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ABSTRACT 

Membrane systems are among the primary emergent technologies in water treatment 

process units due to their ease of use, small physical footprint, and high physical rejection.  

Membrane fouling, the phenomena by which membranes become clogged or generally 

soiled, is an inhibitor to optimal efficiency in membrane systems.  Novel, composite, and 

modified surface materials must be investigated to determine their efficacy in improving 

fouling behavior.  Ceramic membranes derived from iron oxide nanoparticles called 

ferroxanes were coated with a superhydrophillic, zwitterionic polymer called poly 

(sulfobetaine methacrylate) (polySBMA) to form a composite ceramic-polymeric 

membrane.  Membrane samples with and without polySBMA coating were subjected to 

fouling with a bovine serum albumin solution and fouling was observed by measuring 

permeate flux at 10 mL intervals.  Loss of polySBMA was measured using total organic 

carbon analysis, and membrane samples were characterized using x-ray diffraction, 

scanning electron microscopy, and optical profilometry.  The coated membrane samples 

decreased initial fouling rate by 27% and secondary fouling rate by 24%.  Similarly, they 

displayed a 30% decrease in irreversible fouling during the initial fouling stage, and a 27% 

decrease in irreversible fouling in the secondary fouling stage; however, retention of 

polySBMA sufficient for improved performance was not conclusive.   

The addition of chemical disinfectants into drinking water treamtent processes results in 

the formation of compounds called disinfection by-products (DBPs).  The formation of 

DBPs occurs when common chemical disinfectants (i.e. chlorine) react with organic 

material. The harmful effects of DBP exposure require that they be monitored and 

controlled for public safety.  This work investigated the ability of nanostructured hematite 



  xii 

derived from ferroxane nanoparticles to remove organic precursors to DBPs in the form of 

humic acid via adsorption processes.  The results show that pH and ionic strength have an 

effect on adsorption capacity and mechanism.  At lower ionic strengths, the adsorption 

isotherms are closely correlated with the Freundlich adsorption isotherm model, while at 

higher ionic strength, the isotherms are closely related to the Langmuir adsorption isotherm 

model.  Lower pH systems facilitate better adsorption capacities than higher pH systems, 

and lower ionic strength systems facilitate better adsorption than higher ionic strength 

systems.
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1 INTRODUCTION 

1.1 Surface interactions 

As global demands for water increase and traditional water sources become depleted it is 

necessary that investigation of novel materials and methods for water treatment take place.  

Increasing standards for effluent drinking water quality in developed nations and the 

necessity of potable water access in developing nations requires that water treatment 

processes be improved and enhanced.  There is not a panacea or simple solution to the 

variety of issues that contribute to the global water crisis—as such, it is necessary to 

investigate a variety of methods, materials, and technologies thoroughly in order to find 

solutions for the multitude of problems associated with water treatment and availability. 

Physiochemical treatment processes such as adsorption, filtration, coagulation, and 

membrane separation are achieved through the interaction between contaminants and 

treatment methods—these interactions occur at the surfaces of both materials involved.  It 

stands to reason, then, that treatment methods could be enhanced by studying and 

improving the surface interactions between contaminants and materials used in treatment 

processes.  Novel, modified, and composite materials must be investigated in order to 

evaluate their efficacy in water treatment process units.  This work will investigate the 

interaction between a novel iron oxide ceramic nanomaterial derived from ferroxanes and 

organic compounds in two treatment process scenarios—membrane separation and 

adsorption.   

Natural organic matter (NOM) is among the primary components present in water sources 

that feed drinking water treatment facilities.  NOM has a significant impact on many 
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aspects of water treatment, including performance of drinking water process units.  

Moreover, NOM has been found to be the major contributor in disinfection by-product 

(DBP) formation.  Further, NOM is among the primary contaminants that inhibit the 

performance of membrane process units through a surface phenomena known as membrane 

fouling.  This work will investigate the capability of nanoscale iron in the form of ferroxane 

derived ceramic nanomaterials to adsorb NOM, as well as the potential improvement of 

membrane fouling performance of ceramic membranes derived from ferroxanes when 

treated with superhydrophilic zwitterionic polymer coatings. 

1.2 Membrane fouling and control 

Membrane technologies are among the primary emerging technologies for water treatment.  

The simplicity of their design and their capabilities in removing even the smallest 

contaminants make them ideal process units for water treatment.  Effective and efficient 

membranes have the potential to replace larger and more involved physiochemical 

treatment processes such as coagulation/flocculation, traditional granular filtration, and 

chlorine disinfection [1].  Replacing these process units would reduce the physical footprint 

of water treatment facilities as well as streamline the water treatment process.  New water 

sources can also be claimed as a result of membrane technologies [2]. As global demand 

for clean water increases, it will become necessary to not only find new sources for potable 

water, but also methods for treating water in a fast, cost-effective, and energy efficient 

manner.  Membrane technologies can potentially serve this purpose. 

For membrane technologies to be cost-effective and performance efficient, membrane 

fouling must be controlled [3].  Membrane fouling occurs when particulate matter 
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interferes with the membrane’s performance, leading to decreased permeate flux or 

increased transmembrane pressure depending upon the operation [4].  Fouling also has the 

potential to inhibit other physciochemical processes that are specific to the membrane 

material.  Excessive fouling requires excessive maintenance which requires excessive costs; 

further, the lifetime of the membrane is affected by its propensity for fouling.  Fouling can 

occur by different methods and is dependent upon the type of fouling, foulant, and the 

membrane material; fouling prevention methods should aim to control fouling specific to 

the situation being studied. 

This work will investigate the ability of a superhydrophillic, zwitterionic polymer 

(poly(sulfobetaine methacrylate)) coating to mitigate fouling effects on ceramic 

membranes derived from iron oxide nanoparticles called ferroxanes. 

1.3 Disinfection by-products control 

The addition of chemical disinfectants into drinking water treamtent processes results in 

the formation of compounds called disinfection by-products (DBPs).  The formation of 

DBPs occurs when common chemical disinfectants (i.e. chlorine) react with organic 

material. In this process, the disinfectant and organic material are called precursors.  DBPs 

have been shown to exhibit carcinogenic charcteristics, and exposure to DBPs has been 

linked to birth and developmental defects [5].  The harmful effects of DBP exposure require 

that they be monitored and controlled for public safety. 

