms (1x-8x). Surface roughness measurements were attained using the 
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50x objective with a 4x optical zoom (~0.004 mm2 area). Surface roughness data were 

obtained as the root mean square (RMS) height of the surface.  

3.2.3.3 ATR-FTIR 

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 

was used to characterize the surface chemistry of the pristine and chemically modified 

membranes. These measurements were done to detect that PEDGE had been grafted onto 

the membrane surface. Spectra were obtained using a Thermo Scientific Nicolet Nexus 

870 FTIR ESP with a zinc selenide ATR crystal. Data were processed by OMNIC 

8.3.103 software (Thermo Scientific). Each spectrum was collected at 128 scans at a 

resolution of 4 cm-1, corrected with the ATR correction on software, and manually 

baseline corrected. A background of the crystal was taken before each set of samples was 

tested. 

3.2.3.4 Static Water Contact Angle 

 The water contact angle of PEGDE modified membranes was measured using a 

Krüss Drop Shape Analysis System (product DSA 10-Mk2 equipped with software 

version DSA 1.80.0.2).  Three microliters of DI water was placed onto the membrane 

surface and was allowed to equilibrate for 60 s.  After the 60 s, the contact angle was 

measured using the software and recorded. 

3.2.4 Membrane Performance Testing 

A custom cross-flow cell was manufactured by Clemson Machining and 

Technical Services for all membrane performance testing. Figure 3.2 shows an 

AutoCAD schematic of the cell. The drawing includes the two ports for the feed and the 
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concentrate, the single permeate port, the two o-rings for sealing purposes, and the four 

placements for screws to tighten the cell together.  The testable membrane area, 5.6 cm2, 

is set by the inner o-ring. The two small circles on the drawing are pin placements to help 

ensure proper alignment of the cell pieces. The test cell was made from acrylic and can 

withstand pressures up to 27.6 bar. The test solution was pumped from a feed tank to the 

test cell using a Giant Industries pump head (model 217A-5100 from Southern Municipal 

Equipment Co., Inc.) and a Marathon Electric pump motor (model E2001A from Motion 

Industries Inc.). The solution temperature was controlled by use of a Polyscience MM7 

chiller (Grainger Industrial Supply) equipped with a homemade stainless-steel coil. The 

back pressure was controlled by a gate valve and measured by a stainless-steel pressure 

gauge (3702K44, McMaster-Carr Supply Company), and the concentrate flow rate was 

measured using an acrylic in-line flow meter (EW-32477-08, Cole Parmer). The 

permeate flow was collected on an Ohaus® Adventurer® AX precision balance (VWR 

International) and not recycled to the feed tank. 

 

Figure 3.2.  An AutoCAD drawing of the top (left) and bottom (right) of the acrylic 
membrane cross flow used to performance test the membranes.  The cell dimensions are 
7.62 cm (3.0 in) × 10.16 cm (4.0 in) × 2.54 cm (1.0 in). 
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3.2.4.1 Solution Flux and Salt Rejection 

 A 2000 ppm MgSO4 test solution was used to evaluate the integrity of the 

membrane selective layer after patterning and/or chemical coating. The applied pressure 

was 8.6 barg and permeate was allowed to flow for 25 min before sample collection. The 

solution temperature was 22-23°C and the cross-flow velocity was 3.0 ± 0.2 m/s. A high 

cross-flow velocity was used to reduce concentration polarization. For patterned 

membranes, the flow angle was 0° relative to the line pattern, meaning that solution flow 

was parallel to the pattern lines. Sixty-two percent of the testable membrane area was 

patterned. The permeate flow was collected for 4 min and analyzed for flux and salt 

rejection measurements. A conductivity meter (Oakton CON 6+, Cole Parmer) was used 

to measure feed and permeate salt concentrations. The conductivity meter was calibrated 

by an ICP-OES (Optima 3100RL with autosampler, Perkin Elmer). 

3.2.4.2 Solution Flux Measurements on a Single Membrane 

To test the claim that the patterning process does not damage the membrane, the 

pure water flux of a pristine membrane was measured, a 15 wt% aqueous glycerol 

solution (used by manufacturers as a structure preserving agent) was applied onto the 

membrane, the membrane was pat dried, patterned, and then the pure water flux was 

tested again.  Pressure was 8.6 bar, temperature was 22-23°C, cross flow rate was 1.0 

m/s, and membrane area was 5.6 cm2. 

3.2.4.3 Sodium Alginate Fouling 

 Sodium alginate was used as a model biopolymer for fouling studies. A solution 

of 30 mg/L sodium alginate, 10 mM NaCl (585 ppm), and 1 mM CaCl2 (111 ppm) was 
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used. Calcium ions were included in the feed solution because they cause alginate to gel, 

which can lead to an increase in the rate of fouling [202]. The solution temperature was 

22-23°C and the cross-flow velocity was 1.0 ± 0.1 m/s. For patterned membranes, the 

flow angle was 90° relative to the line pattern. A 90° flow angle has been shown to 

reduce fouling due to vortices created at the membrane surface from the patterns [102, 

103]. Sixty-eight percent of the testable membrane area was patterned. The approximate 

desired initial starting flux for each membrane tested was 120 L/m2/h. Permeate was 

collected for approximately 1 min every 5 min for a total time of 2 h. 

3.3 Results and Discussion 

3.3.1 Membrane Surface Modification 

3.3.1.1 Membrane Patterning 

 Polyamide nanofiltration membranes were patterned directly with silicon stamps. 

Thermal embossing was used to create the patterns on the membrane surface, which 

causes the polymer film to deform into the nanoscale grooves of the rigid silicon stamp 

[103]. Therefore, the pattern produced on the membrane is a negative replica of the 

pattern on the silicon stamp. Figure 3.3 shows an AFM image and a LEXT image of the 

nano-patterned silicon stamp. A unique feature of the LEXT is the ability to stitch images 

together. For example, a 3 × 3 array of 30 μm × 30 μm images can be stitched together to 

give a 90 μm × 90 μm image with a higher resolution than taking one single 90 μm × 90 

μm image. LEXT imaging also is much faster than AFM, producing an image in 1-2 min 

when AFM would take at least 30 min to produce an image of comparable size. The 

LEXT can resolve features 10 nm in size in the z-direction and 120 nm in the xy-plane. 
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AFM gave a peak-to-peak distance of 625 nm, which compares well to the 606 nm 

specification given by LightSmyth. The groove depth of the stamp from AFM was 231 ± 

11 nm, which is reasonably close to the 190 nm specification given by LightSmyth. The 

LEXT image in Figure 3.3B shows the uniformity of the stamp across a larger area than 

readily accessible by AFM (84 μm × 87 μm). Although, the stamp features (peaks and 

valleys) appear to be curved on the AFM image in Figure 3.3A, Figure 3.4 shows the 

stamp features appear flat in 5 μm × 5 μm images, as specified by LightSmyth. The 

“waviness” of the image is an artifact of the AFM.  
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Figure 3.3. Silicon stamp images produced by (A) AFM and (B) LEXT. The AFM image 
is 20 μm × 20 μm × 300 nm and gives an average groove depth of 231 ± 11 nm and a 
period of 625 nm. The LEXT image is an 84 μm × 87 μm image produced from stitching 
images together from the 100x objective with a 4x optical zoom. The scale bar in the 
LEXT image is 13.5 μm (y-direction) × 13 μm (x-direction). 
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Figure 3.4. A 5 μm × 5 μm × 400 nm AFM image of the silicon stamp. 
 

Membranes were patterned at 45 °C using a 20 min embossing time. Performing 

the thermal embossing at a lower temperature (30 °C) and 20 min resulted in incomplete 

and/or negligible patterning on the membrane. Embossing at a higher temperature (65 °C) 

for 10 min yielded similar groove depths as 45 °C for 20 min. These results imply that 

the ability of the membrane material to deform/flow is a key factor to pattern the 

membrane [103, 203]. Also, because embossing at the two higher temperatures yielded 

similar results for groove depths on the membrane (vide infra), the maximum obtainable 

groove depth may be limited.  

Figure 3.5 presents representative AFM images of the three types of membranes 

(reaction with PEGDE only, pressed with flat wafer, and patterned). AFM and LEXT 

gave similar results for the groove depths of the patterned membranes. The average 

groove depth of the various PEGDE modified, patterned membranes from AFM was 64 ± 

34 nm and from LEXT was 75 ± 24 nm. These groove depths are not the maximum 
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attainable values defined by the silicon stamp. The peak-to-peak distance was 

consistently 625 nm, exactly the same as the silicon stamp results from AFM. Figure 3.6 

shows the 5 μm × 5 μm image of a 0 wt%, patterned membrane. Figures 3.5 and 3.6 

show that the valleys and the peaks of the patterns were always curved. This low 

resolution in the pattern replication indicates that plastic deformation, rather than viscous 

flow, was the mechanism for membrane patterning [103]. Figure 3.7 shows 

representative LEXT images of the patterned membranes. From the images, it is clear 

that the membrane surfaces had imperfections. Importantly, Figure 3.8 shows that 

unmodified membrane surfaces also had similar imperfections. I did not observe any 

fracturing of the polyamide surface layer, nor is there evidence from flux and salt 

rejection studies (vide infra) to suggest that the selective layer is fractured. Stafford and 

colleagues [204] quantified the strain at the onset of cracking ε* for nanoscale 

crosslinked polyamide thin films. They found ε* to be 14.04 ± 4.12%. In this case, the 

local strain defined by the height-to-pitch of the pattern is 10.6 ± 5.6%. It therefore seems 

reasonable that that yield of the crosslinked polyamide film could occur to form the 

pattern without fracturing. 
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Figure 3.5. AFM images of the 3 types of membranes modified with varying 
concentrations of aqueous PEGDE solutions. Reaction with PEGDE only:  0 wt% (A, 
control), 5 wt% (B), 15 wt% (C); pressed with flat silicon wafer:  0 wt% (D), 5 wt% (E), 
15 wt% (F); and patterned:  0 wt% (G), 5 wt% (H), 15 wt% (I). The common scale is 20 
μm × 20 μm × 400 nm. 
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Figure 3.6. A 5 μm × 5 μm × 300 nm AFM image of a 0 wt% patterned membrane. 
 
 
 
 
 

 

Figure 3.7. LEXT images of patterned membranes modified with varying concentrations 
of aqueous PEGDE solutions:  0 wt% (A), 5 wt% (B), 15 wt% (C). Common image scale 
is 65 μm × 65 μm. The images were produced from the 50x objective with a 4x optical 
zoom. The scale bar in each image is 10 μm (y-direction) × 10 μm (x-direction). 
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Figure 3.8. A 65 μm × 65 μm image of an unmodified membrane surface produced by 
the LEXT from the 50x objective with a 4x optical zoom. The scale bar is 10 μm (y-
direction) × 10 μm (x-direction). 
 
3.3.1.2 Chemical Modification 

 PEGDE was chosen to modify the surface chemistry of the membranes because it 

is available commercially, and its use for modification of polyamide surfaces has been 

shown to be relatively simple [27, 196]. The epoxide ring opening reaction is a standard 

reaction between an epoxide group of PEGDE and an unreacted carboxyl group on the 

polyamide selective layer surface. ATR-FTIR spectroscopy was done to characterize the 

membrane before and after reaction with PEGDE. The PEGDE reactant in this study has 

an average of 8-9 ethylene oxide repeat units per molecule; therefore, changes were 

expected in the absorbance peaks assigned to methylene stretching in the wavenumber 

region from 2800 to 2900 cm-1. Figure 3.9 shows the spectra of membranes modified by 

PEGDE in the wavenumber region of interest. The increase in peak heights at 
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approximately 2870 cm-1 and 2925 cm-1 indicate an increase in -CH2- bonds, consistent 

with adding PEG onto the surface. 

 

Figure 3.9. ATR-FTIR spectra at a common scale for membranes modified by PEGDE 
only. Labels with percentages correspond to the varying concentrations of aqueous 
PEGDE reaction solutions used. 
 

Additional evidence that the reaction worked would be the appearance of an 

absorbance peak assigned to the PEG ether group (C-O-C) in the ATR-FTIR spectrum. 

However, the base polyamide membrane has an absorbance peak in the same region of 

the PEG ether group (~1070 cm-1). This absorbance corresponds to the C-C aromatic 

stretching of the polyamide layer [27]. Therefore, to determine if chemical modification 

was successful, changes in the absorbance peak heights of the PEG ether peak/C-C 

aromatic stretching peak to the C-C aromatic stretching peak of the polyamide layer at 

~1150 cm-1 [27], which does not change with the addition of PEG, were quantified. The 

expectation for a successful reaction is that this absorbance ratio will increase when 

PEGDE is added to the membrane surface because the peak at ~1070 cm-1 will increase 
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due to the incorporation of the ether groups [27]. Figure 3.10 shows the dependence of 

the ratio of absorbance peak height at 1072 cm-1 to 1149 cm-1 on PEGDE weight percent 

for the reaction only membranes. As expected, the absorbance ratio increased with 

increasing PEGDE reaction concentration due to the presence of the PEG ether peaks on 

the membrane surface.  This further validates a successful reaction of PEGDE onto the 

polyamide membrane surface. 

 

Figure 3.10. Absorbance ratio of the 1072 cm-1 peak to the 1149 cm-1 peak from ATR-
FTIR data for membranes modified by PEGDE only. The x-axis corresponds to the 
concentration of aqueous PEGDE reaction solutions used for chemical modification. The 
peak at 1072 cm-1 corresponds to the C-O stretching of the PEG ether group and the C-C 
aromatic stretching of the polyamide layer. The peak at 1149 cm-1 corresponds to the C-C 
aromatic stretching of the polyamide layer. The error bars represent one standard 
deviation from at least 3 different membrane samples. 
 

To further support the chemical reaction was successful, static water contact angle 

measurements were taken for membranes before and after modification with PEGDE. 

Figure 3.11 shows the results for the reaction only membranes modified with PEGDE 
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solutions having different concentrations. The average water contact angle decreased 

from 42.3° ± 3.9° (0 wt%), to 33.1° ± 4.0° (15 wt%).  While the average values for water 

contact angle are not very different, there does appear to be a slight increase in 

hydrophilicity when PEGDE is reacted onto the membrane surface based on the decrease 

in the average water contact angle values. 

 

Figure 3.11. Water contact angle measurements of the reaction only membranes 
modified with 0 wt%, 5 wt%, and 15 wt% PEGDE solutions. The error bars represent one 
standard deviation among at least 9 data points. 
 
3.3.2 Membrane Performance Testing 

3.3.2.1 Solution Flux and Salt Rejection 

 An aqueous solution of magnesium sulfate was used to challenge the membranes 

to ensure there was no damage to the polyamide selective layer after patterning/pressing 

and/or chemical modification. The manufacturer (GE) specifies a minimum magnesium 

sulfate rejection of 95% for the HL membrane series. Figure 3.12 shows the results for 

solution flux and salt rejection as a function of PEGDE reaction concentration for the 
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three types of membranes. The solution flux was not affected significantly by the thermal 

embossing process used to pattern the membranes. A multiple mean hypothesis test 

showed that only the 0 wt% reaction – 5 wt% patterned and 0 wt% reaction – 15 wt% 

reaction membranes are considered statistically different at 95% confidence. To further 

support this finding, the pure water flux of a pristine membrane was measured, a 15 wt% 

aqueous glycerol solution (used by manufacturers as a structure preserving agent) was 

applied to the membrane, the membrane was pat dried, patterned, and the pure water flux 

was tested again.  Figure 3.13 shows that the flux did not change. These results strongly 

support my claim that the patterning process does not damage the membrane. 

 

Figure 3.12. Solution flux [LMH] (A) and magnesium sulfate rejection [%] (B) versus 
weight percent of aqueous PEGDE solutions for the three types of membranes (reaction 
only, pressed with flat silicon wafers, and patterned). The feed was a 2000 ppm 
magnesium sulfate solution. The pressure applied to the feed side was 8.6 barg, the 
solution temperature was 22-23°C, the cross flow velocity was 3.0 ± 0.2 m/s, and the 
membrane area tested was 5.6 cm2, with patterning on 62% of this area. The flow angle 
used between the solution flow and the membrane patterns was 0° (parallel). The error 
bars represent one standard deviation among 3 membrane samples. 
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Figure 3.13. Pure water flux data for GE HL membrane before and after patterning. The 
same exact membrane was used for these measurements. A 15 wt% glycerol solution was 
applied to the membrane in between the tests and before patterning occurred. 
 

However, the average flux values of each membrane type do decrease with 

increasing PEGDE concentration used to modify membranes chemically. This result is 

consistent with the added resistance to flow created by the addition of the PEGDE layer. 

One potential contributing factor to the measurement uncertainties is that samples were 

prepared from different membrane sheets. Membranes were purchased from a vendor 

(Sterlitech) in 30.5 cm × 30.5 cm flat sheets. No specifications were given from where on 

the commercial membrane roll these sheets were cut (e.g., middle versus edge sections).  

 The data shown in Figure 3.12B show no effect of thermal embossing on the salt 

rejection of the membrane. A multiple mean hypothesis test showed that all results were 

considered statistically the same at 95% confidence (p-value = 0.292). This result 

suggests that the polyamide selective layer is unimpaired by thermal embossing, 

consistent with the flux data.  With the exception of the patterned, 15 wt% PEGDE 

sample, PEGDE modification does not appear to affect salt rejection. Since NF 

membranes rely on a combination of Donnan exclusion and size exclusion to reject salts 
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[205], it was expected that replacement of negatively charged carboxyl groups by neutral 

PEG groups would diminish the Donnan exclusion effect of the membrane leading to 

lower salt rejection. However, this does not appear to be the case.  The GE HL membrane 

has a reported molecular weight cutoff of 150-300 Da. Given the higher molecular weight 

of PEGDE (500 Da), it may be restricted to react with carboxyl groups on the outer 

membrane surface only. Therefore, unreacted carboxyl groups in the subsurface region of 

the selective layer may remain and contribute to salt rejection through Donnan exclusion. 

3.3.2.2 Sodium Alginate Fouling 

 Sodium alginate was used as a model biopolymer to foul the membranes during 

cross-flow filtration. Biopolymers can be a component of the conditioning film on a 

membrane surface prior to biofilm formation. Thus, if biopolymer adsorption/attachment 

to the membrane is reduced/eliminated, then bacteria attachment and subsequent growth 

into a biofilm can be reduced/eliminated. A 90° flow angle was used to see the full effect 

of fouling reduction caused by the patterning, as others have seen this orientation to be 

most effective [102, 103]. Also, a lower cross-flow velocity of 1.0 m/s was employed to 

better evaluate the effect of the patterning, since foulants are more likely to accumulate 

on the membrane surface at lower cross-flow velocities [206, 207].  It was hypothesized 

that combining the membrane patterning with the chemical modification would yield 

membranes with better fouling resistance than those prepared by either method alone.  

Figure 3.14 shows the flux versus time graphs for each membrane type (reaction 

only, pressed with flat silicon wafers, and patterned) with each PEGDE reaction 

concentration. Figure 3.14D also shows a comparison between the three membrane types 
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(reaction only, pressed, and patterned) with no chemical modification (0 wt%). Figure 

3.15 summarizes the average flux reduction for all membranes based on the integrated 

flux over a 2 h period. Cumulative permeate volumes were used to calculate average flux 

values over the 2 h test period for all membrane types. These values were normalized by 

the initial flux values and converted to percentage average flux reduction. The 

approximate initial starting flux for each membrane tested was 120 L/m2/h to enable 

direct comparison of results. Figures 3.14A and 3.15 show that the unmodified 

membrane (0 wt%) had the largest decrease in average flux values from 120 L/m2/h to 78 

L/m2/h. The effect of chemical modification alone had a positive impact on the resistance 

to fouling by reducing the flux decline. In both cases (5 and 15 wt%), the average flux 

declined from 121 L/m2/h to about 110 L/m2/h. Statistically there was no difference in 

flux decline between membranes modified by the 5 and 15 wt% PEGDE solutions. The 

positive impact of the PEGDE chemical modification is attributed to the strong hydration 

layer that forms around PEG, as well as the increase in hydrophilicity of the membranes 

(Figure 3.11). The data show a decrease in the average water contact angle as the 

PEGDE reaction concentration increases, indicating an increase in membrane 

hydrophilicity with PEGDE addition. These results indicate that chemical modification 

alone is an effective method at reducing fouling, but there is still opportunity for 

improvement even with this simple model foulant solution. 
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Figure 3.14. Sodium alginate fouling tests for membranes modified by PEGDE reaction 
only (A), membranes pressed with a flat silicon wafer (B), patterned membranes (C), and 
each membrane type with no chemical modification (D). A, B, and C includes data for 
membranes modified with the aqueous PEGDE solutions (0, 5, and 15 wt%). The feed 
solution comprised 30 mg/L sodium alginate, 10 mM NaCl, and 1 mM CaCl2. The 
temperature was 22-23°C, the cross-flow velocity was 1.0 ± 0.1 m/s, and tested 
membrane area was 5.6 cm2, with patterning on 68% of this area. The approximate initial 
starting flux was 120 LMH for all samples. The flow angle used between the solution 
flow and the membrane patterns was 90° (perpendicular). The error bars represent one 
standard deviation among 3 membrane samples. 
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Figure 3.15. Average flux reduction for all membranes based on the integrated flux over 
a 2 h period. 
 

Figures 3.14B and 15 show the results for the membranes pressed by flat silicon 

wafers and modified with PEGDE. The purpose of these experiments was to see if 

thermal compression of the membranes made a meaningful contribution to fouling 

reduction. As can be seen in Figure 3.14D, the unmodified, pressed membrane (0 wt%) 

had a significant reduction in fouling rate from 113 L/m2/h to 100 L/m2/h compared to 

the unmodified, non-pressed membrane. The cause for this result can be attributed to the 

reduction in membrane surface roughness as a result of pressing [100, 101, 202]. Figure 

3.16 shows the results obtained from the LEXT for surface roughness on a 0.004 mm2 

membrane area using a 50x objective with a numerical aperture of 0.95. The pressed 

membranes showed a significant decrease in the RMS height (which indicates roughness) 

of the surface compared to the reaction only membranes. The surface roughness data 

indicate that membranes were flattened by pressing, resulting in a membrane that has an 
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increased fouling resistance. Statistically, there was no difference among the pressed 

membranes (unmodified and PEGDE modified) in terms of membrane fouling (Figure 

3.15). This result indicates that there may be a long-term benefit of reducing membrane 

surface roughness via compression on membrane fouling resistance. 

 

Figure 3.16. RMS height of the membrane surfaces. The results were obtained using the 
LEXT with the 50x objective at a 4x optical zoom. The membrane area studied per image 
was 0.004 mm2. The error bars represent one standard deviation among at least 3 
membrane samples. 
 

Figure 3.14C shows the results of membrane fouling with alginate on the 

patterned membranes. The surface patterning alone had a similar effect to the pressing 

alone, having a flux decline from 117 L/m2/h to 103 L/m2/h, as can be seen in Figure 

3.14D. Figure 3.16 shows that the membrane roughness for the patterned membranes 

was higher than the pressed membranes, which is not surprising since patterning 

introduces ordered “roughness” to the surface. Despite this higher roughness than pressed 

membranes, the patterned membranes performed as well or better during fouling 
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challenges. On average, the patterned membranes had slightly lower roughness than non-

pressed membranes. While there may have been some benefit from reducing the 

membrane surface roughness, the introduction of ordered roughness on the membrane 

surface appears to have the added benefit of disrupting the hydrodynamic boundary layer 

during flow over the membrane.  

Figure 3.14C also shows the added benefit of combining patterning with changes 

to the surface chemistry of the membrane. Statistically, there was no difference between 

patterned and pressed membranes in terms of membrane fouling; however, there does 

appear to be a slight difference in average membrane fluxes, with patterned membranes 

showing less average flux decline than pressed samples (Figure 3.15). Patterned 

membranes that were modified using 15 wt% PEGDE maintained a constant flux of 

approximately 120 LMH during the 2 h test. Figure 3.17 shows a patterned membrane 

modified using 15 wt% PEGDE was also tested for 7 h with an initial flux of 90 LMH 

and saw essentially no flux decline as well. These results suggest that combining 

nanopatterning with chemical modification on a membrane surface can lead to a 

membrane with lower propensity to foul than by using either method alone. 
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Figure 3.17.  Sodium alginate fouling tests for a patterned membrane modified with a 15 
wt% aqueous PEGDE solution. The feed solution comprised 30 mg/L sodium alginate, 10 
mM NaCl, and 1 mM CaCl2. The temperature was 22-23°C, the cross-flow velocity was 
1.0 ± 0.1 m/s, and tested membrane area was 5.6 cm2. 68% of the membrane testable area 
was patterned. The approximate initial starting flux was 90 LMH. The flow angle used 
between the solution flow and the membrane patterns was 90° (perpendicular). 
 
3.4 Conclusions 

 A method was developed for combining physical nanopatterning and chemical 

modification of a polyamide thin-film composite nanofiltration membrane surface to 

reduce membrane fouling by alginate without hindering membrane flux or salt rejection. 

The patterned membrane surface consisted of a line and groove topography that was 

applied to the membrane by a thermal embossing process. Chemical modification was 

done using a PEG-based coating. Whereas the unmodified membranes had an average 

flux reduction of 22% based on the integrated flux over the 2 h test period, the chemically 

modified, patterned membranes had 0-8% flux reduction depending on the degree of 

chemical modification. The enhanced fouling resistance of the chemically modified, 
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patterned membranes was attributed to increases in surface hydrophilicity and water 

hydration, as well as the improved flow dynamics across the membrane surface caused by 

the patterns. Ongoing work is exploring a variety of nanopatterns and alternate chemical 

modification strategies, as PEG has a tendency to degrade when exposed to cleaning 

solutions. 
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CHAPTER FOUR 

NANOPATTERNING COMMERCIAL NANOFILTRATION AND REVERSE OSMOSIS 
MEMBRANES 

 
[As submitted to Journal of Membrane Science for publication with minor revisions] 

 

4.1 Introduction 

 Micrometer and sub-micrometer/nanometer sized features have been used to mitigate 

fouling on a variety of surfaces. Nature has inspired many biomimetic models with these 

antifouling surface features [105]. Sharklet™ was one of the first designs. Modeled after dermal 

scales on sharks, Sharklet™ was found to reduce cell attachment in marine biofouling 

applications and to reduce biofilm formation for biomedical applications [107-109, 113]. Coral 

and butterfly wings have inspired other animal-based models to mitigate fouling [119, 120]. 

Clover leaves, rice leaves, and lotus leaves are among the well-known plant-based models used 

to mitigate fouling [120-123]. 

 Application of regular surface features to ultrafiltration and microfiltration water 

treatment membranes to control fouling has been studied recently [95, 96]. There are 

predominately two methods that have been used to pattern membranes: lithography and solution 

casting. Wardrip et al. used a maskless UV-lithographic patterning technique to generate striped 

patterns of polymer coatings on ultrafiltration membrane surfaces to mitigate bacteria fouling 

[124]. Maruf et al. imparted nanometer sized line and groove patterns through nanoimprint 

lithography (NIL) on polyethersulfone (PES) ultrafiltration membranes to mitigate colloidal and 

protein fouling [103, 152, 153]. NIL also has been used to apply micrometer and nanometer 

sized domes onto PES membranes to mitigate particle fouling [137] and to apply nanometer 

sized line and groove patterns on polytetrafluoroethylene membranes for membrane distillation 
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(MD) [154]. Lee, Park, and colleagues have applied micrometer sized prism and pyramid 

patterns through solution casting onto polyvinylidene fluoride (PVDF) membranes to mitigate 

particle fouling and wastewater fouling [138-140]. Millimeter sized spacer imprints were 

imparted onto a PVDF membrane to reduce fouling in wastewater treatment and MD seawater 

treatment [126, 127]. Micrometer sized patterns have been solution cast onto PES membranes to 

reduce yeast fouling [145]. Even hollow fibers have been patterned on both the inner skin [147] 

and outer skin [148-150] to reduce fouling. Most recently, a continuous roll-to-roll process was 

developed to apply a nanometer sized pattern onto PES ultrafiltration membranes [208]. 