Due to the complexity and variety of DBPs that can be produced as a result of disinfection, 

eliminating formed DBPs specifically may not be a worthwhile endeavor; controlling the 

formation of DBPs may be a better approach.  Eliminating the disinfectants themselves 



 4 

presents new challenges, and the necessity for a disinfectant residual in the distribution 

system makes it imprudent to eliminate chemical disinfectants from the drinking water 

treatment process.  This leaves reducing NOM prior to disinfection in order to control DBP 

formation. 

Adsorption processes are one method for removing NOM from source waters.  Common 

materials for NOM adsorption include activated carbon, iron oxides, and emerging 

nanomaterials.  Investigation of the adsorption capabilities of new materials is necessary 

to optimize and evaluate their performance. 

1.4 Objective 

The overall objective of this work is to investigate the surface interactions between novel, 

ferroxane derived ceramic nanomaterials and organic material for potential uses in water 

treatment process units.  The specific objectives are: 

1. Investigating the effect of superhydrophillic, zwitterionic polymer (poly 

(sulfobetaine methacrylate) (polySBMA)) coatings on fouling performance of 

ceramic membranes derived from ferroxane nanoparticles. 

2. Investigating the ability of ferroxane derived hematite nanoparticles to adsorb 

NOM in the form of humic acid. 

These two tasks will provide valuable information to the field on the properties and 

capabilities of ferroxane derived ceramic materials as well as the potential to modify these 

ceramics to enhance their performance.  The first task will be accomplished by comparing 

fouling characteristics of both uncoated and coated membranes.  Characterization of these 

membranes will provide information on the potential reasons for differing fouling behavior.  
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The second task will be accomplished by monitoring removal of NOM in the form of humic 

acid in the presence of hematite nanoparticles derived from ferroxanes. 

2 LITERATURE REVIEW 

2.1 Ceramic membranes 

Membrane processes are among the primary emergent technologies in water and 

wastewater treatment facilities today.  Due to their small physical footprint and capability 

of removing even the smallest of contaminants, membrane processes are attractive 

alternatives to conventional treatment methods.  The majority of literature written about 

membrane processes is devoted to polymeric membranes, so it is important that ceramic 

membranes be investigated to ascertain their efficacy as water treatment process units. 

The advantages of ceramic membranes when compared to their polymeric counterparts are 

that they provide a narrow pore size distribution, a higher mechanical stability, a higher 

chemical stability, and a higher hydrophilicity [6, 7].  These charactersitics allow for the 

membrane to separate better, operate at a higher flux, have a longer lifetime, and operate 

at lower pressures than polymeric membranes [6]; high hydrophilicity is also associated 

with lower fouling [8].  Ceramic membranes have also shown to be an effective method 

for treating source waters in public water supply while accumulating fewer organic foulants 

than polymeric membranes [9]. 

The introduction of new, chemically active material for ceramic membranes opens up new 

avenues for application.  Ceramic membranes have been shown to act as adsorbents [10], 

disinfectants [11], and catalysts [12].  This, combined with improved fabrication methods 
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that reduce costs and environmental impacts, has shifted the attention to ceramic materials.  

Further investigation of new materials is necessary to understand their capabilities and 

characteristics so that the use of ceramic membranes can be advanced. 

2.2 Ferroxane derived ceramic materials 

Incorporating iron oxides into membranes, both ceramic and polymeric, has been attempted 

previously. This includes coating of microfiltration membranes with ferrihydrate 

nanoparticles [13], layer by layer depostition [14, 15], and sol-gel techniques [16].  

Improvement in NOM removal by iron oxide coated membranes was detected by the 

adsorbing fractions, although long term fouling is a concern [15]. 

Iron oxides are used in a number of fields for a variety of uses, including pigments for 

paints, building materials, chemical sorbents, and catalysis [17, 18].  Iron oxides are 

preferable because their toxicity is low.  Unfortunately, for many iron oxides, the synthesis 

produces organic pollutants [19]; powder processing, shape forming, and densification are 

typical of bulk production.  The shape forming step is the most environmentally toxic stage 

because various binders and solvents (often chlorinated, such as 1,1,1-trichloroethyline 

[19]) are potentially toxic.   

The iron oxide ceramic materials used in this work are derived from ferroxanes, a novel 

iron oxide nanomaterial created by reacting organic acid with lepidocrocite.  The advantage 

to using ferroxane derived ceramics is that they are produced in an environmentally benign 

manner [20, 21], which was derived from the methods used to produce alumoxane derived 

ceramics [22, 23].  In this process, a dispersion of ferroxane or alumoxane nanoparticles is 

deposited on a support layer and sintered to form the ceramic layer.  The formation of 
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ferroxane derived ceramics only requires the use of acetic acid and a sintering process—

no solvents, plasticizers, or bonding agents are necessary.  Additionally, the precursor 

particles are synthesized in aqueous media and low to moderate termperatures are required 

during membrane fabrication—this results in significant improvements over other 

preparation methods with respect to environmental and economic aspects.   

Ferroxane derived ceramic materials are effective materials for removal of a variety of 

contaminants typical of water sources.  Ceramic membranes derived from ferroxanes have 

proven to be effective in removing arsenic as point-of-use treatment methods [10].  These 

membranes have also shown to be successful in removing viruses from water [24].  The 

potentially catalytic capabilities of the ferroxane derived membranes are especially 

exciting and offer a wide range of applications.  Fouling of ferroxane derived ceramic 

materials by organic materials is a concern, and has been investigated [25]. 

Ferroxane derived ceramic materials, and ferroxane derived ceramic membranes in 

particular, have proven to be an effective, easy to use, and environmentally conscious 

method for water treatment.  More complete investigation on the efficiency and capability 

of these membranes is necessary; improving fouling behavior of these membranes will 

allow them to be more effective and efficient moving forward. 

2.3 Membrane fouling by NOM 

Among the primary limitations of membrane processes is the fouling that occurs at the 

membrane surfaces during operation [3, 26].  As contaminants are removed from the source 

water, they are collected at or near the surface of the membrane, eventually resulting in 

blocking of the pores and declined performance.  This declined performance is undesirable 
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as it increases costs, maintenance, and ultimately impacts the ability of the membrane to 

effectively treat water to effluent standards.   

While fouling occurs in a number of ways, all fouling is physical blocking in nature.   

Membrane fouling via blocking can occur in four main types:  complete blocking, standard 

blocking, intermediate blocking and cake formation (Figure 2.1) [25].  Complete blockage 

of pores can inhibit flow severely, while standard and intermediate blocking can inhibit 

flow in addition to being difficult to reverse.  Cake formation occurs when the pores have 

been blocked to the point that foulant material collects at the surface of the membrane, 

forming a cake layer.   

 

Figure 2.1--Mechanisms for membrane fouling; a) complete blocking; b) standard 

blocking; c) intermediate blocking; d) cake formation 
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Fouling substances vary by the function and use of the membrane, but in natural waters 

NOM is often indicated as a source for ultrafiltration membrane fouling [3, 27].  Insights 

on the membrane fouling by NOM are critical for design and operation of membrane 

processes [28], but, largely, these insights are limited to polymeric membranes [29].  

Fouling mechanisms vary among membranes based on pore size, membrane material, 

foulant, and conditions; therefore, different interactions in membrane filtration are 

expected.  The effect of conditions, namely pH and ionic strength, on flux decline has been 

described [25].  Hydrophobic interactions might increase the accumulation of NOM on 

membranes with adsorptive fouling [30].  NOM can also adsorb inside the pores and on 

the membrane surface [26]. There is a distinction, also, between membrane-foulant and 

foulant-foulant surface interactions and their respective impacts on fouling [29, 31, 32].  

Foulant-foulant interactions cannot be easily adjusted, as foulant material is a component 

of the feed stream and not a controlled variable in process unit design—membrane-foulant 

interactions can be controlled as membrane materials can be adjusted and chosen based on 

their particular properties. 

2.4 Anti-fouling membrane materials 

Membrane fouling control methods are necessary to enhance and optimize membrane 

processes for water treatment.  These methods vary based on the foulants and conditions a 

membrane process unit might encounter during its operation.  Generally, membrane fouling 

is initiated by the physical and chemical interactions between membrane surfaces and 

particulates [33].  It stands to reason, then, that by limiting interactions between membrane 

surfaces and foulant material can improve membrane fouling performance.  Hydrophilic 

modification of membrane surfaces is an effective method for controling membrane fouling 
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[4, 34, 35].  The hydrophilic surfaces exhibit tightly bounded water layers on the membrane 

and repel biomacromolecules via repulsive hydration forces (Figure 2.2) [36, 37]. 

 

Figure 2.2--Schematic of how zwitterionic polymers inhibit fouling 

In addition to surface modification with hydrophilic anti-fouling membrane materials, the 

use of anti-fouling membrane materials for membrane construction could be considered.  

The use of zwitterionic polymers for this purpose has been investigated [38-40].  

Zwitterionic polymers contain alternating positive and negative charges in close proximity; 

this property allows the polymer molecules to interact with water through ionic solution 

interactions.  This attraction makes it difficult for other compounds to accumulate on the 

membrane due to the difficulty of displacing water that is bound closely to its surface.   

2.5 PolySBMA and use 

Poly (sulfobetaine methacrylate) (polySBMA; Figure 2.3) is the zwitterionic polymer used 

in this work.  PolySBMA has been investigated as an ultralow fouling material for a variety 

of applications, including wound dressings [41], surface modification of polymer 

membranes [42-44], and as an electrospun membrane material [45].  In these cases, 
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polySBMA surface materials proved to be resistant to fouling and protein adsorption in 

particular.  This makes polySBMA modification of ferroxane derived membranes for 

improved fouling resistance an interesting investigation. 

 

 

Figure 2.3--Lewis structure for SBMA monomer 

Surface modifications of existing membrane materials with polySBMA has been largely 

limited to modifying polymeric membrane surfaces, though inorganic-organic composite 

membranes involving polySBMA have been investigated in part [46].  Further, the 

investigation of polySBMA surface modification has also been focused on complex 

grafting, electrospinning, and other involved chemical methods for attachment.  The 

attachment of polySBMA molecules to membrane surfaces through more rudimentary and 

cost-effective methods such as dip coating has not been investigated with ceramics.  The 

use of simple dip coating has been investigated with other zwitterionic polymers to 

hydrophobic and hydrophilic polymer surfaces [47], but the use of dip coating ceramic 

membranes with polySBMA specifically has not been investigated. 
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2.6 Disinfection by-products 

Disinfection by-products (DBPs) are products that form when chemical disinfectants react 

with organic compounds in drinking water facilities [48]. The general form for the 

production of DBPs is as follows: 

NOM + Disinfectant → DBP 

Given that disinfection is primarily carried out using chlorine, the disinfectant in the 

equation can be replaced with chlorine in most cases.  Over 600 DBPs have been identified 

[5].  Three primary categores of DBPs are generally listed in literature:  trihalomethanes 

(THMs), haloacetic acids (HAAs), and haloacetonitriles (HAN) [49].  All of these are 

chlorinated compounds.  The emergence of chloramine as a disinfectant has opened the 

door to the investigation of nitrosamines as potentially harmful DBPs [50].  The United 

States Environmental Protection Agnecy (EPA) regulates four THMs and five HAAs 

(Table 2.1) [49, 51]. The concentration of disinfectant and organic precursors in water 

influence the concentration and type of DBPs formed [52].  Longer disinfectant contact 

times can increase DBP formation [53], though HAAs degrade with time [52], and HANs 

are chemically unstable [54]. 
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Table 2.1--THMs and HAAs regulated by the EPA 

THMs HAAs 

Chloroform Monochloroacetic Acid 

Bromodichloromethane Dichloroacetic Acid 

Chlorodibromomethane Trichloroacetic Acid 

Bromoform Monobromoacetic Acid 

 Dibromoacetic Acid 

 

The EPA has linked prolonged exposure to DBPs to liver, kidney, and central nervous 

system problems, an increased risk of cancer, and reproductive and developmental health 

issues [5, 52].  Research has proposed that dermal contact and not ingestion is the primary 

exposure pathway linked to bladder cancer [5].  The EPA has calculated cancer potency 

factors for the four regulated THMs (Table 2.2).  Further, risk assessment  of chloroform 

predicts a cancer rate of 1,930 per million people per year [48].  Due to the health concerns 

associated with DBPs, regulation is prudent; however, disinfection cannot be removed 

from the drinking water treatment process as water-borne pathogens pose a greater threat 

to public health [48]. 
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Table 2.2--US EPA Cancer Potency Factors for regulated THMs [48] 

Compound Cancer Potency Factor (mg kg-1 day-1) 

Chloroform 0.0061 

Bromodichloromethane 0.062 

Dibromochloromethane Not cancerous 

Bromoform 0.0079 

 

Alternative forms of disinfection to chlorine can be employed to reduce the formation of 

DBPs.  Ultraviolet radiation (UV) was proposed as a method for disinfection starting in the 

1940s [55], and in wastewater treatment it is a relatively common practice[56].  Ozone has 

also been successfully employed as a means of disinfection .  It has also been used to reduce 

THM production in drinking water systems [57]. 