 Despite the upturn in membrane patterning research, nano-patterned thin-film composite 

(TFC) membranes have been studied only sparingly. TFC membranes used for water treatment 

typically have a polyamide selective layer formed by interfacial polymerization of m-

phenylenediamine (mpd) or piperazine and 1,3,5-benzenetricarbonyl trichloride (a.k.a., trimesoyl 

chloride (tmc)). As pointed out by Ding et al., TFC membranes are a challenge to pattern due to 

the fragility of the polyamide layer [95]. To get around this issue, Maruf et al. and ElSherbiny et 

al. produced patterned TFC membranes by performing interfacial polymerization on top of PES 

ultrafiltration membranes that were pre-patterned using NIL [146, 198, 209, 210]. Contrary to 

claims that NIL cannot be applied directly to TFC membranes [209], I reported in Chapter 3 on 

the direct nano-patterning of a polyamide TFC nanofiltration membrane (GE HL series) 

combined with surface chemistry to reduce alginate fouling [28]. By limiting the local 

strain−defined by the height-to-pitch of the pattern−to values below the strain at the onset of 

cracking for crosslinked polyamide thin films [204, 211], I successfully patterned this TFC 

membrane. I did not observe any fracturing of the polyamide surface layer, nor was there 

evidence from flux and salt rejection studies to suggest that the selective layer was impaired. 
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 Motivated by my initial success and the differing views on the utility of NIL for 

patterning polyamide TFC membranes, I carried out a study to better understand what factors 

control patternability. The goal of this study was to develop a set of heuristics that can be used in 

NIL to nano-pattern any TFC polyamide membrane. Towards this goal, I expanded upon my 

earlier study by applying a line and groove nanometer sized pattern onto thirteen commercial 

nanofiltration and reverse osmosis membranes. I studied numerous variables to investigate the 

roles played by membrane chemistry, surface properties, mechanical properties, performance 

properties, and pore filler on pattern peak heights for each of the nanofiltration and reverse 

osmosis membranes.  

4.2 Materials and Methods 

4.2.1 Materials 

  The following membranes were purchased from Sterlitech: GE DK, GE Duracid KH, GE 

HL, GE PW, GE SG, Nanostone NF4, Synder NFG, Toray UTC-82V, TriSep ACM4, TriSep 

X201, and TriSep XN45. The following membranes were kindly provided by Dow Water and 

Process Solutions: Dow BW30XFR, Dow NF270, and Dow SW30HRLE. Membranes were used 

as received except where stated. 

 The following chemicals were purchased from Sigma-Aldrich and used as received: 1-

butanol (99+%), glycerol (99.5%), magnesium sulfate (anhydrous, ≥ 99.5%), nitric acid (aq) 

(70%), and silver nitrate (> 99%). The following chemicals were purchased from Acros 

Organics: dichloromethane (99.5%, stabilized with ethanol), diiodomethane (99+%), and ethanol 

(anhydrous, 99.5%). Sodium hydroxide (97+%) was purchased from Alfa Aesar. Aqueous 

solutions were prepared with deionized water from a Milli-Q water purification system 

(Millipore-Sigma). 
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4.2.2 Membrane Preparation 

4.2.2.1 Patterning Membranes (As Received) 

 Silicon line and groove stamps (29 mm × 12 mm) used to pattern the membranes were 

purchased from LightSmyth Technologies, Inc. The stamps were specified to have a 606 nm 

period between peaks, a 190 nm groove depth, and a 303 nm line width. The stamping procedure 

is the same as reported in Chapter 3 [28]. A Carver press (AutoFour/1512H model) was used to 

emboss the membranes with the stamp/wafer at 45°C. The press plates were closed at 25% pump 

speed until the pressure (force/stamp area) was 69.5 bar. A pressure was maintained at 69.5 ± 

13.9 bar for 20 min, which was found to be sufficient for patterning without damaging the stamp.  

Control experiments were done to study the effect of compression alone. For the control 

process, a 1 cm × 3 cm flat, polished silicon wafer (Nova Electronic Materials) was used to 

prepare membranes for physiochemical characterization and salt rejection experiments. 

4.2.2.2 Patterning Membranes (After Exchanging Humectant) 

Membrane patterning also was done after replacement of the original humectants/pore 

fillers used by the membrane manufacturers with a known humectant. The membranes were 

rinsed in DI water, pat dried, immersed in a 5 to 75 wt% aqueous glycerol solution for 5 min, 

which was determined to be long enough for complete wetting to occur (Figure 4.18), pat dried, 

and stored in a plastic petri-dish overnight. The membranes were patterned as described in 

Section 4.2.2.1.  

4.2.2.3 Polyamide Layer Isolation 

 The polyamide layer of each membrane studied was isolated using a technique similar to 

that of Coronell et al. [212]. The membranes were rinsed in DI water and pat dried prior to layer 

isolation. First, the polyester backing was peeled off. Next, the membrane (polyamide layer + 
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support) was placed on a silicon wafer with the polyamide layer face down and secured using c-

clamps (MON 30841900, The Betty Mills Company, Inc., San Mateo, CA). Dichloromethane 

was used to rinse away the membrane support material. Approximately 4 mL of dichloromethane 

was pipetted onto each membrane piece and allowed to drain from the wafer during this rinse 

step. The clamp-silicon wafer assembly was placed into an oven at 75°C for at least 5 min. The 

assembly was removed from the oven, allowed to cool, and a razor blade was used to cut the 

polyamide layer near the clamp edges. The clamps were removed from the silicon wafer leaving 

an isolated polyamide layer. 

4.2.3 Membrane Characterization Techniques 

4.2.3.1 ATR-FTIR  

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) was 

used to characterize the surface chemistry of the commercial membranes. Membranes were 

rinsed in DI water, pat dried, and dried under vacuum at -0.78 to -0.95 barg before analysis. The 

support material of each membrane was analyzed by ATR-FTIR after peeling off the membrane 

polyester backing. Spectra were obtained using a Thermo Scientific Nicolet iS50R FT-IR with an 

ATR accessory (Specac Golden Gate) equipped with a diamond ATR crystal at an approximate 

force of 356 N. Data were processed by OMNIC 9.3.32 software (Thermo Scientific). Each 

spectrum was collected at 128 scans at a resolution of 4 cm-1, corrected with the ATR correction 

on software, and manually baseline corrected. A background of the ATR crystal was taken 

before each set of sample measurements. All spectra were normalized to the peak at 1240 cm-1. 

4.2.3.2 Scanning Electron Microscopy 

 Membrane top surface and cross-section morphology before and after patterning were 

studied using a Hitachi SU-6600 Variable Pressure Scanning Electron Microscope (SEM) or a 
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Hitachi S-4800 Field Emission SEM. Representative samples were rinsed in DI water and pat 

dried. Membranes used for cross-section imaging were cryo-cut as similarly reported [213]. The 

membrane and razor blade were held individually in hemostats, immersed in liquid nitrogen until 

the liquid nitrogen stopped boiling, removed from the liquid nitrogen, and the razor blade was 

used immediately to cut the membrane. Membrane pieces were attached with carbon tape to 

aluminum stabs and coated with gold-palladium prior to SEM measurements. The SEM 

measurements were performed at an accelerating voltage of 10.0 kV, a current voltage of 20.0 

µA, and a magnification of 10,000x – 150,000x (top surface) or 350x - 400x (cross-section). 

4.2.3.3 Atomic Force Microscopy 

 Atomic force microscopy (AFM) was used to observe the surface morphology of the 

membranes before and after patterning/pressing. Images were obtained using a Bioscope AFM 

(Bruker, Inc.) with NanoScope IIIa controller equipped with Nanoscope version 5.32R1 

software. Silicon cantilevers (MikroMasch, Inc., HQ:NSC16/AL BS) were used as probes for the 

non-contact tapping mode measurements. AFM images were taken with a 256 × 256 pixel 

resolution over 20 μm × 20 μm at a scan rate of 0.5 Hz. The section analysis feature of the 

software was used to determine peak heights. The roughness analysis feature of the software was 

used to determine membrane surface roughness. 

4.2.3.4 AFM Nano-Indentation 

 Young’s Modulus of the membranes was determined using the AFM nano-indentation 

method with the same AFM and cantilever tips as Section 4.2.3.3. However, instead of using 

non-contact tapping mode, these tests required the use of contact mode. Each tip was calibrated 

to measure the tip sensitivity by bringing it in contact with a silicon wafer. The tip threshold was 

100 nm, the scan size was 10.0 µm, and the scan rate was 1 Hz. The samples per line and the 
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force per line were either 16 or 32. Nanoscope Analysis v1.50 (Bruker, Inc.) software was used 

to analyze the data. The Sneddon (conical) model was used to calculate the Young’s Modulus 

using the following constants: Spring Constant was 45 N/m, Tip Half Angle was 20°, Tip radius 

was 8 nm, and Poisson’s ratio was assumed to be 0.39 for polyamide. The adhesion force was 

included, the minimum force fit boundary was 5%, and the maximum force fit boundary was 

100%. 

4.2.3.5 Ellipsometry 

 Multi-angle ellipsometry (Beaglehole Instruments, Picometer) was used to measure the 

thicknesses of dry, ethanol swollen, water swollen, and 15 wt% (aq) glycerol swollen polyamide 

layers isolated on silicon wafers. The incident beam was produced by a 632.8 nm He–Ne laser 

source. Measurements were done at incidence angles from 56° to 80° with a step size of 4°. 

Layer thickness was calculated by IgorPro Software version 4.09A. The reported thickness is the 

average of at least three membrane samples. 

The dry polyamide layers were analyzed with an air–polyamide–silicon dioxide–silicon 

substrate multilayer model. This model was applied to fit the data based on a Cauchy model. 

Polyamide layer thickness and the polyamide refractive index were allowed to vary. The SiO2 

layer thickness was fixed at 1.8 nm, and the refractive indices of the other layers were fixed at air 

= 1.0, SiO2 = 1.455, and silicon = 3.875. 

Swelling measurements were done on the polyamide-silicon wafers placed inside a 

specially designed cylindrical flow cell (Beaglehole Instruments) and contacted with solvent 

(ethanol, water, or 15 wt% (aq) glycerol) for at least 30 min using a peristaltic pump. The 

swollen polyamide layers were analyzed with a solvent–polyamide– SiO2–silicon substrate 

multilayer model. This model was applied to fit the data based on a Cauchy model. Polyamide 
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layer thickness and the polyamide refractive index were allowed to vary. The SiO2 layer 

thickness was fixed at 1.8 nm, and the refractive indices of the other layers were fixed at ethanol 

= 1.36, 15 wt% (aq) glycerol = 1.35 [214], water = 1.33, SiO2= 1.455, and silicon = 3.875. 

4.2.3.6 Membrane Static Contact Angle Goniometry 

Water and diiodomethane contact angle goniometry was performed on rinsed, pristine 

commercial membranes to evaluate differences in hydrophilicity and surface free energy (SFE). 

All static contact angles were measured using a Krüss DSA 10-Mk2 contact angle goniometer. A 

liquid drop (~ 3.0 μL) was placed carefully on the sample surface. The sessile drop model was 

used in DSA version 1.80.0.2 Drop Shape Analysis software to determine contact angle. For 

consistency, measurements were taken 60 s after each droplet was placed on the surface. 

Measurements were done at a minimum of three locations on each sample to get an average 

contact angle value with standard deviation. 

4.2.3.7 Silver Binding Experiments 

 Silver ion binding was used to determine the carboxylic acid density of each membrane 

polyamide layer [215-217]. A 2.0 cm2 membrane was rinsed with DI water and then the polyester 

backing was removed. Silver ion binding methods were adapted from Elimelech et al. [217]. 

Solutions of 40 µM and 1 µM AgNO3 were used at both pH 6.7 and pH 10.5. Solution pH was 

adjusted with a 1.0 M NaOH solution and HNO3 (70%). Each membrane was immersed in 10 

mL of the 40 µM AgNO3 solution for 10 min twice, using a fresh solution each time, to bind 

silver to the carboxylic acid groups at both solution pHs. Between each solution immersion the 

membrane was dried with a Kimwipe to prevent solution carryover. Each membrane was then 

immersed in 10 mL of the 1 µM AgNO3 solution for 7 min four times, using a fresh solution 

each time, to rinse off unbound silver ions. Between each solution immersion the membrane was 



98 

dried with a Kimwipe to prevent solution carryover. The bound silver ions were eluted off the 

membrane by immersing each membrane in 5 mL of 1 wt% HNO3 aqueous solution for 30 min. 

The membrane was removed and the solution was analyzed by Inductively Coupled Plasma 

(ICP). ICP was done by the Agricultural Service Laboratory at Clemson University. To convert 

the silver ion concentration in solution to carboxylic acid density in the membrane, it was 

assumed that the each silver ion exchanged with one sodium ion of an ionized carboxylic acid 

site (1:1 binding). It was assumed that the silver ions can access all free carboxylic acid groups in 

the polyamide films. The concentration of ionized carboxylic acid groups was determined via 

Equation 4.1: 

                                                                                                      (4.1) 

 [R-COO-] is the ionized carboxyl acid density (number of groups per membrane volume), A is 

the projected surface area of the polyamide film, l is the average dry membrane polyamide layer 

thickness as shown in Figure 4.14, CAg+ is the silver molar concentration measured via ICP, 

VAg+ is the elution volume, and NA is Avogadro's number. 

4.2.4 Membrane Performance Testing 

Membrane permeance and salt rejection were measured at 22-23°C using a custom cross-

flow cell and testing procedures as reported in Chapter 3 [28]. A 2000 ppm MgSO4 test solution 

was used to evaluate the integrity of the membrane selective layer after patterning/pressing. The 

applied pressure was 8.6 barg and permeate was allowed to flow for 50 min before sample 

collection. The cross-flow velocity was 3.0 ± 0.2 m/s, and the flow angle was 0° relative to the 

line pattern for patterned membranes.  

4.3 Theory 

4.3.1 Open Cell Foam Model 
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An open cell foam model (Equation 4.2) was used to calculate the effective Young’s 

modulus (E*) of the membrane support after filling with different glycerol solutions [203]: 

                                                                                                                         (4.2) 

E0 is the Young’s Modulus of the bulk membrane material, C1 is a constant, ρ* is the effective 

density of the membrane support and ρ0 is the density of the bulk membrane material (1.24 g/mL 

for polysulfone and 1.37 g/mL for PES). ρ* was estimated by Equation 4.3 to take into account 

air, glycerol, and the porous support material: 

               (4.3) 

ρair = 0.0012 g/mL, ρglycerol = 1.26 g/mL, and ω is the membrane support porosity. Membrane 

support porosity was determined using Equation 4.4 by peeling off the polyester backing layer 

of the membrane, rinsing out the manufacturer humectant, patting dry, measuring the dry mass 

(wdry), filling with 1-butanol, patting dry, and measuring the wet mass (wwet) [203]: 

                                                                                                                      (4.4) 

A is the projected membrane area, l is the membrane thickness measured by a micrometer 

(Digimatic Micrometer MDC-1"PX, Mitutoyo Corporation), and ρ1-butanol = 0.81 g/mL.  

4.3.2 Painter-Shenoy Equation 

For polyamide layers swollen with ethanol, the swelling ratio (Sh = hwet/hdry) was used in 

the Painter-Shenoy equation (Equation 4.5) to calculate the number of monomer units between 

cross-links (N) [218].  