2.7 Use of iron oxides for DBP precursor adsorption 

As disinfectants cannot be removed from the disinfection by-products equation, it is 

necessary to look at methods that aim to remove DBP precursors in the form of NOM from 

drinking water treatment streams prior to disinfection.  Methods for removing NOM range 

from magnetic ion exchange (MIEX) [58] to enhanced coagulation processes [59] to 

nanofiltration [60].  The removal of DBP precursors in these cases has proven to be 

effective in reducing DBP formation with the addition of chlorine.  However, as DBPs are 
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still a pressing issue in many water treatment plants, further investigation of control 

methods are necessary. 

Adsorption methods for removal of NOM have largely been focused on the use of activated 

carbon.  Powdered activated carbon (PAC) has been shown to be an effective material for 

the adsorption of NOM [61, 62] as has granular activated carbon (GAC) [63].  However, 

adsorption processes are not limited to activated carbons.  Iron oxides have proven to be 

effective adsorbers of heavy metals, in particular arsenic [64].  Iron oxides have also been 

investigated as adsorbents for NOM removal [65, 66].  The use of nanostructured hematite 

derived from ferroxanes for NOM removal has not been investigated; however, based on 

the fouling behavior of ceramic membranes derived from ferroxanes by NOM [25] and the 

capabilities of ferroxane derived ceramics in removing arsenic by adsorption [10], its 

application as a precursor removal material is worth investigation. 

3 MATERIALS AND METHODS 

3.1 Materials synthesis 

3.1.1 Lepidocrocite synthesis 

Ferroxane nanoparticles were synthesized by a two step process.  First, lepidocrocite (γ-

FeOOH) was synthesized from ferrous chloride (Figure 3.1), then ferroxane nanoparticles 

were produced from the lepidocrocite precursor.  Lepidocrocite was synthesized through 

the oxidation of FeCl2 under controlled pH conditions, according to published methods 

[18].  A 0.2M solution of iron(II) chloride tetrahydrate (99% Sigma, St. Louis, MO, USA) 

in ultrapure water (18mΩ) was prepared.  Air was provided throughout the reaction by a 
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diffuser, and pH was monitored.  The pH was initially 2.6, so 1M NaOH (Acros, NJ, USA) 

was added until the pH reached approximately 6.5, roughly 40mL.  Throughout the 

reaction, pH was maintained between 6.7 and 6.9 by addition of 0.1M NaOH, with 

continuous agitation and aeration for approximately 3 hours, until an orange precipitate 

was obtained.  The precipitate was centrifuged for 8 minutes at 3,500rpm and the 

supernatant was discarded.  The product was then purified:  the precipitate was resuspended 

and centrifuged 3 additional times to remove NaCl produced during the oxidation.  The 

precipitate was finally dried at 50°C in a crystillization dish to yield the final product.  This 

process generally produced roughly a 50% yield [18].  

 

Figure 3.1--Schematic illustrating experimental set up for lepidocrocite synthesis 

3.1.2 Ferroxane production 

After synthesizing lepidocrocite, the prepared lepidocrocite was reacted with acetic acid in 

order to produce the smaller carboxylate-FeOOH nanoparticles (Figure 3.2), which are 
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called ferroxanes.  The synthesis of ferroxane particles has been described elsewhere [20]. 

Briefly, lepidocrocite particles were suspended in ultrapure water (18mΩ) followed by 

addition of glacial acetic acid (Fisher, Nazareth, PA, USA) to give a molar ratio of 2:1 

(acetic acid to iron).  The solution was stirred for 3 hours at 70°C, with a reflux condenser 

in place to keep the acetic acid concentration constant.  Finally, the suspension was 

centrifuged for 10 minutes at 3,500rpm to remove unreacted lepidocrocite.  Ferroxanes 

were obtained by drying the supernatant at 50°C overnight.  

3.1.3 Hematite 

Hematite nanoparticles for DBP precursor adsorption were prepared by sintering the 

ferroxane nanoparticles according to the program described in Table 3.1 below.  The 

sintering process was carried out using a high temperature furnace (Vulcan 3-550, Neytech, 

USA). 

Table 3.1--Program for sintering ferroxane nanoparticles into hematite 

Rate of temperature 
increase (°C/min) 

Temperature Range (°C) Hold time at maximum 
temperature (min) 

 
1.0 

 

 
Ambient - 130 

 
120 

 
1.0 

 
130 - 280 

 
120 

 
 

1.0 
 

280 - 410 
 

120 
 

3.1.4 Membrane synthesis 

Ferroxane derived ceramic membranes were obtained by depositing ferroxane 

nanoparticles on a support, followed by drying and sintering to yield porous membranes, 

as shown in Figure 3.2.   
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Figure 3.2--Schematic of the process for producing ferroxane derived hematite ceramic 

membranes 

The supports used in this work were 47 mm diameter glass fiber filters with 0.3 μm nominal 

pore size (Whatman GF/F, USA).  The glass fiber filters were cut into 4cm by 1cm 

rectangular sections.  The deposition of ferroxane nanoparticles was achieved by preparing 

a suspension of ferroxane nanoparticles (1g/L) and filtering through the glass fiber filter in 

a dead-end filtration cell.  An ultrafiltration cell (Micon Stirred Ultrafiltration Cell, 

Millipore, Bedford, MA, USA) was used, and a pressure difference of 10 psi was 

maintained during the process (Figure 3.3).  A volume of 300mL of the ferroxane 

suspension was used, and three of the 4cm by 1cm prepared rectangular glass fiber filters 

were coated at once in the filtration cell to ensure consistency of production.  The permeate 

was recycled through the supports a second time to ensure adequate ferroxane retention on 

the support surface. 
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Figure 3.3 -- Microfiltration cell set up for deposition of ferroxane nanoparticles onto 
glass fiber supports 

Membranes were allowed to dry for 24 h before being sintered according to the program 

detailed in Table 3.1 in order to achieve complete conversion from ferroxane to hematite. 