                                                                                                                 (4.5) 
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P = 1, f = 3, and χ is the Flory-Huggins parameter, as described in [218]. χ was calculated using 

solubility parameters (δ) for the various membrane types estimated using group contribution 

theory values from Painter and Coleman [219]: mpd-tmc based membranes (Dow BW30XFR, 

Dow SW30HRLE, Toray UTC-82V, TriSep ACM4, and TriSep X201) δ = 31.4 MPa0.5, 

piperazine-tmc based membranes (GE HL, Dow NF270, Synder NFG, Nanostone NF4, TriSep 

XN45, and GE DK) δ = 29.5 MPa0.5, polysulfonamide membrane (GE Duracid KH) δ = 23.4 

MPa0.5, and ethanol δ = 26.2 MPa0.5. The following χ were used for different membrane types 

with ethanol as the solvent: mpd-tmc based membranes χ = 0.973, piperazine-tmc based χ = 

0.602, mpd-piperazine-tmc based membrane (GE SG) χ = 0.788 (taken as the average of the 

mpd-tmc and piperazine-tmc values since composition is unknown), and polysulfonamide 

membrane χ = 0.519. 

4.3.3 Owens-Wendt Method 

Surface free energy (SFE) was calculated using the Owens-Wendt method [173, 174]. 

Equation 4.6 was used to calculate the SFE of each membrane: 

                                                                                                                              (4.6) 

γs is the SFE of the membrane, γsd is the dispersion component of the SFE of the membrane, and 

γsp is the polar component of the SFE of the membrane. Two liquids with different surface free 

energy components were used to determine the dispersion and polar components of the SFE. 

Using the SFE values (total, polar, and dispersion) for each fluid and the respective contact 

angles of each fluid on the membranes, Equations 4.7 and 4.8 were used to calculate the 

dispersion and polar components of the membrane SFE [174]. 
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                                                                                    (4.7) 

                                                                                                        (4.8) 

γd is the SFE of diiodomethane (50.8 mJ/m2) [175], γdd is the dispersive component of the 

diiodomethane SFE (49.5 mJ/m2) [175], γdp is the polar component of the diiodomethane SFE 

(1.3 mJ/m2) [175], γw is the SFE of water (72.8 mJ/m2) [175], γwd is the dispersive component of 

the water SFE (21.8 mJ/m2) [175], γwp is the polar component of the water SFE (51 mJ/m2) 

[175], θd is the diiodomethane contact angle, and θw is the water contact angle.  

4.4 Results and Discussion 

4.4.1 Patterning As Received Membranes 

 All thirteen commercial RO/NF membranes were patterned as received. In addition, two 

UF membranes used as representative membrane supports, GE PW and Nanostone PS20, were 

patterned as received. Table 4.1 shows the patterned peak heights determined by AFM section 

analysis. Despite the many similarities among the polyamide TFC membranes, and somewhat to 

my surprise, not all membranes patterned the same. Some had peak heights similar to the 

representative membrane supports, some had peak heights much lower, and one showed no 

patterning at all.  Based on the data, it appears that the polyamide layer offers some resistivity to 

patterning, especially in the piperazine-tmc based membranes. 

 To better understand what factor(s) may contribute to differences in pattern peaks, I first 

analyzed what happens to the membranes physically upon patterning. Figures 4.1 and 4.2 show 

representative SEM images of pristine membrane top surfaces and cross-sections. The top 

surfaces of the mpd-tmc based membranes (images A-E) appear to be much rougher than those 
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of the piperazine-tmc based membranes (images G-L).  AFM images in Figure 4.3 and the data 

in Figure 4.13 (discussed in Section 4.4.2.2) support this observation.  The mpd-piperazine-tmc 

based membrane (image F) appears smoother than the mpd-tmc based membranes, indicating it 

may contains more piperazine than mpd in its polyamide layer. The sulfonamide-based 

membrane (image M) is also smoother than the mpd-tmc based membranes. All but one 

membrane (GE HL) appears to have a spongy cross-section. The GE HL cross-section is finger-

like, most likely due to it having a PES based support (as described in Section 4.4.2.1). The 

cross-sections of the polysulfone (Psf) based membrane supports all appear spongy, but the void 

patterns vary widely. For example, the Dow SW30HRLE has long slanted voids in the support 

structure, whereas the TriSep ACM4 or XN45 membranes have a honeycomb-like support 

structure. Others like the Dow BW30XFR have voids in the middle of the support structure only. 

 

Table 4.1. Membrane chemistry, support chemistry, and patterned peak heights (nm) of 13 
commercial NF and RO membranes and 2 membrane supports. Error represents one standard 
deviation from at least 3 membrane pieces. 

Membrane 
Chemistry Membrane Membrane Support 

Chemistry 
Patterned Peak 

Height (nm) 

MPD-TMC 
based 

Dow BW30XFR polysulfone 138.1 ± 33.8 
Dow SW30HRLE polysulfone 143.2 ± 37.0 
Toray UTC-82V polysulfone 196.2 ± 60.5 
TriSep ACM4 polysulfone 143.8 ± 31.7 
TriSep X201 polysulfone 220.3 ± 34.5 

MPD-Piperazine- 
TMC based GE SG polysulfone 41.7 ± 14.7 

Piperazine-TMC 
based 

GE HL polyethersulfone 104.8 ± 19.5 
Dow NF270 polysulfone 143.7 ± 15.3 
Synder NFG polysulfone 43.7 ± 18.8 

Nanostone NF4 polysulfone 69.2 ± 5.9 
TriSep XN45 polysulfone 98.6 ± 32.6 

GE DK polysulfone 17.3 ± 5.8 
Sulfonamide based GE Duracid KH polysulfone 0.0 ± 0.0 
polyethersulfone GE PW ------------ 150.1 ± 61.1 

polysulfone Nanostone PS20 ------------ 178.6 ± 50.1 
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Figure 4.1. SEM images of the top surfaces of pristine (A) Dow BW30XFR, (B) Dow 
SW30HRLE, (C) Toray UTC-82V, (D) TriSep ACM4, (E) TriSep X201, (F) GE SG, (G) GE 
HL, (H) Dow NF270, (I) Synder NFG, (J) Nanostone NF4, (K) TriSep XN45, (L) GE DK, (M) 
GE Duracid KH. Images were taken at a 10k magnification and the common scale is 5 µm. 
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Figure 4.2. SEM images of the cross-section of pristine (A) Dow BW30XFR, (B) Dow 
SW30HRLE, (C) Toray UTC-82V, (D) TriSep ACM4, (E) TriSep X201, (F) GE SG, (G) GE 
HL, (H) Dow NF270, (I) Synder NFG, (J) Nanostone NF4, (K) TriSep XN45, (L) GE DK, (M) 
GE Duracid KH. Images were taken at a 350 magnification and the common scale is 100 µm. 
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Figure 4.3. AFM images of the top surfaces of pristine (A) Dow BW30XFR, (B) Dow 
SW30HRLE, (C) Toray UTC-82V, (D) TriSep ACM4, (E) TriSep X201, (F) GE SG, (G) GE 
HL, (H) Dow NF270, (I) Synder NFG, (J) Nanostone NF4, (K) TriSep XN45, (L) GE DK, (M) 
GE Duracid KH. The common scale is 20 μm × 20 μm × 1300 nm. 
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Upon patterning, clear changes can be seen in the top surfaces of most membranes 

(Figure 4.4) and the cross-sections of all membranes (Figure 4.5).  Figure 4.6 shows 

representative AFM images that were used to calculate the peak height data in Table 4.1. While 

patterning was difficult to observe in some of the SEM images, the AFM images clearly show 

the extents of patterning. This discrepancy may be caused by the sample preparation required for 

SEM, which involved immersion in liquid nitrogen and metal sputter coating. Figure 4.7 shows 

high magnification (150,000x) images of a pristine and patterned mpd-tmc based membrane 

(Dow BW30XFR) and a pristine and patterned piperazine-tmc based membrane (Dow NF270). 

The Dow NF270 membrane shows well-defined patterns after patterning. It is much more 

difficult to see the single period of the pattern display for the Dow BW30XFR membrane. This 

supports my claim that the leaf-like surface features of the mpd-tmc polyamide membranes are 

“molded” into the peaks of the patterned area. The membrane cross-sections all show a similar 

compression upon patterning. The thickness decreases and the voids in the Psf membrane 

supports collapsed, as would be expected with thermal embossing by NIL. The finger-like 

structures in the GE HL PES support appear to buckle and in some cases break. This deformation 

makes sense as membrane supports have been shown to undergo plastic deformation when the 

NIL process is below Tg [95, 203]. Interestingly, this buckling and breaking of the fingers in the 

support layer showed no effect on flux or rejection in the GE HL membrane in Chapter 3 [28]. 

Top surface and cross-section SEM images of pristine and patterned support membranes (GE 

PW and Nanostone PS20) are presented in Figures 4.8 and 4.9. These images show similar 

outcomes to the TFC membranes.  
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Figure 4.4. SEM images of the top surfaces of patterned (A) Dow BW30XFR, (B) Dow 
SW30HRLE, (C) Toray UTC-82V, (D) TriSep ACM4, (E) TriSep X201, (F) GE SG, (G) GE 
HL, (H) Dow NF270, (I) Synder NFG, (J) Nanostone NF4, (K) TriSep XN45, (L) GE DK, (M) 
GE Duracid KH. Images were taken at a 10k magnification and the common scale bar is 5 µm. 



 
 

 
 
Figure 4.5. SEM images of the cross-section of patterned (A) Dow BW30XFR, (B) Dow 
SW30HRLE, (C) Toray UTC-82V, (D) TriSep ACM4, (E) TriSep X201, (F) GE SG, (G) GE 
HL, (H) Dow NF270, (I) Synder NFG, (J) Nanostone NF4, (K) TriSep XN45, (L) GE DK, (M) 
GE Duracid KH. Images were taken at a 350 magnification and the common scale is 100 µm. 



 
 

 

Figure 4.6. AFM images of the top surfaces of patterned (A) Dow BW30XFR, (B) Dow 
SW30HRLE, (C) Toray UTC-82V, (D) TriSep ACM4, (E) TriSep X201, (F) GE SG, (G) 
GE HL, (H) Dow NF270, (I) Synder NFG, (J) Nanostone NF4, (K) TriSep XN45, (L) GE 
DK, (M) GE Duracid KH. The common scale is 20 μm × 20 μm × 600 nm. 
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Figure 4.7. SEM images of the top surface of (A) pristine Dow BW30XFR (B) patterned 
Dow BW30XFR (C) pristine Dow NF270, and (D) patterned Dow NF270. Images were 
taken at a 150,000 magnification and the scale bar represents 300 nm. 
 
 
 

 

Figure 4.8. SEM images of the top surfaces of (A) pristine Nanostone PS20, (B) 
patterned Nanostone PS20, (C) pristine GE PW, and (D) patterned GE PW. Images were 
taken at a 10,000 magnification and the scale bar represents 5 µm. 
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Figure 4.9. SEM images of the cross section of (A) pristine Nanostone PS20, (B) 
patterned Nanostone PS20, (C) pristine GE PW, and (D) patterned GE PW. Images were 
taken at a 400 magnification and the scale bar represents 100 µm. 
 
4.4.1.1 Membrane Patterning Temperature 

 The temperature used for patterning was investigated. Because the membranes 

pattern via a plastic deformation mechanism [95, 203], it was thought that increasing the 

patterning temperature would increase the membrane pattern peak heights and decrease 

their variance. The membranes were patterned as previously described, except the press 

plates were heated to 75°C instead of 45°C. This temperature remains much below the Tg 

of the polyamide or support layers to avoid potential pore sealing [95, 220]. Interestingly, 

increasing the patterning temperature did not consistently increase the pattern peak 

heights nor did it consistently decrease the peak height variance as shown in Table 4.2. 

In some cases, such as Dow BW30XFR and Nanostone NF4, the pattern peak heights 

increased; whereas in other cases, such as TriSep X201 and GE HL, the pattern peak 

heights decreased. The same outcome applies to the variance in pattern peak heights–

some increased while others decreased. Most interestingly is that the GE Duracid KH 
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membrane showed patterning at 75°C but not at 45°C. 

Table 4.2. Membrane chemistry, 45°C patterned peak heights (nm), and 75°C patterned 
peak heights (nm) of 13 commercial NF and RO membranes. Error represents one 
standard deviation from at least 3 membrane pieces. 

Membrane 
Chemistry Membrane 45°C Peak 

Heights (nm) 
75°C Peak 

Heights (nm) 

MPD - TMC 
based 

Dow BW30XFR 138 ± 34 174 ± 32 
Dow SW30HR 143 ± 37 129 ± 51 

Toray UTC-82V 196 ± 61 141 ± 59 
TriSep ACM4 144 ± 32 168 ± 38 
TriSep X201 220 ± 35 142 ± 51 

MPD - 
Piperazine - 
TMC based 

GE SG 42 ± 15 90 ± 12 

Piperazine - 
TMC based 

GE HL 73 ± 30 23 ± 8 
Dow NF270 144 ± 15 106 ± 47 
Synder NFG 44 ± 19 53 ± 22 

Nanostone NF4 69 ± 6 187 ± 24 
TriSep XN45 99 ± 33 79 ± 15 

GE DK 17 ± 6 36 ± 11 
Sulfonamide 

based GE Duracid KH 0 ± 0 32 ± 11 

 

4.4.2 Membrane Chemistry and Surface Properties 

4.4.2.1 Membrane Polyamide and Support Layer Chemistry 

 After collecting the imaging data, I began my search for a correlation(s) between 

membrane properties and patternability. The first variables I studied were membrane 

chemistry and surface properties. Figure 4.10 shows the ATR-FTIR spectra of all 

thirteen commercial membranes. Based on the ATR-FTIR spectra and the manufacturer 

specification sheets, the membranes were grouped into classes. Figure 4.10A shows the 

membranes with a polyamide layer that appears to be mpd-tmc based. Figure 4.10B 
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shows the membranes with a polyamide layer that appears to be piperazine-tmc based. 

Mpd-tmc based membranes show both amide I and amide II bands, while piperazine-tmc 

based membranes show only an amide I band [201]. The GE SG membrane polyamide 

layer appears to contain a mixture of mpd and piperazine with tmc [201, 221], and the GE 

Duracid KH membrane separation layer appears to be a polysulfonamide chemistry 

[222]. Some membranes, such as GE SG and GE DK, appear to have a hydrophilic 

coating based on the broad peak in the 3100-3700 cm-1 range. Table 4.3 shows the water 

and diiodomethane contact angles and surface free energies of each membrane, none of 

which correlate with membrane patternability (pattern peak heights). As described below, 

all membranes had a Psf support except for the GE HL membrane which had a PES 

support. Polyamide chemistry appears to play at least some role in patternability of the 

membranes, as mpd-tmc based membranes had an average peak height statistically higher 

(95% confidence, p-value = 0.0045) than piperazine-tmc based membranes. 

Membrane support chemistry was determined by ATR-FTIR. To determine if 

there is a difference in the ATR-FTIR spectra between polysulfone (Psf) and 

polyethersulfone (PES), a Psf membrane (Nanostone PS20) and a PES membrane (GE 

PW) were analyzed by ATR-FTIR. Figure 4.11 shows the ATR-FTIR spectrum of each 

membrane. The main difference between the Psf and PES membranes is that the Psf 

membrane has a doublet peak and the PES membrane has a singlet peak around 1500 cm-

1. This difference in the spectra is caused by differences in the aromatic ring stretching of 

the two polymers. Skeletal vibrations involving carbon-carbon stretching within the 

aromatic ring absorb in the 1500-1400 cm-1 range [188]. The skeletal bands can appear as 
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doublets, depending on the nature of the ring substituents [188]. Most likely the doublet 

in the Psf spectrum is caused by the –C(CH3)2– group attached to two aromatic rings in 

Psf. This group is not present in PES.  

 

Figure 4.10. ATR-FTIR spectra of (A) m-phenylenediamine/trimesoyl chloride-based 
membranes and (B) piperazine/trimesoyl chloride-based membranes. Spectra are 
normalized to the peak at 1240 cm-1. Note that the GE SG membrane selective layer is 
prepared from interfacial polymerization of m-phenylenediamine/piperazine/trimesoyl 
chloride, and the GE Duracid KH membrane selective layer is a polysulfonamide. 
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Table 4.3. Water and diiodomethane contact angles for pristine commercial 
nanofiltration and reverse osmosis membranes. Surface energy calculations are based on 
the Owens-Wendt method. Uncertainties represent one standard deviation from at least 
12 data points from at least 3 membrane pieces. 

 Contact Angle (degree) Surface Energies (mJ/m2) 
Membrane Water CH2I2 Dispersive Polar Total 

Dow BW30XFR 102.3 ± 5.8 70.6 ± 2.1 21.5 ± 1.2 1.2 ± 1.1 22.8 ± 1.3 
Dow SW30HRLE 66.5 ± 6.3 41.1 ± 3.2 33.5 ± 2.1 11.7 ± 3.8 45.1 ± 2.7 
Toray UTC-82V 58.1 ± 8.3 33.4 ± 4.2 35.9 ± 2.7 15.6 ± 5.3 51.5 ± 3.4 
TriSep ACM4 33.0 ± 3.9 39.1 ± 6.1 29.9 ± 3.0 33.7 ± 3.8 63.5 ± 1.8 
TriSep X201 49.1 ± 5.1 48.2 ± 5.3 27.0 ± 3.0 25.5 ± 4.7 52.5 ± 3.2 

GE SG 73.6 ± 2.9 45.1 ± 2.8 32.5 ± 1.7 7.9 ± 1.7 40.5 ± 1.5 
GE HL 41.5 ± 2.6 47.2 ± 3.0 26.7 ± 1.8 30.5 ± 2.8 57.2 ± 1.4 

Dow NF270 21.4 ± 2.3 52.7 ± 2.5 22.1 ± 1.3 45.8 ± 1.1 67.9 ± 1.0 
Synder NFG 62.5 ± 2.9 52.0 ± 1.1 26.9 ± 0.8 16.2 ± 2.1 43.1 ± 1.6 

Nanostone NF4 36.2 ± 6.4 44.7 ± 5.0 27.4 ± 2.6 33.4 ± 4.7 60.8 ± 3.6 
TriSep XN45 39.8 ± 3.1 47.5 ± 1.7 26.4 ± 1.1 32.0 ± 2.6 58.3 ± 1.8 

GE DK 44.6 ± 1.7 47.2 ± 1.9 27.0 ± 1.1 28.4 ± 1.7 55.4 ± 0.9 
GE Duracid KH 62.2 ± 4.2 51.3 ± 2.7 27.1 ± 1.8 16.7 ± 3.4 43.8 ± 2.4 

 
To analyze the membrane support layer for all thirteen TFC membranes, the 

polyamide-support layers were peeled off the membrane polyester backing, and the 

support layer was analyzed by ATR-FTIR. Each membrane support was compared to the 

Psf and PES spectra in Figure 4.11 to determine whether it was Psf or PES. Figure 4.12 

shows the ATR-FTIR spectrum of each membrane support. The only membrane that had 

a PES support was the GE HL membrane. All other membranes (Dow BW30XFR, Dow 

SW30HRLE, Toray UTC-82V, TriSep ACM4, TriSep X201, GE SG, GE Duracid KH, 

Dow NF270, Synder NFG, Nanostone NF4, TriSep XN45, and GE DK) had a Psf 

support. 
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Figure 4.11. ATR-FTIR spectra of a polysulfone (Nanostone PS20) and a 
polyethersulfone (GE PW) membrane. Spectra are normalized to the peak at 1240 cm-1. 
 

 

Figure 4.12. ATR-FTIR spectra of the membrane support layers for (A) m-
phenylenediamine/trimesoyl chloride based membranes and (B) piperazine/trimesoyl 
chloride based membranes. Note that the GE SG membrane selective layer is prepared 
from interfacial polymerization of m-phenylenediamine/piperazine/trimesoyl chloride, 
and the GE Duracid KH membrane selective layer is a polysulfonamide. Spectra are 
normalized to the peak at 1240 cm-1.  
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4.4.2.2 Membrane Surface Roughness 

 In Figure 4.4, I observed that the original leaf-like surface features on mpd-tmc 

based membranes (images A-E) appeared to be “molded” into the peaks of the patterned 

area. Figure 4.7 further confirmed the “molded” leaf-like features in the patterned 

membranes. Based on this observation and the observation that mpd-tmc membranes on 

average had statistically higher peak heights, I decided to test whether membrane surface 

roughness correlates to pattern peak height for individual membranes.  Figure 4.13 

shows surface roughness values for pristine, pressed, and patterned membranes 

determined by AFM. Consistent with my initial study in Chapter 3 [28], membrane 

roughness decreased universally upon pressing, caused by the flattening of the surface 

upon compression with a flat silicon wafer. With the exception of Dow SW30HRLE, the 

patterned membrane roughness was higher than the pressed membrane roughness. I 

expected this finding, as patterning introduces an ordered roughness to the membrane 

surface. As expected, the mpd-tmc based membranes had rougher pristine membrane 

surfaces than the piperazine-tmc based membranes [212, 223]. It does appear, therefore, 

that surface roughness plays some role in patternability of the membranes. However, the 

pristine membrane surface roughness did not provide any new information. That is, while 

the rougher mpd-tmc membranes on average have statistically higher pattern peak 

heights, no correlation was found between pristine membrane roughness and membrane 

patternability for individual membranes within a membrane class.  
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Figure 4.13. RMS roughness of pristine, pressed, and patterned commercial polyamide 
membranes as determined by AFM. Error bars represent one standard deviation from at 
least 3 membrane pieces.  
 
4.4.2.3 Polyamide Cross-Linking Density 

 Based on the earlier observation that the polyamide layer appears to offer some 

resistivity to patterning, I decided to test whether polyamide crosslinking density 

correlates to pattern peak height for individual membranes. The hypothesis was that 

polyamide layers with higher cross-linking density would be more resistant to patterning. 

The Painter-Shenoy equation (Equation 4.5) was used to determine the number of 

monomer units between cross-link sites [218]. The larger the number of monomer units 

between cross-links, the lower the cross-linking density. This equation requires thickness 

data for dry and solvent-swollen films. The polyamide layers were isolated on silicon 

wafers and ellipsometry was used to determine their thicknesses in air and swollen in 

ethanol.  

Figure 4.14A shows the dry and ethanol swollen polyamide layer thickness of 



119 

each membrane, and Figure 4.14B shows the number of monomer units between cross-

links calculated from the Painter-Shenoy equation. Some of the piperazine-tmc layers, 

such as GE HL, Dow NF270, and Synder NFG, were extremely thin (< 25 nm), 

consistent with what is seen in the literature [212]. Surprisingly, the ethanol swollen 

polyamide layer thicknesses were similar for each membrane, all falling between 130 and 

150 nm. Neither the dry polyamide layer thickness nor the swelling ratio (Sh) correlates 

with membrane patternability. However, it does appear that the ability to swell 

significantly (i.e., relatively lower crosslinking density) is important to enable pattern 

peak heights larger than the polyamide layer thickness without disrupting salt rejection 

(vide infra). In other words, some polyamide layers are stretched to reach their pattern 

peak heights because the peak heights are larger than the dry thicknesses measured. The 

swelling ratios were used to calculate the number of monomer units between cross-links 

by the Painter-Shenoy equation. Unfortunately, this equation does have limitations, and 

the results depend strongly on the value of the Flory-Huggins parameter used. Some 

swelling ratios, such as those for GE HL, Dow NF270, and Synder NFG, were too high 

for the equation to work. Also, it is unlikely that the Nanostone NF4 and GE Duracid KH 

membranes have 15+ monomer units between cross-links, as all of these polyamide 

layers are highly cross-linked.  
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Figure 4.14. (A) Dry and ethanol swollen thicknesses of polyamide layers measured by 
ellipsometry. (B) Number of monomer units between crosslinks of the polyamide layer as 
calculated by the Painter-Shenoy equation. Error bars represent one standard deviation 
from at least 3 membrane pieces. 
 

Further attempts were made to correlate pattern peak height to the number of free 

carboxylic acid groups in the polyamide layers, as described in Figure 4.15. It was 

theorized that the density of ionized carboxylic acid groups could indicate the degree of 

cross-linking of each polyamide layer. The higher the density, the less cross-linked and 

vice versa. The data were analyzed to see if the swelling ratio (Sh) of the polyamide layer 

reported in the manuscript would correlate with the silver binding data. However, the 

correlations were poor. Therefore, polyamide crosslinking density does not appear to 

correlate to pattern peak height for individual membranes. 
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Figure 4.15. The number of ionized carboxylic acid groups per membrane volume at pHs 
6.7 and 10.5 as determined by silver binding experiments. Error bars represent one 
standard deviation from at least 3 membrane pieces. 
 
4.4.4.3 Membrane Performance Properties 

 Attempts also were made to correlate the membrane permeance and rejection 

properties to the membrane pattern peak height for individual membranes. The pristine, 

pressed, and patterned membranes were challenged with a 2000 ppm magnesium sulfate 

solution. Figure 4.16A shows the permeance of each membrane. As expected, the 

piperazine-tmc based membranes (nanofiltration membranes) had a higher permeance 

than the mpd-tmc based membranes (reverse osmosis membranes). Eight of the 13 

membranes had statistically the same permeance values after pressing or patterning at 

95% confidence. (Statistical information is given in Appendix B.) The remaining five 

membranes showed a decrease in permeance upon both pressing and patterning, 

indicating that the compression of the membrane support/polyamide layer increased 

transport resistance.  
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 Figure 4.16B shows the MgSO4 rejection of each membrane. Pristine membranes 

were tested to ensure a proper control with my testing system for comparisons to the 

pressed and patterned membranes. Ten of the 13 membranes had statistically the same 

rejection values after pressing or patterning at 95% confidence. (Statistical information is 

given in the Appendix B.)  For the membranes that had a decrease in rejection upon 

patterning, it is possible that the fracturing strain was exceeded, resulting in an increase in 

salt passage through the polyamide layer [204, 211]. Despite these efforts, I found that 

neither membrane permeance nor membrane rejection correlated with individual 

membrane patternability. 

 

Figure 4.16. (A) Permeance (L/m2/h/bar) and (B) MgSO4 rejection (%) of pristine, 
pressed, and patterned commercial polyamide membranes at 22-23°C. The feed was a 
2000 ppm magnesium sulfate solution, the cross flow velocity was 3.0 ± 0.2 m/s, and the 
membrane area was 5.6 cm2. Sixty-two percent of the membrane test area was 
pressed/patterned. The flow angle used between the solution flow and the membrane 
patterns was 0° (parallel). Error bars represent one standard deviation from at least 3 
membrane pieces. 
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4.4.4 Membrane Humectant 

In Chapter 3 [28], I discovered that a humectant is needed within the membrane to 

preserve the permeance properties of the membrane following patterning. However, 

neither the humectant nor the concentration of humectant used by manufacturers is 

known. I hypothesized that differences in individual membrane patternability could be 

caused by differences in these variables. To test this hypothesis, the membranes were 

rinsed thoroughly with water to remove the humectant, filled with a specific glycerol 

solution, dried, and patterned to investigate if the pattern peak heights changed.  

Figure 4.17 shows the patterned peak heights of the as received and 15 wt% 

glycerol filled membranes. All of the patterned peak heights were determined to be 

statistically different at 95% confidence upon patterning with a 15 wt% glycerol 

humectant, compared to the original humectant. The pattern peak heights appear to move 

closer to the same value for all membranes of a given chemistry class (mpd-tmc 

membranes ~160 nm and piperazine-tmc membranes ~70 nm). However, the membrane 

supports (GE PW and Nanostone PS20) had statistically the same membrane pattern peak 

heights upon patterning with a 15 wt% glycerol filled membrane instead of patterning as 

received. This data set further supports the observation that the polyamide layer offers 

some resistivity to patterning as first discussed in Section 4.4.1.  
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Figure 4.17. Membrane pattern peak heights (nm) as determined by AFM for patterned 
commercial polyamide membranes as received and after replacing the original humectant 
with a 15 wt% glycerol solution. Error bars represent one standard deviation from at least 
3 membrane pieces. 
 

Glycerol soaking time was studied to ensure the membranes were soaked long 

enough in the glycerol solution. The Dow NF270 and Synder NFG membranes were 

rinsed in DI water, pat dried, immersed in a 15 wt% glycerol solution for either 5 min or 

24.5 h, pat dried, and allowed to air dry overnight in a plastic petri-dish. The membranes 

were patterned and AFM was used to measure the peak heights. Figure 4.18 shows the 

membrane pattern peak heights for each membrane as received, immersed in a 15wt% 

(aq) glycerol for 5 min, and immersed in a 15wt% (aq) glycerol for 24.5 h. The as 

received patterned membrane peak heights were statistically different from the patterned 

membrane peak heights after immersion in 15wt% (aq) glycerol solution for 5 min. 