3.1.5 PolySBMA production 

Poly (sulfobetaine methacrylate) was provided by Dr. Matthew Bernards’ research group 

in the department of Chemical Engineering, University of Missouri-Columbia.  It was 

synthesized according to the methods described in Emerick et al. [45] which were adapted 

from the methods detailed by Zhang et al. [39]. Briefly, 0.05 moles of sulfobetaine 

methacrylate (SBMA; Monomer-Polymer & Dajac Labs, Trevose, PA, USA) were 

dissolved in 100 mL ultrapure water (18mΩ) containing 5mM potassium perslufate (99+%, 

Acros, Geel, Belgium) as an initiator and 0.5 M KCl (Fisher, Pittsburgh, PA).  The reaction 

was allowed to take place for 5 hours under nitrogen protection. In this work, polySBMA 

with a molecular weight of 422 kDa was used.  Purification was then performed using a 

dialysis membrane made of regenerated cellulose with a molecular weight cutoff (MWCO) 
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of 12 – 14 kD (Spectrum Labs, Rancho Dominquez, CA, USA) for more than 24 hours in 

ultrapure water (18mΩ) to collect the polySBMA precipitate. 

3.1.6 PolySBMA coating 

Coating of the membrane surface with polySBMA (Figure 3.4) was done using a simple 

dip coating process.  Dip coating was chosen because of the relative ease of application to 

other methods (spin coating, brush coating, etc.) and good reproducibility. 

 

Figure 3.4 -- (a) Schematic of membrane before polymer coating; (b) schematic of 

membrane after polymer coating 

The bottom of a glass petri dish was covered with polySBMA.  The membranes were then 

carefully placed face down on top of the exposed polymer.  Care was taken not to allow 

polymer onto the uncoated side of the membrane.  Some samples were treated with a 

second coating.  The membranes were left to dry at room temperature in between coatings 

and before using in the fouling/characterization experiments.   
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3.2 Materials characterization 

Several techniques were used to characterize the variety of properties that affect the 

membrane’s performance and the application of the iron oxide material in adsorption 

processes.  The ferroxane derived ceramics were characterized with respect to their surface 

morphology, surface charge, porosity, and permeability.  These parmeters are important 

factors affecting the performance of the hematite used for adsorption as well as the 

membranes. 

Further the materials used change—a thorough analysis of the materials at each stage is 

necessary to properly describe the phenomena witnessed during experimentation.  The 

characterization techniques applied in this work are described below. 

3.2.1 X-Ray Diffraction 

(Ultima IV X-Ray Diffractometer—Rigaku, Japan) 

X-ray diffraction is a physical phenomenon that occurs when x-rays of a certain wave 

length interract with a crystalline structure.  XRD is based on the scattering of the x-rays 

after hitting the structures surface as well as the constructive interference of the waves that 

are in phase.  Based on the scattering and the dispersion in space, the crystalline structure 

will display a certain signature that is unique. 

The phenomenon of diffraction can be described with Bragg’s law, which predicts the 

direction in which constructive interference occurs between the X-ray beams scattered by 

the crystalline structure. 

nλ = 2d sinϴ  (Equation 3.1) 
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where n is the order of diffraction, λ is the wave length of the x-ray beam, d is the 

interplanar distance, and 2ϴ is the angle of diffraction [67]. 

XRD gives information about the structure, composition, and crystalline state of the 

materials.  The resultant diffractogram from X-ray diffraction is like a digial signature for 

a crystalline structure.  It is a very useful method of identification in the process of material 

synthesis as it can confirm or deny that the actual product is the desired product.  Analysis 

consists of comparing diffractograms obtained from the crystalline structure with existing, 

published diffractograms. 

In this work, XRD was used to analyze lepidocrocite, ferroxane nanoparticles, and hematite 

nanoparticles.  All samples were ground into a fine powder and a small amount (less than 

50mg) was put onto a glass microscope slide for analysis.  The parallel beam method for 

XRD was used. 

3.2.2 Dynamic Light Scattering 

(Zetasizer Nano ZS ZEN3600—Malvern, UK) 

Dynamic light scattering (DLS) is an analysis technique used to determine the size 

distribution profile of small particles in suspension.  A monochromatic light source is shot 

into a sample, the light is scattered by the particles, and the scattered light is then collected 

by a photomultiplier.  With a narrow-beam laser light and a small scattering volume, the 

resultant intensity that can be observed is the vectorial sum of the scattering from each of 

the particles in the suspension.  The observed intensity is dependent upon the type of 

interference, constructive or destrictuve.  Because the particles move by Brownian motion, 

their positions are changing, resulting in fluctuating scattering intensity over time.  These 
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fluctuations are correlated, and an auto-correlation function for the intensity of scattered 

light can quantify this correlation [68]: 

G(τ) = ‹Is(t)Is(t+τ)› (Equation 3.2) 

where Is is the scattering intensity, t is time, and τ is the time shift.  The usefulness if G(τ) 

is that it can be directly related to the particle diffusivity for a dispersion of monodisperse 

particles [68]: 

𝐺(𝜏) =  𝐴0 + 𝐴𝑒−𝛤𝜏
  (Equation 3.3) 

where A0 is the background signal, A is an instrument constant, and Γ is the decay constant.  

The measured decay constant gives the particle diffusion coefficient, according to the 

equation [68]: 

Γ = Q2D (Equation 3.4) 

where Q is the magnitude of the scattering wave vector, and D is the particle diffusion 

coefficient.  When the particle diffusion coefficient is found, particle radius can be found, 

assuming spherical shape [68]: 

𝑎 =  
𝑘𝑇

6𝜋𝜇𝐷
 (Equation 3.5) 

where a is particle radius, k is the Boltzmann constant, and T is temperature. 

DLS was used in this work to analyze the size of the ferroxane nanoparticles.  A small 

amount (less than 10mg) of ferroxane was suspended in 100mL of ultrapure water (18mΩ).  
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Then, 1 mL of the ferroxane solution was put into a plastic cuvette for analysis.  The 

refractive index for iron oxide is 2.9 and the absorption is 0.3. 

3.2.3 Nitrogren Adsorption Isotherms 

(Coulter SA3100—Beckman Coulter, USA) 

The Brunauer, Emmett, and Teller (BET) method for analyzing the surface area of a solid 

is based on the adsorption of a gas by a solid, which reveals valuable information about the 

specific surface area and pore size distribution of the solid.  In practice, the gas most 

commonly used as an adsorbate is nitrogen at its boiling point (77K).  By the BET method, 

the specific surface area of the material is determined based on the Langmuir model—

essentially, a known amount of gas is used to form a monolayer of gas molecules on a solid, 

and the occupied area of these adsorbed molecules makes it possible to estimate the area 

of the solid [69].  The Langmuir equation for the case of monolayer adsorption is: 

𝑛

𝑛𝑚
=  

𝐵∙𝑝

1+𝐵∙𝑝
 (Equation 3.6) 

where n is the number of moles of gas adsorbed in 1g of the adsorbent, nm is the monolayer 

capacity, p is the partial pressure of the gas, and B is an empirical constant. 