Statistically, there was no difference between the 5 min and 24.5 h immersion time. 

Therefore it was determined that 5 min was an acceptable immersion time. 
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Figure 4.18. Membrane pattern peak heights (nm) for Dow NF270 and Synder NFG 
membranes as received and after filling with a 15 wt% glycerol solution for 5 min and 
24.5 h. Error bars represent one standard deviation from at least 50 measurements on at 
least 3 membrane pieces. 
 

Knowing that the humectant matters, I wondered if the concentration of 

humectant in the membrane matters, and if so, can I use it to control the peak heights of 

each membrane for a constant applied pressure. I hypothesized that as the amount of 

glycerol in the pores increased, pattern peak height would decrease because the Young’s 

Modulus of the membrane supports would be higher by replacing air with glycerol. 

Building on work by Ding et al. [203], the open cell foam model was adopted to estimate 

the Young’s Modulus of the membrane support with different amounts of glycerol in the 

membrane support pores.  I attempted to correlate peak height to E*-1 (ρ*-2) by changing 

the glycerol content in the membrane, and thus changing the effective density of the 

membrane. Figure 4.19 shows the membrane pattern peak heights for Dow NF270, Dow 

BW30XFR, GE HL, Nanostone PS20, and GE Duracid KH using glycerol pore filling 
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solutions from 0 to 75 wt% glycerol. I did not observe the expected trend of declining 

pattern peak height with increasing glycerol content, and therefore no correlation to bulk 

Young’s Modulus was found. Interestingly, the GE Duracid KH membrane showed no 

patterning when filled with 0 wt% glycerol (only air in the pores after drying) but showed 

similar patternability for all the glycerol filled membranes. This membrane also could not 

be patterned as received, which may indicate that the manufacturer does not apply 

humectant to this product. 

 

Figure 4.19. Membrane pattern peak heights (nm) for the patterned Dow NF270, Dow 
BW30XFR, GE HL, Nanostone PS20, and GE Duracid KH membranes after replacing 
the original humectant with 0, 5, 15, 25, and 75 wt% glycerol solutions. Error bars 
represent one standard deviation from at least 3 membrane pieces. 
 

Although the amount of glycerol used as a humectant does not correlate with 

membrane patternability, it does appear that its presence makes a difference. AFM nano-

indentation was used to determine if glycerol affected the Young’s Modulus of the 

polyamide layers. Figure 4.20 shows the Young’s Modulus of as received, rinsed, and 
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15wt% (aq) glycerol filled GE Duracid KH, GE DK, and TriSep X201 membranes using 

a 5 min glycerol soak time. I theorized that if glycerol was plasticizing the polyamide 

layer, the changes in patterning upon filling with 15wt% glycerol could be determined 

based on the change in the polyamide layer stiffness or Young’s Modulus. It was 

expected that if the Young’s Modulus decreased upon filling with 15wt% glycerol, then 

pattern peak heights would increase and vice versa. The number of data points received 

from these tests was so large (> 700 per membrane type) that a multiple mean hypothesis 

test could not be performed as the variances were not considered equal (p-value < 

0.0001). A t-test was used to compare the data. However, because the data set is so large, 

all but 2 data points were considered statistically different. The TriSep X201 membrane 

rinsed and immersed in 15wt% (aq) glycerol solution for 5 min were the only data points 

considered statistically the same. The GE Duracid KH membrane had a constant Young’s 

Modulus around 8.7 GPa and the TriSep X201 membrane had a constant Young’s 

Modulus around 2.7 GPa. The GE DK membrane was the only membrane that appeared 

to have any change in Young’s Modulus. The as received and rinsed Young’s Modulus 

for GE DK was around 4.2 GPa, whereas that for the membrane immersed in 15wt% (aq) 

glycerol solution for 5 min was around 2.7 GPa. The best case to study was the GE 

Duracid KH membrane because it did not pattern as received, but did once filled with 

15wt% glycerol. However, because no change in the Young’s Modulus data was seen, it 

was determined that this test was not applicable to determine why there are differences in 

patterning the as received membranes. 
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Figure 4.20. Young’s Modulus (GPa) from AFM nano-indentation measurements of GE 
Duracid KH, GE DK, and TriSep X201 membranes as received, rinsed, and after filling 
with a 15 wt% glycerol solution.  Error bars represent one standard deviation from at 
least 3 membrane pieces. 
 

Swelling studies using pure DI water and a 15 wt% (aq) glycerol solution were 

done on isolated polyamide layers of select membranes in an attempt to understand why 

glycerol changed the patternability of the membranes. I theorized that if the glycerol is 

acting as a plasticizer of the polyamide layer, then there should be a change in polyamide 

thickness. Figure 4.21 shows the data for the polyamide layers of Dow NF270, Synder 

NFG, TriSep X201, and GE Duracid KH. Dow NF270 and Synder NFG were chosen 

because they are both piperazine-tmc based membranes but have opposite trends in 

pattern peak height when filled with a 15wt% glycerol solution (Dow NF270 decreased 

and Synder NFG increased). TriSep X201 was chosen to compare to the Dow NF270 

data because it is an mpd-tmc membrane but had a similar decrease in pattern peak height 

when filled with a 15wt% glycerol solution. GE Duracid KH was chosen because of the 
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appearance of patterning when filling with a 15wt% glycerol solution. However, the 

swelling tests showed no conclusive trend. Dow NF270 thickness was statistically the 

same at approximately 110 nm, Synder NFG was statistically the same at approximately 

64 nm, and GE Duracid KH was statistically the same at approximately 307 nm. TriSep 

X201 was statistically different showing an increase from 129 nm to 219 nm when 

soaked in the 15wt% glycerol solution. However, that trend is opposite from expected 

and it is the only membrane to show any statistically significant changes. Therefore, it 

was determined that this test was not appropriate to determine why there are differences 

in patterning the as received membranes. The prevailing thought is that glycerol is acting 

as a plasticizer or lubricant; however, no tests performed so far have led to conclusive 

results. 

 

Figure 4.21. Dry, water swollen, 15wt% (aq) glycerol swollen thicknesses of the isolated 
polyamide layer for the Dow NF270, Synder NFG, TriSep X201, and GE Duracid KH 
membranes measured by ellipsometry. Error bars represent one standard deviation from 
at least 3 membrane pieces. 
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4.5. Conclusions 

 Nanoimprint lithography was used to pattern many commercial thin-film 

composite nanofiltration and reverse osmosis membranes of varying chemistries. 

Membrane chemistry, membrane surface properties, membrane mechanical properties, 

and membrane performance properties were studied to understand why membranes 

pattern differently. A significant difference was found in the patternability among classes 

of membranes. The mpd-tmc based membranes had an average peak height statistically 

higher than the piperazine-tmc based membranes, which may be related to surface 

roughness. However, no correlations were found between the study variables and pattern 

peak heights for individual membranes within the membrane classes. One interesting 

result is that the humectant appears to play some role. When a common humectant 

(glycerol) was used for all membranes, the membrane pattern peak heights changed and 

became more uniform within each polyamide class. While it is clear that the humectant 

facilitates patterning, attempts to understand the mechanism showed no conclusive 

results.  
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary and Conclusions 

 This dissertation describes two techniques that were used to reduce the fouling 

propensity of water treatment membranes. Chapter 1 introduced membrane fouling and 

more specifically membrane biofouling. It highlights the various methods used to combat 

membrane fouling, including anti-fouling surfaces that are used to make the membrane 

“less sticky” to foulant attachment and anti-microbial surfaces are used to kill or 

deactivate bacteria upon contact with the membrane surface. It describes anti-fouling, 

anti-microbial surfaces that take a combined approach to resist foulant attachment and 

kill bacteria upon attachment to the membrane surface. It describes surface patterning as 

a tool to alter the fluid flow at the membrane surface such that the foulants are less likely 

to come in contact with the membrane surface. Chapter 1 also highlights the various 

methods used to measure success in fouling reduction. Flux reduction over time is the 

most common method in academia. Threshold flux is argued to be the most appropriate 

method to translate from bench scale to industrial scale. 

 Chapter 2 focused on developing a membrane surface with a switchable chemistry 

that can act as either anti-fouling or anti-microbial depending on the environment pH. 

Poly(CBOH) was found to be a great anti-fouling surface at neutral pH and capable of 

enhancing the biofilm mortality by switching to the anti-microbial mode at pH 1.0. A thin 

layer of poly(CBOH) on the membrane surface was found to reduce the bacteria 

deposition coefficient by over an order of magnitude over the pristine membrane. 



132 

Poly(CBOH) modified membranes accumulated half the biomass compared to the 

pristine membrane. A practical time of 15 minutes was found to switch from anti-fouling 

mode to anti-microbial mode and vice versa. A less than desirable low switching pH of 

1.0 was needed to cause the switching from anti-fouling mode to anti-microbial mode. 

Even still, the poly(CBOH) modified membranes enhanced biofilm mortality at pH 1.0 

compared to another zwitterion modified membrane. Future chemistry designs should 

aim to increase the switching pH to make it more practical and closer to a typical 

cleaning solution pH, and I propose some in Section 5.2.1. 

 Chapters 3 and 4 described a method for applying a nanometer-sized line and 

groove surface pattern onto thin-film composite membranes. In Chapter 3, the line and 

groove pattern was combined with an anti-fouling coating to make a superior anti-

alginate fouling membrane surface. A piperazine-tmc based nanofiltration membrane was 

chosen for this study. This was the first study known to show direct patterning of a TFC 

membrane. The nanometer-sized line and groove pattern was applied onto the membrane 

using a silicon stamp by a thermal embossing nanoimprint lithography method. Control 

experiments were done by using the same thermal embossing method but with a flat 

silicon wafer. Poly(ethylene glycol) diglycidyl ether was used as an anti-fouling coating 

by reacting the epoxide groups of PEGDE with the unreacted carboxylic acid groups of 

the polyamide membrane. The pattern was successfully applied onto the membrane 

through visualization methods such as AFM and LEXT. The chemical reaction was 

deemed successful by ATR-FTIR and contact angle characterization. Magnesium sulfate 

rejection experiments showed that membrane performance (flux and rejection) was not 
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altered by either physical patterning or chemical coating. Flux decline over time 

experiments were performed using a model biopolymer, alginate, as a foulant. Chemical 

coating alone showed a significant improvement on the membrane’s fouling resistance. 

The flat silicon wafer compression experiments showed that simply flattening the 

membrane surface (thus decreasing the surface roughness) is similar to using the 

chemical coating in terms of reducing the amount of alginate fouling on the membrane. 

Membrane compression and patterning showed similar fouling reduction. However, by 

combining the patterning with the chemical coating, little to no fouling was observed 

over the course of testing. Future designs should alter the surface coating chemistry 

because PEG degrades under typical cleaning solutions. 

 In Chapter 4, the same line and groove pattern used in Chapter 3 was applied onto 

thirteen different commercial nanofiltration and reverse osmosis polyamide membranes. 

The pattern was applied onto the membrane surface using the same thermal embossing 

NIL process as in Chapter 3. Membrane chemistry, membrane surface properties, 

membrane mechanical properties, and membrane performance properties were studied to 

understand why membranes pattern differently. A significant difference was found in the 

patternability among classes of membranes. The mpd-tmc based membranes had an 

average peak height statistically higher than the piperazine-tmc based membranes, which 

may be related to surface roughness. However, no correlations were found between the 

study variables and pattern peak heights for individual membranes within the membrane 

classes. One interesting result is that the humectant appears to play some role. When a 

common humectant (glycerol) was used for all membranes, the membrane pattern peak 
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heights changed and became more uniform within each polyamide class. While it is clear 

that the humectant facilitates patterning, attempts to understand the mechanism showed 

no conclusive results. Future work should explore if patternability depends on humectant 

type and seek to uncover what humectant/concentration of humectant is used by 

membrane manufacturers. 

5.2 Recommendations 

5.2.1 Switchable Chemistry 

 The switching studies in Chapter 2 show that a pH of 1.0 is required to switch the 

poly(CBOH) chemistry from anti-fouling mode to anti-microbial mode. However, a 

switching pH of 1.0 is not desirable for a membrane chemical cleaning. I suggest that 

future work be done to explore ways to increase the switching pH. Cao, et al. proposed 

the switching mechanism of this chemistry [93]. The first step in the switching process is 

protonation of the carboxylic acid head group of the CBOH zwitterion. Interestingly, the 

switching pH does not appear to match the pKa of sarcosine or to increase upon 

polymerization as has been seen in some previous studies [224, 225]. While sarcosine has 

a pKa much greater than 1.0, it is believed that the presence of the quaternary amine close 

to the carboxylic acid within the zwitterion decreases its pKa [190]. To assess the role of 

proximate groups on the acid pKa and guide selection of precursor molecules that 

ultimately may lead to an increased switching pH, I selected a set of potential precursor 

molecules with pKa values that are similar but different to the base sarcosine unit in the 

CBOH monomer. Table 5.1 shows some organic acids and their pKa values. The addition 

of methyl groups on sarcosine and N,N-dimethylglycine compared to glycine decreased 



135 

the pKa of the carboxylic acid group. The quaternary amine of betaine reduced the pKa by 

0.6 units from glycine. The prevailing thought is that upon polymerization, one of two 

things occurs: (1) the pKa of the carboxylic acid is further reduced by the presence of 

additional monomer units or (2) charge shielding occurs and the surface groups switch 

while buried groups do not. However, when increasing the alkyl chain length between the 

quaternary amine and the carboxylic acid the pKa of the carboxylic acid increases. For 

example, γ-aminobutyric acid has a pKa of 4.1 and 5-aminopentanoic acid has a pKa of 

4.3, almost 2.0 units higher than glycine. Therefore, if a carboxybetaine monomer can be 

made that contains γ-aminobutyric acid or 5-aminopentanoic acid instead of sarcosine, 

then perhaps the switching pH could be increased. I have done some preliminary work in 

this area and have found that the two new monomers are difficult to synthesize because 

the protected intermediate does not precipitate. To get around this hurdle, I dip-coated 

silicon wafers with PGMA and reacted the new organic acids with the unreacted epoxide 

groups of PGMA. Figure 5.1 shows the switching characteristics of the wafers 

synthesized by (A) γ-aminobutyric acid and (B) 5-aminopentanoic acid. As can be seen in 

the peaks between 1150 cm-1 and 1200 cm-1, the switching pH increased moderately to 

2.5. Although this result is promising, more work needs to be done to increase the 

switching pH to a more optimal value of approximately 4.0. One recommendation is to 

add a methyl group to the alpha-carbon of the carboxylic acid because it decreases the 

acidity of the carboxylic acid [226]. 
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Table 5.1. pKa values of various organic acids 

 

 

Figure 5.1. Switching pH characteristics of carboxybetaine polymers made from (A) γ-
aminobutyric acid (yABa) and (B) 5-aminopentanoic acid (5AP). 
 
 As mentioned in Chapter 1, the length of the alkyl chain can affect the potency of 

the quaternary amine towards cell death [69, 70]. In addition to increasing the switching 

pH, I recommend exploring ways to increase the alkyl chain length on the quaternary 

amine to either 6 or 8 units long. I have done some preliminary work in this area with the 

sarcosine based CBOH. However, the intermediate protected version of this monomer 

would also not precipitate. It is unknown if increasing the alkyl chain length will affect 

the ability of the monomer to ring close (switch) or if it will alter the switching pH in 
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some way. While these chemistries seem reasonably straightforward to synthesize on 

silicon wafers, the challenge will be to synthesize them on membranes directly. If the 

monomers can be synthesized and purified with reasonable yields, then that would help 

solve this issue by enabling the use of standard polymer grafting methods. 

5.2.2 Combining Anti-Fouling Chemistry with Surface Patterning 

 As stated in Chapters 1 and 3, PEG-based coatings tend to degrade under typical 

membrane cleaning solutions [31]. Therefore, I recommend changing the anti-fouling 

chemistry used to something that will be more stable under chemical cleanings. For 

example, the zwitterionic chemistry studied in Chapter 2 would be useful to combine 

with these nano-patterns [16]. The challenge will be to synthesize the zwitterion polymer 

or oligomer and cap it with an epoxide group that will readily react with the unreacted 

carboxylic acid groups of the polyamide membrane surface. This can be done through 

ATRP, which will allow for control over the molecular weight of the polymer [227, 228]. 

The molecular weight of the polymer can then be a variable studied in conjunction with 

the addition of surface patterns to determine the most effective coating. 

 To really understand the effectiveness of the combined coating, patterning 

approach, I recommend longer run times with a more challenging solution. Multiday 

experiments would provide the data that are needed to understand how these surfaces 

might perform under continuous operation. Increasing the alginate and calcium 

concentrations would give a more challenging solution for the membrane to resist 

fouling. Decreasing the cross-flow velocity also would help determine the surfaces’ 

effectiveness. In Chapter 3, a cross-flow velocity of 1.0 m/s was used. If the cross-flow 
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velocity was reduced to <0.5 m/s, that would provide the data that are needed to 

understand how hydrodynamic effects caused by the patterns affect the fouling resistance. 

Another approach to evaluate the surface modification’s effectiveness would be to 

investigate the threshold flux change after different modifications. These studies could be 

done using an automated system like the one in our lab that keeps the flux constant by 

changing the applied pressure on the feed side of the membrane. The pressure increase 

over a defined time is recorded and slope analysis is used to determine the threshold flux. 

5.2.3 Nano-Patterning Commercial Polyamide Membranes 

 In Chapter 4, 13 different commercial polyamide thin-film composite membranes 

were patterned with a line and groove nano-pattern. Numerous variables were studied to 

determine what caused differences in the patterned peak heights of the as received 

membranes. One variable that was not studied was the type of humectant. Unknown 

factors are the type and concentration of the humectants in the as received membranes. I 

recommend performing a water soak of each membrane in with 15 mL of water under 

gentle agitation for a time sufficiently long to allow humectant to diffuse from the 

membrane pores. Chromatography followed by Mass Spectrometry (GC-MS or LC-MS) 

can be used to determine what humectant is used by manufacturers. The challenge will be 

determining the humectant concentration. One method could be to use the same 

chromatography method with a calibration standard once the humectant is known. A 

second method would be to do total organic carbon (TOC) analysis on each humectant 

solution. Once the humectant is known, then the concentration can be determined through 

the TOC analysis. 
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Interestingly, when filled with a 15 wt% glycerol solution of my making, the 

pattern peak heights of the membranes changed. When changing the concentration of 

glycerol, the peak heights did not vary according to the expected trend. Based on this 

unexpected finding, perhaps the membrane pores do not fill uniformly with the 

humectant. Therefore, I recommend to image using SEM the cross section and top 

surfaces of the membranes as received (no rinsing) and after filling with a 15 wt% 

glycerol solution (rinsed membranes have already been imaged and presented in Chapter 

4). This would allow visual inspection of the membranes to determine if the filling 

procedure leads to visual differences in how the glycerol pore fills the membranes. 

Differences in filling procedure seems unlikely to be the cause of the different peak 

heights as the industrial way of pore filling the membranes is through a roll-to-roll dip-

coating procedure, which is not very different from my immersion procedure. 

A final recommendation would be to change the humectant used for membrane 

preservation to study the role of humectant type on patternability of individual 

membranes within a polyamide membrane class. This study would be especially 

important if differences are found in the humectant types used among the commercial 

membranes. For example, a viscous poly(ethylene glycol) solution could be used to fill 

the membrane pores prior to patterning, and the pattern peak heights would be measured 

and compared to results using glycerol. 
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Appendix A 

Statistical Analysis for A SWITCHABLE ZWITTERIONIC MEMBRANE SURFACE 

CHEMISTRY FOR BIOFOULING CONTROL 

[As published in the Journal of Membrane Science 548 (2018) 490-501 with minor 
revisions] 

 
Hypothesis testing (multiple mean or t-test) was done to determine statistical 

relevance of the data sets. SAS® Studio (v. 3.5 enterprise edition) was used online at 

http://support.sas.com/software/products/ondemand-academics/#s1=2 for all statistical 

analyses. The Brown and Forsythe’s test for homogeneity was done to test for equal 

variance in the multiple mean hypothesis tests. Equal variance is required to perform the 

multiple mean hypothesis test. All tests were done using 95% confidence (α = 0.05); 

therefore, if the p-value is greater than α then the variances or means are considered to be 

equal and if the p-value is less than α then the variances or means are considered to be 

unequal. 

Water permeability coefficient statistical analysis was done using a multiple mean 

hypothesis test for the data in Figure 2.10. GE PES membrane (Figure 2.10A) variances 

were considered equal with a p-value of 0.6338. The p-value for the multiple mean test 

was < 0.0001, concluding at least one set of data was significantly different from the rest. 

Using a Tukey’s t-test on the data, it was concluded that the unmodified GE PES was 

statistically different from the modified GE PES. The BP entrapped PES was statistically 

different from poly(SPE) modified PES and poly(PEGMA) modified PES. The 

poly(CBOH) modified PES was statistically different from poly(PEGMA) modified PES. 

To perform the multiple mean hypothesis test on the Microdyn-Nadir PES membranes 
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(Figure 2.10B), it was necessary to take the square root of all data to obtain equal 

variances (p-value = 0.0079 before taking the square root and p-value = 0.0875 after). 

The p-value was 0.001 for the multiple mean test, concluding at least one set of data was 

significantly different from the rest. Using a Tukey’s t-test on the data, it was concluded 

that the poly(SPE) modified Microdyn-Nadir PES was statistically different from the 

unmodified Microdyn-Nadir PES, BP entrapped Microdyn-Nadir PES, and the 

poly(CBOH) modified Microdyn-Nadir PES. 

Bacteria deposition statistical analysis was done using a multiple mean hypothesis 

test for the data in Table 2.1. The variances were considered equal with a p-value of 

0.149. The p-value for the multiple mean test was < 0.0001, concluding at least one set of 

data was significantly different from the rest. Using a Tukey’s t-test on the data, it was 

concluded that unmodified PES was statistically different from the surface modified PES 

membranes. All the surface modified PES membranes were considered statistically the 

same at 95% confidence. 

The biofilm volumetric quantification (no acid rinse) statistical analysis was done 

using a multiple mean hypothesis test for the data in Table 2.3. Table A-1 presents the 

results of the statistical analysis for all nine variables. Using a Tukey’s t-test on the data, 

it was concluded that all biovolumes, all biomass thicknesses, and no biomass roughness 

values between the unmodified membrane and the poly(CBOH) modified or poly(SPE) 

modified membranes were considered statistically different. 
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Table A-1. Statistical analysis results of the biofilm volumetric quantification between 
the unmodified, poly(CBOH) modified, and poly(SPE) modified Microdyn-Nadir PM 
UP150 PES membranes. Interpretation (what is statistically different) was done using a 
Tukey’s t-test. 

Test Variable 
Equal 

Variance 
p-value 

Equal 
Means 
p-value 

Statistically Different  
(95% Confidence) 

Dead 
Biovolume 0.351 < 0.0001 All  

Live 
Biovolume 0.250 < 0.0001 Unmodified – poly(CBOH) 

Unmodified – poly(SPE) 
EPS 

Biovolume 0.190 0.0012 Unmodified – poly(CBOH) 
poly(CBOH) – poly(SPE) 

Dead Biomass 
Thickness 0.654 < 0.0001 Unmodified – poly(CBOH) 

Unmodified – poly(SPE) 
Live Biomass 

Thickness 0.225 0.0093 Unmodified – poly(CBOH) 
Unmodified – poly(SPE) 

EPS Biomass 
Thickness 0.390 < 0.0001 Unmodified – poly(CBOH) 

Unmodified – poly(SPE) 
Dead Biomass 

Roughness  0.0004 N/A N/A 

Live Biomass 
Roughness 0.304 0.594 All Statistically the Same 

EPS Biomass 
Roughness 0.195 0.558 All Statistically the Same 

 
The biofilm volumetric quantification for poly(CBOH) modified membranes 

without and with acid rinse were done on the data from Table 2.3 and Table 2.4 using a 

pooled (equal variance) or Satterthwaite (unequal variance) two-tailed t-test. Table A-2 

presents the results of the statistical analysis for all nine variables. If the equal variance p-

value was less than 0.05, then the Satterthwaite t-test was used, otherwise the pooled t-

test was used. Dead biovolume, dead biomass thickness, live biomass thickness, and dead 

biomass roughness coefficient are all considered to be statistically different. Live 
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biovolume, EPS biovolume, EPS biomass thickness, live biomass roughness coefficient, 

and EPS biomass coefficient are all considered to be statistically the same.  

 

Table A-2. Statistical analysis results of the biofilm volumetric quantification between 
the poly(CBOH) modified Microdyn-Nadir PM UP150 PES membranes with and without 
acid rinse. 

Test Variable 
Equal 

Variance 
p-value 

t-test used 
Equal 
Means 
p-value 

Interpretation  
(95% Confidence) 

Dead 
Biovolume 0.0792 pooled < 0.0001 Statistically Different 

Live 
Biovolume 0.0036 Satterthwaite 0.075 Statistically the Same 

EPS 
Biovolume 0.185 pooled 0.693 Statistically the Same 

Dead Biomass 
Thickness 0.573 pooled 0.0003 Statistically Different 

Live Biomass 
Thickness 0.044 Satterthwaite 0.007 Statistically Different 

EPS Biomass 
Thickness 0.038 Satterthwaite 0.894 Statistically the Same 

Dead Biomass 
Roughness  0.143 pooled 0.022 Statistically Different 

Live Biomass 
Roughness < 0.0001 Satterthwaite 0.082 Statistically the Same 

EPS Biomass 
Roughness 0.024 Satterthwaite 0.930 Statistically the Same 

 
The biofilm volumetric quantification for poly(SPE) modified membranes with 

and without acid rinse were done on the data from Table 2.3 and Table 2.4 using a 

pooled (equal variance) or Satterthwaite (unequal variance) two-tailed t-test. Table A-3 

presents the results of the statistical analysis for all nine variables. If the equal variance p-



145 

value was less than 0.05, then the Satterthwaite t-test was used, otherwise the pooled t-

test was used. EPS biovolume, dead biomass thickness, and EPS biomass thickness are 

all considered to be statistically different. Dead biovolume, live biovolume, live biomass 

thickness, dead biomass roughness coefficient, live biomass roughness coefficient, and 

EPS biomass coefficient are all considered to be statistically the same.  

 

Table A-3. Statistical analysis results of the biofilm volumetric quantification between 
the poly(SPE) modified Microdyn-Nadir PM UP150 PES membranes with and without 
acid rinse. 

Test Variable 
Equal 

Variance 
p-value 

t-test used 
Equal 
Means 
p-value 

Interpretation  
(95% Confidence) 

Dead 
Biovolume 0.222 pooled 0.140 Statistically the 

Same 
Live 

Biovolume 0.692 pooled 0.583 Statistically the 
Same 

EPS 
Biovolume 0.092 pooled < 0.0001 Statistically 

Different 
Dead Biomass 

Thickness 0.222 pooled 0.130 Statistically 
Different 

Live Biomass 
Thickness 0.718 pooled 0.775 Statistically the 

Same 

EPS Biomass 
Thickness < 0.0001 Satterthwaite 0.0002 Statistically 

Different 

Dead Biomass 
Roughness  0.332 pooled 0.382 Statistically the 

Same 

Live Biomass 
Roughness 0.024 Satterthwaite 0.820 Statistically the 

Same 

EPS Biomass 
Roughness < 0.0001 Satterthwaite 0.113 Statistically the 

Same 
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GE PES water contact angle statistical analysis was done using a pooled (equal 

variance) or Satterthwaite (unequal variance) two-tailed t-test between the data for the 

unmodified PES and modified PES in Figure 2.8A. Table A-4 presents the results of the 

statistical analysis for all tests. If the equal variance p-value was less than 0.05, then the 

Satterthwaite t-test was used, otherwise the pooled t-test was used. A multiple mean 

hypothesis test could not be done because the variances were not considered equal. 

Unmodified compared with BP entrapped and poly(PEGMA) are considered statistically 

different, while unmodified compared with poly(CBOH) and poly(SPE) are considered 

statistically the same.  

 

Table A-4. Statistical analysis results between the water contact angle data for the 
unmodified and polymer modified GE PES membranes. 

Test Variable 
Equal 

Variance 
p-value 

t-test used 
Equal 
Means 
p-value 

Interpretation  
(95% Confidence) 

BP entrapped 0.103 pooled 0.019 Statistically Different 
poly(CBOH) 0.705 pooled 0.349 Statistically the Same 

poly(SPE) 0.186 pooled 0.488 Statistically the Same 
poly(PEGMA) 0.216 pooled 0.002 Statistically Different 

 

Microdyn-Nadir PM UP150 water contact angle statistical analysis was done 

using a pooled (equal variance) or Satterthwaite (unequal variance) two-tailed t-test 

between the data for the unmodified PES and modified PES in Figure 2.8B. Table A-5 

presents the results of the statistical analysis for all tests. If the equal variance p-value 

was less than 0.05, then the Satterthwaite t-test was used, otherwise the pooled t-test was 

used. A multiple mean hypothesis test could not be done because the variances were not 
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considered equal. All modified Microdyn-Nadir membranes were considered statistically 

different from the unmodified Microdyn-Nadir membranes. 