Brunuaer, Emmett, and Teller introduced an equation that estimates the quantity of gas 

necessary to form a monolayer: 

𝑝
𝑝0

⁄

𝑛∙(1−
𝑝

𝑝0
⁄ )

=  
1

𝑛𝑚∙𝑐
+ 

(𝑐−1)∙
𝑝

𝑝0
⁄

𝑛𝑚∙𝑐
     (Equation 3.7) 

where c is dependent upon the heat of adsorption [69]. 
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The International Union of Pure and Applied Chemistry (IUPAC) classifies pore sizes as a 

function of their average diameter in the following three groups: 

 Micropores:  pores with diameters under 2nm 

 Mesopores:  pores with diameters between 2nm and 50nm 

 Macropores:  pores with diameters greater than 50nm 

The adsorption isotherms are grouped according to IUPAC into six classes (Figure 3.5).  

The first five types (I to V) were originally proposed by Brunaur, Emmett, and Teller 

[69].  Type I isotherms occur when the adsorption occurs at low pressures, typical of 

microporous solids.  Type II isotherms are characteristic of nonporous or macroporous 

solids, while Type III occur only when the interaction between adsorbate and adsorbent is 

very weak.  Type IV isotherms are characteristic of mesoporous solids.  At low pressures, 

they behave like Type II isotherms, but have a significant increase in the amount 

adsorbed at relatively intermediate pressures resulting in multilayers.  Type V isotherms 

are similar to Type III isotherms, but differ in that the final segment is not asymptotic.  

Isotherms of Type VI are rare and occur only in nonporous, uniform solids. 

 

Figure 3.5--Schematic representation of the six types of adsorption isotherms 
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The BET method requires that the sample is degassed prior to determining the isotherm 

in order to remove water that is adsorbed to the surface of the solid [69].  This water can 

act as an interference in the determination of the surface area.  This process generally 

involves heating the samples for a period of time in a flow of helium or nitrogen. 

The pore size distribution of a ceramic membrane is calculated using isotherms 

describing the adsorption and desorption of nitrogen gas and the Barret, Joyner, and 

Halenda (BJH) method at 77K. 

In general, the pores of a membrane are not all the same size, but rather a distribution of 

sizes that can be characterized by average pore size and the standard deviation of the pore 

sizes.  A low standard of deviation correlates a narrow distribution of pore sizes, which is 

desirable as it results in better separation performance.  The pore size distribution is 

generally presented as a log-normal distrubution with the tail of the distribution on the 

larger pore sizes. 

An empty reference cell is used to compare the pressure changes in the sample cell.  Both 

the reference cell and the sample are kept at 77K by immersion in liquid nitrogen.  The 

minimum mass required varies according the sample’s surface area, and is described in 

Table 3.2.  
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Table 3.2—Mass of material necessary for BET analysis based on specific surface area 

Estimated Specific Surface Area (m2/g) Mass of Sample for Analysis (g) 

>30 0.1 – 0.2 
10 – 30 0.3 
3 – 9.9 1.0 
2 – 2.9 1.5 

1.5 – 1.9 2.0 
1.0 – 1.4 3.0 

 

The average pore size was calculated from the isotherm branch using the following 

equation: 

𝑑𝑝 =  ∑
𝑣𝑖

𝑣𝑡
∙ 𝑑𝑝𝑖     (Equation 3.8) 

where dp is the average pore size of the sample, vi is the volume of the pores in the range 

i, vt is the total volume of the sample, and dpi is the pore size of the range i. 

The standard deviation, S, of the pore size distribution was calculated as: 

𝑆 =  √∑ [
𝑣𝑖

𝑣𝑡
∙ (𝑑𝑝 − 𝑑𝑝𝑖)2]   (Equation 3.9) 

In this work, the BET and BJH methods were used to determine the specific surface area 

of hematite nanoparticles and the pore size distribution of the ceramic membranes.  Each 

sample was degassed with a helium purge for 180 minutes at 300°C prior to acquiring the 

adsorption isotherm.  Nitrogen was used as the adsorbing gas. 
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3.2.4 Optical profilometry 

(Wyko NT9100—Veeco, USA) 

Optical profilometry is a method for profiling the surface of an object using the wavelength 

of light to measure height variations.  Optical profilers are interference microscopes, using 

the wave properties of light to compare the optical path difference between a test surface 

and a reference surface.  Inside an optical profilometer, a light beam is split, reflecting from 

the reference and test materials—when this occurs, constructive and destructive 

interference will occur (Figure 3.6).   

 

Figure 3.6 -- Schematic of optical profilometer 
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This constructive and destructive interference forms light and dark images, called fringes.  

Two types of interferometry can be used with optical profilometers—phase shfiting 

interferometry (PSI) and vertical scanning interferometry (VSI).  In PSI, the light is filtered 

into a narrow bandwidth, and the phase is shifted at a single focus point—the objective is 

stationary.  Phase data from the intensity signal is used to calculate surface heights in PSI 

mode.  VSI uses a neutral density filter to use white light and the profilometer uses a 

vertical scan, bringing the objective through the focus.  Fringe modulation data is used to 

calculate surface heights.  These surface heights are then used to calculate roughness values 

for the sample surface, and produce 2D and 3D images of the surface profile.  The average 

roughness, Ra, is the average discrepancy between each measured height and the mean 

height of the entire measured array, and can be calculated as:  

𝑅𝑎 =  
1

𝑛
∑ |𝑍𝑖 − �̅�|𝑛

𝑖=1   (Equation 3.10) 

where Ra is the average roughness, n is the number of measurements, Zi is the measured 

height, and �̅� is the mean height of the array. 

The root mean square roughness, Rq, is also measured to give more information regarding 

the range and standard deviation of the heights measured.  It is calculated as: 

𝑅𝑞 =  √
1

𝑛
∑ (𝑍𝑖 − �̅�)2𝑛

𝑖=1    (Equation 3.11) 

where the variables represent the same values as the average roughness equation.  The peak 

roughness, Rp, and valley roughness, Rv, are also calculated as the maximum difference 

between the mean height and highest and lowest points in the array, respectively. 
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In this work, the membrane samples were analyzed prior to fouling experiments.  No 

further manipulation of the samples was required for analysis, as the membranes were able 

to be analyzed as they were.  Samples were analyzed using VSI at 20x magnification. 

3.2.5 Scanning Electron Microscopy 

(Quanta 650 FEG—FEI, USA) 

Scanning electron microscopy (SEM) is a charcterization technique used to view and image 

small-scale materials.  SEM uses electrons rather than light to generate images—this makes 

the resolution of SEM limited by the wavelength of electrons rather than by the wavelength 

of light.  At the standard energy of 5keV, this wavelength is only 0.55 nm [70].  With the 

presence of other limiting factors, such as lens aberration, the ultimated resolution of a 

5keV SEM is on the order of a few nanometers [70], making it ideal for imaging the 

nanomaterials used in this work. 

SEM works by focusing an electron beam on the surface of the sample that scans the sample 

along a path of parallel lines.  The signals emitted by the electrons and radiation that result 

from the impact are collected by a detector and amplified [70].  The result is an enlarged 

topographic image of the sample.   

SEM produces high-resolution images (10 to 100,000 times magnification), and requires 

that samples are conductive [70].  In some cases, it can take images of non-conductive 

samples at low voltage.  SEM is a widely used method for studying the topography of solid 

materials.  In this work, SEM was used to reveal the structure of the membranes both before 

and after polymer coating.   
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In order to obtain images, samples needed to be mounted on metal supports by using carbon 

tape.  Samples also needed to be cut to fit onto the metal supports.  A thin layer of platinum 

was applied via sputter coating (K575x Sputter Coater—Emitech, France) to provide a 

conductive surface.  

3.2.6 Total organic carbon analysis 

(TOC-VPN Analyzer—Shimazu, Japan) 

Total organic carbon (TOC) was analyzed by the combustion infrared method (Standard 

Method 5130 B).  Non-purgeable organic carbon (NPOC) analysis was carried out by the 

TOC-VPN Analyzer by adding 2 N hydrocloric acid to samples to reduce pH, then 

compressed zero air is sparged through the sample to purge off any inorganic carbon.  A 

50 μL aliquot of the sample is then injected into a high temperature (680°C) TOC analyzer, 

where platinum catalyzes the combustion of the sample.  Through platinum combustion, 

the organic carbon is converted to carbon dioxide and measured using an infrared detector.  

This process is described in Figure 3.7.   
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Figure 3.7--Schematic of TOC analysis 

In this work, TOC analysis was used to determine the amount of polySBMA lost during 

membrane operation, the amount of BSA adsorbed by membrane surfaces in static 

conditions, and to determine the amount of humic acid removed during adsorption 

experiments.  PolySBMA samples were agitated prior to analysis, and humic acid samples 

were filtered to remove iron.  All samples were stored in glass at 4°C. 

3.3 Experimental Methods 

3.3.1 Membrane fouling 

Membrane fouling is the physical phenomena by which membrane performance is 

inhibited by the collection or adsorption of foulants onto the membranes suface.  In this 

work, the effects of membrane fouling were observed by noting the differences in flux at 

constant pressure through the membrane before, during, and after interaction with foulants.  

Hydraulic flux is described as: 
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𝐽 =  
𝑑𝑉

𝑑𝑡 ∙𝐴
=  

∆𝑃

𝜇 ∙ 𝑅t
  (Equation 3.12) 

where J is permeate flux, V is the volume being filtered, A is the effective area of filtration, 

and t is time.  In this manner, permeate flux can be determined by finding the differential 

volumetric flowrate through the membrane and dividing by the effective area of the 

membrane surface.  All membrane fouling experiments were carried out at neutral pH (7.2-

7.5) and in the absence of ionic strength, in order to isolate the interaction between the 

fouling material and the membrane surface.  The components of the membrane fouling 

experiment are described in more detail below. 

3.3.1.1 Ultrafiltration cell set-up 

An ultrafiltration cell was used to conduct the membrane fouling experiments.  The 

ultrafiltration cell was attached to an air cylinder, and a pressure difference of 20 psi was 

maintined during the experiment.  The maximum capacity of the ultrafiltration cell is 350 

mL; as a result, experimental runs were conducted in 250 mL increments.  A volume of 

300 mL was put into the ultrafiltration cell, of which 250 mL of sample was used—50 mL 

remained in the ultrafiltration cell between runs to ensure the membrane stayed submerged. 

3.3.1.2 Polymer loss 

Adsorption of the PSBMA to the iron oxide membrane surface is necessary if the desired 

anti-fouling properties of the PSBMA are to be adopted by the membrane surface.  The 

loss of polymer during operation is possible, and two mechanisms can contribute to 

polymer loss:  polymer loss through the membrane and polymer detachment into the 
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influent solution.  Methods for determining if polymer loss occurred and the extent of 

polymer loss are described below. 

3.3.1.2.1 Flow through polymer loss 

PolySBMA lost as a result of passing through the membrane was determined by collecting 

samples while running 300 mL of ultrapure (18mΩ) water through the membrane using an 

ultrafiltration cell.  Samples were collected in 10mL intervals, and stored in glass 

containers at 4°C.  PolySBMA concentration was determined by total organic carbon 

analysis, and samples were agitated immediately prior to testing to ensure the polymer was 

well dispersed in suspension. 

3.3.1.2.2 Static polymer loss 

PolySBMA lost as a result of washing off the polymer from the membrane surface into the 

feed solution was determined by immersing a coated membrane in ultrapure water and 

collecting samples over a period of 24 h while continuously stirring 100 mL of ultrapure 

water (18mΩ) in an erlenmeyer flask.  PolySBMA concentration was determined by total 

organic carbon analysis, and samples were agitated immediately prior to testing to ensure 

the polymer was well dispersed in suspension. 

3.3.1.3 Permeability 

Filtration experiments were carried out using a dead end ultrafiltration cell. The cell was 

connected to an air cylinder with a regulator to maintain a constant pressure of 20 psi.  The 

effective area of filtration varied between 3.5 cm2 and 4 cm2.  The permeability of the 

supports and the permeability of the membranes was determined by filtering ultrapure 

water (18mΩ), measuring the volume of the accumulated permeate at constant pressure as 
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a function of time and calculating the linear fit of the experimental data.  Using this data, 

the permeability was calculated using Darcy’s law (Equation 3.13). Permeability is defined 

as the inverse of resistance, and was computed as: 

𝜅 =  
1

𝑅𝑡
  (Equation 3.13) 

Where κ is permeability and Rt is the resistance. For the membranes with polymer coating, 

the additional resistance added by the polymer coating was calculated by subtracting the 

nominal value for the uncoated samples from the total resistance calculated in the coated 

samples. 