 

Table A-5. Statistical analysis results between the water contact angle data for the 
unmodified and polymer modified Microdyn-Nadir PM UP150 PES membranes. 

Test 
Variable 

Equal 
Variance 
p-value 

t-test used Equal Means 
p-value 

Interpretation 
(95% Confidence) 

BP entrapped 0.0003 Satterthwaite < 0.0001 Statistically 
Different 

poly(CBOH) 0.1395 Pooled < 0.0001 Statistically 
Different 

poly(SPE) 0.0029 Satterthwaite < 0.0001 Statistically 
Different 
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Appendix B 

Statistical Analysis for NANOPATTERNING COMMERCIAL NANOFILTRATION 

AND REVERSE OSMOSIS MEMBRANES 

[As submitted to Journal of Membrane Science for publication with minor revisions] 

Hypothesis testing (multiple mean or t-test) was done to determine statistical 

relevance of the data sets. SAS® Studio (v. 3.5 enterprise edition) was used online at 

http://support.sas.com/software/products/ondemand-academics/#s1=2 for all statistical 

analyses. The Brown and Forsythe’s test for homogeneity was done to test for equal 

variance in the multiple mean hypothesis tests. Equal variance is required to perform the 

multiple mean hypothesis test. Interpretation (what is statistically different) of a multiple 

mean hypothesis test was done using a Tukey’s t-test. A pooled (equal variance) or 

Satterthwaite (unequal variance) two-tailed t-test was used where multiple mean 

hypothesis tests were not acceptable. All tests were done using 95% confidence (α = 

0.05); therefore, if the p-value is greater than α then the variances or means are 

considered to be equal and if the p-value is less than α then the variances or means are 

considered to be unequal. 

 Surface roughness statistical analysis was done using a multiple mean hypothesis 

test for the data in Figure 4.13. Table B-1 shows results for the statistical analysis for 

each membrane. The pristine, pressed, and patterned roughness were considered 

statistically the same for GE SG, GE HL, Synder NFG, Nanostone NF4, TriSep XN45, 

and GE DK membranes. The following pristine, pressed, and patterned roughness were 

all considered statistically different for Dow BW30XFR, Dow SW30HRLE, Toray UTC-
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82V, and TriSep ACM4 membranes. Pressed and pristine roughness were considered 

statistically different for TriSep X201, GE Duracid KH, GE PW, and Nanostone PS20 

membranes. Patterned and pressed roughness were considered statistically different for 

TriSep X201, Dow NF270, GE PW, and Nanostone PS20 membranes. Patterned and 

pristine roughness were considered statistically different for GE Duracid KH and 

Nanostone PS20 membranes. 

 

Table B-1. Statistical analysis results of the pristine, pressed, and patterned surface 
roughness of commercial nanofiltration and reverse osmosis membranes. Interpretation 
(what is statistically different) was done using a Tukey’s t-test. 

Test Variable 
Equal 

Variance 
p-value 

Equal 
Means 
p-value 

Statistically Different  
(95% Confidence) 

Dow BW30XFR 0.4946 < 0.0001 All are Statistically Different 
Dow SW30HRLE 0.5611 0.0020 All are Statistically Different 
Toray UTC-82V 0.3425 0.0001 All are Statistically Different 
TriSep ACM4 0.8354 < 0.0001 All are Statistically Different 

TriSep X201 0.6525 0.0003 Pressed – Pristine 
Patterned - Pressed 

GE SG 0.8978 0.1097 All are Statistically Same 
GE HL  0.4347 0.1101 All are Statistically Same 

Dow NF270 0.1880 0.0218 Patterned - Pressed 
Synder NFG 0.1286 0.0720 All are Statistically Same 

Nanostone NF4 0.4192 0.2996 All are Statistically Same 
TriSep XN45 0.4324 0.0574 All are Statistically Same 

GE DK 0.6801 0.0719 All are Statistically Same 

GE Duracid KH 0.7048 0.0163 Pressed – Pristine 
Patterned - Pristine 

GE PW 0.1591 0.0115 Pressed – Pristine 
Patterned - Pressed 

Nanostone PS20 0.0702 0.0001 Patterned – Pristine 
Patterned - Pressed 
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Membrane permeance statistical analysis was done using a multiple mean 

hypothesis test for the data in Figure 4.16A. Table B-2 shows results for the statistical 

analysis for each membrane. The following membrane permeances were considered 

statistically the same: Dow SW30HRLE, Toray UTC-82V, GE HL, Dow NF270, 

Nanostone NF4, TriSep XN45, GE DK, and GE Duracid KH. The following membrane 

permeances were considered statistically different for the pressed-pristine and patterned-

pristine membranes: Dow BW30XFR, TriSep ACM4, TriSep X201, GE SG, and Synder 

NFG. 

 
Table B-2. Statistical analysis results of the pristine, pressed, and patterned permeance of 
commercial nanofiltration and reverse osmosis membranes. Interpretation (what is 
statistically different) was done using a Tukey’s t-test. 

Test Variable 
Equal 

Variance 
p-value 

Equal Means 
p-value 

Statistically Different  
(95% Confidence) 

Dow BW30XFR 0.5132 0.0004 Pressed – Pristine 
Patterned – Pristine 

Dow SW30HRLE 0.7461 0.0539 All Statistically the Same 
Toray UTC-82V 0.9705 0.9534 All Statistically the Same 

TriSep ACM4 0.6366 0.0270 Pressed – Pristine 
Patterned – Pristine 

TriSep X201 0.5808 0.0064 Pressed – Pristine 
Patterned – Pristine 

GE SG 0.9589 0.0014 Pressed – Pristine 
Patterned – Pristine 

GE HL  0.3735 0.2756 All Statistically the Same 
Dow NF270 0.9866 0.1096 All Statistically the Same 

Synder NFG 0.8724 0.0015 Pressed – Pristine 
Patterned – Pristine 

Nanostone NF4 0.5951 0.5606 All Statistically the Same 
TriSep XN45 0.8740 0.9758 All Statistically the Same 

GE DK 0.3193 0.4754 All Statistically the Same 
GE Duracid KH 0.8916 0.6142 All Statistically the Same 
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Membrane MgSO4 rejection statistical analysis was done using a multiple mean 

hypothesis test for the data in Figure 4.16B. Table B-3 shows results for the statistical 

analysis for each membrane. All rejections were considered statistically the same except 

for the TriSep ACM4 pressed-pristine and patterned-pristine membranes, the Dow 

NF270 patterned-pristine membranes, and the Synder NFG patterned-pristine 

membranes. 

 

Table B-3. Statistical analysis results of the pristine, pressed, and patterned MgSO4 
rejection of commercial nanofiltration and reverse osmosis membranes. Interpretation 
(what is statistically different) was done using a Tukey’s t-test. 

Test Variable 
Equal 

Variance 
p-value 

Equal 
Means 
p-value 

Statistically Different  
(95% Confidence) 

Dow BW30XFR 0.4890 0.1883 All Statistically the Same 
Dow SW30HRLE 0.4336 0.2982 All Statistically the Same 
Toray UTC-82V 0.3081 0.3761 All Statistically the Same 

TriSep ACM4 0.4348 0.0013 Pressed – Pristine 
Patterned – Pristine 

TriSep X201 0.3280 0.1227 All Statistically the Same 
GE SG 0.9491 0.8625 All Statistically the Same 
GE HL  0.7101 0.1759 All Statistically the Same 

Dow NF270 0.4407 0.0112 Patterned – Pristine 
Synder NFG 0.3852 0.0327 Patterned – Pristine 

Nanostone NF4 0.4923 0.4549 All Statistically the Same 
TriSep XN45 0.3308 0.2947 All Statistically the Same 

GE DK 0.1485 0.2673 All Statistically the Same 
GE Duracid KH 0.9994 0.9156 All Statistically the Same 

 

Statistical analyses of pattern peak heights of the as received and 15wt% glycerol 

filled membranes were done using a pooled (equal variance) or Satterthwaite (unequal 
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variance) two-tailed t-test for the data in Figure 4.17. Table B-4 shows results for the 

statistical analysis for each membrane. All peak heights were statistically different except 

for the membrane supports (Nanostone PS20 and GE PW). This indicates that the 

humectant used could play a role in how the membrane patterns. It also indicates that 

there is possible plasticization of the polyamide layer with glycerol. 

 

Table B-4. Statistical analysis results of the pattern peak heights of the as received and 
15wt% glycerol filled membranes of commercial nanofiltration and reverse osmosis 
membranes. 

Test Variable 
Equal 

Variance  
p-value 

t-test used 
Equal 
Means 
p-value 

Interpretation  
(95% Confidence) 

Dow BW30XFR 0.0068 Satterthwaite 0.0013 Statistically Different 
Dow 

SW30HRLE 0.0014 Satterthwaite 0.0089 Statistically Different 

Toray UTC-82V 0.0837 pooled < 0.0001 Statistically Different 
TriSep ACM4 < 0.0001 Satterthwaite < 0.0001 Statistically Different 
TriSep X201 0.0107 Satterthwaite < 0.0001 Statistically Different 

GE SG 0.9030 pooled < 0.0001 Statistically Different 
GE HL  < 0.0001 Satterthwaite < 0.0001 Statistically Different 

Dow NF270 < 0.0001 Satterthwaite < 0.0001 Statistically Different 
Synder NFG < 0.0001 Satterthwaite < 0.0001 Statistically Different 

Nanostone NF4 < 0.0001 Satterthwaite < 0.0001 Statistically Different 
TriSep XN45 0.7364 pooled < 0.0001 Statistically Different 

GE DK < 0.0001 Satterthwaite < 0.0001 Statistically Different 
GE Duracid KH < 0.0001 Satterthwaite < 0.0001 Statistically Different 

GE PW 0.7527 pooled 0.7309 Statistically the Same 
Nanostone PS20 0.7465 pooled 0.4239 Statistically the Same 

 

Statistical analyses of pattern peak heights of the 15wt% glycerol filled for 5 min 

and 24.5 h membranes were done using a pooled (equal variance) or Satterthwaite 
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(unequal variance) two-tailed t-test for the data in Figure 4.18. Table B-5 shows results 

for the statistical analysis for each membrane. Both membrane peaks heights were 

considered statistically the same at both 5 min and 24.5 h immersion, indicating that 5 

min immersion time is long enough. 

 

Table B-5. Statistical analysis results of the pattern peak heights of the 15wt% glycerol 
filled Dow NF270 and Synder NFG membranes using 5 min and 24.5 h soak times. 

Test Variable 
Equal 

Variance 
p-value 

t-test used Equal Means 
p-value 

Interpretation  
(95% Confidence) 

Dow NF270 0.2216 pooled 0.2843 Statistically the Same 
Synder NFG 0.5713 pooled 0.1497 Statistically the Same 

 

Statistical analysis on the Young’s Modulus of the as received, rinsed, and 15wt% 

glycerol filled membranes using a 5 min soak time was done using a pooled (equal 

variance) or Satterthwaite (unequal variance) two-tailed t-test for the data in Figure 4.20. 

Table B-6 shows results for the statistical analysis for each membrane. Everything was 

considered statistically different except for the TriSep X201 rinsed and 15 wt% glycerol 

filled membranes. 
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Table B-6. Statistical analysis results of the Young’s Modulus of the as received, rinsed, 
and 15wt% glycerol filled GE Duracid KH, GE DK, and TriSep X201 membranes using 
5-minute soak time. 

Test Variable 
Equal 

Variance 
p-value 

t-test used Equal Means 
p-value 

Interpretation  
(95% Confidence) 

GE Duracid KH 
As Received – 

Rinsed 
0.0002 Satterthwaite < 0.0001 Statistically 

Different 

GE Duracid KH 
As Received – 

15wt% 
Glycerol 

0.0013 Satterthwaite < 0.0001 Statistically 
Different 

GE Duracid KH 
Rinsed – 
15wt% 

Glycerol 

0.6175 pooled < 0.0001 Statistically 
Different 

GE DK 
As Received - 

Rinsed 
< 0.0001 Satterthwaite < 0.0001 Statistically 

Different 

GE DK 
As Received – 

15wt% 
Glycerol 

< 0.0001 Satterthwaite < 0.0001 Statistically 
Different 

GE DK 
Rinsed – 
15wt% 

Glycerol 

< 0.0001 Satterthwaite < 0.0001 Statistically 
Different 

TriSep X201 
As Received - 

Rinsed 
0.0029 Satterthwaite < 0.0001 Statistically 

Different 

TriSep X201 
As Received – 

15wt% 
Glycerol 

< 0.0001 Satterthwaite < 0.0001 Statistically 
Different 

TriSep X201 
Rinsed – 
15wt% 

Glycerol 

0.0154 Satterthwaite 0.2213 Statistically the 
Same 
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Water swelled and 15wt% glycerol swelled polyamide layer thickness statistical 

analysis was done using a pooled (equal variance) or Satterthwaite (unequal variance) 

two-tailed t-test for the data in Figure 4.21. Table B-7 shows results for the statistical 

analysis for each membrane. Dow NF270, Synder NFG, and GE Duracid KH were 

considered statistically the same, while the TriSep X201 was considered statistically 

different. 

 

Table B-7. Statistical analysis results of the water swelled and 15wt% glycerol swelled 
polyamide layer thickness of the Dow NF270, Synder NFG, TriSep X201, and GE 
Duracid KH membranes. 

Test Variable 
Equal 

Variance 
p-value 

t-test used 
Equal 
Means 
p-value 

Interpretation  
(95% Confidence) 

Dow NF270 0.1542 pooled 0.6171 Statistically the Same 
Synder NFG 0.0390 Satterthwaite 0.9644 Statistically the Same 
TriSep X201 0.1473 pooled < 0.0001 Statistically Different 

GE Duracid KH 0.9533 pooled 0.9329 Statistically the Same 
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Appendix C 

Permissions to reproduce figures and text 

 Permission was received to reproduce selected figures in Chapter 1 as well as to 

reproduce the full content presented in Chapters 2 and 3 through the Copyright Clearance 

Center (www.copyright.com). All documentation of the approvals is listed in the 

following pages. 
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Chapter 3 
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Figure 1.3 
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Figure 1.4 

 



160 

 



161 

 



162 

 



163 

 

 

 

 

 



164 

Figure 1.5 
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