3.3.1.4 Membrane fouling observation 

First, clean water flux was observed by running 100 mL of ultrapure water (18mΩ) through 

the membrane and recording the time at 10 mL intervals.  Second, a 5 g/L solution of 

bovine serum albumin (BSA; Fischer, Pittsburgh, PA) was prepared with ultrapure water 

(18mΩ); the flux was observed by running the BSA solution through the membrane and 

recording the time at 10 mL intervals. The membrane was then subjected to hydraulic 

cleansing using ultrapure water (18mΩ) for 30 seconds.  Clean water flux was again 

recorded by running ultrapure water (18mΩ) through the membrane and recording the time 

at 10 mL intervals; the ratio of the second clean water flux to the initial clean water flux is 

called the “recovered flux.”  After recovery, the membrane was again subjected to fouling 

with the BSA solution; after observing secondary fouling, the membrane was hydraulically 

cleaned, and clean water flux was again recorded.  The entire process is described by Figure 
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3.8 below.  This process was repeated three times for the both the uncoated and coated 

membrane samples. 

 

Figure 3.8--Schematic of the membrane fouling experiment 

3.3.1.5 Static sorption of BSA 

In order to isolate the affects of the fouling that occurs during operation, it was prudent to 

gain information relating the affinity of the iron oxide and polySBMA surfaces to the 

foulant material, BSA; knowing how much BSA will adsorb to the membrane surface in a 

static, non-operational situation will be useful information, as it will provide insight as to 

the interaction between BSA and the iron oxide surface as well as the interaction between 

BSA and the modified surface.  Simple adsorption experiments were carried out with both 

non-coated iron oxide membranes and iron oxide membranes coated with polySBMA in 

order to determine the affinity of the BSA for the iron oxide membranes with and without 

polySBMA coating. 
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The same type of membranes used in fouling experiments (4 cm by 1 cm) were submerged 

in 100 mL of a 50 mg/L BSA solution for 24 hours with gentle agitation applied using a 

shaker table at 100 rpm.  After 24 hours, membranes were removed from the solution, and 

total organic carbon analysis was performed to measure the loss of BSA by adsorption to 

the membranes.   

3.3.2 Precursor adsorption 

3.3.2.1 Experimental method 

Adsorption equilibrium isotherms were studied from batch techniques to observe the effect 

of conditions (namely, pH and ionic strength) on the capacity of nanostructured hematite 

to adsorb NOM in the form of humic acid.  Batch experiments were carried out in glass 

jars at room temperature, and samples were stirred for 48 hours at 200 rpm in a 15 

multipoints magnetic stirrer (Variomag MF 30015, Thermo Scientific, USA).  Humic acid 

solutions ranging from 10ppm to 70ppm were prepared using humic acid (Technical Grade; 

Arcos, Geel, Belgium) and ultrapure water.  Ionic strength was added in the form of sodium 

nitrate (99.0%+; Sigma-Aldrich, St. Louis, USA) to observe the effect of 1mM and 100mM 

levels for all cases.  The effect of pH values at 5 and 7 was also observed; pH was adjusted 

using NaOH and HNO3.  All cases were carried out in the presence of 50mg of 

nanostructured hematite derived from ferroxanes with 150mL of sample solution.  After 

48 hours, samples with high ionic strength were vacuum filtered immediately using 47mm 

diameter 0.22μm pore size PVDF filters (Whatman, USA).  Samples with low ionic 

strength had 1 g of sodium nitrate added to encourage aggregation of the nanostructured 

hematite and easy separation; 10 minutes after adding the sodium nitrate, these samples 
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were vacuum filtered using 47mm diameter 0.22μm pore size PVDF filters (Whatman, 

USA).  Humic acid concentration was determined using TOC analysis.   

3.3.2.2 Isotherm Analysis 

Adsorption isotherms are generally used to investigate the adsorption capacity of 

adsorbents.  In this work, the Langmuir and Freundlich isotherm models were used and 

compared to determine the adsorption mechanisms and capacities of nanostructured 

hematite.  The Langumuir isotherm model is commonly used to describe monolayer 

sorption onto a surface, and takes the following form: 

𝑞𝑒 =  
𝑞𝑚∙𝐾𝐿∙𝑐𝑒

1+ 𝐾𝐿∙𝑐𝑒
 Equation 3.14 

where qe is the amount of material adsorbed to the adsorbent surface (mg/g), qm is the 

maximum amount of material adsorbed to the adsorbent surface to form a complete 

monolayer, KL is the Langmuir constant, and ce is the equilibrium concentration of 

adsorbate in aqueous solution (mg/L).  The Langmuir isotherm can be plotted linearly by 

plotting qe /ce vs qe, and takes the following form: 

𝑞𝑒

𝑐𝑒
=  𝑞𝑚 ∙ 𝐾𝐿 − 𝑞𝑒 ∙ 𝐾𝐿  Equation 3.15 

where KL represents the slope of the linear form, and qmKL represents the intercept. 

The Freundlich isotherm model is a semi-empirical equation that allows for several kinds 

of sorption sites on the solid and represents the soprtion data at low and intermediate 

concentrations on heterogeneous surfaces, and takes the following form: 
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𝑞𝑒 =  𝐾𝐹 ∙ 𝑐𝑒
1

𝑛⁄  Equation 3.16 

where KF is the Freundlich constant associated with the removal capacity and n is another 

Freundlich constant associated with the degree of dependance of removal with equilibrium 

concentration.  The Freundlich isotherm model can also be represented linearly by plotting 

ln(qe) vs ln(ce), and takes the following form: 

ln 𝑞𝑒 =  ln 𝐾𝐹 +  
1

𝑛
ln 𝑐𝑒 Equation 3.17 

where ln(KF) represents the intercept of the linear function, and 1/n represents the slope. 

4 RESULTS AND DISCUSSION 

4.1 Materials characterization 

4.1.1 XRD 

X-ray diffraction (XRD) was used in this work to identify the iron oxide materials being 

used.  XRD was used as a way to identify the lepidocrocite and hematite structures before 

and after sintering; materials synthesis in a lab setting can vary from batch to batch, so it 

is important to identify the materials being used before experimenting with them.  In this 

work, XRD was used to identify lepidocrocite, ferroxanes, and hematite particles. 

4.1.1.1 Lepidocrocite 

Lepidocrocite was synthesized according to the published methods [18].  This process is 

described above in Chapter 3.  Figure 4.1 shows the XRD diffractogram for the 

lepidocrocite used in this work.  The red lines indicate the peaks that are typical of 

lepidocrocite. 
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Figure 4.1--XRD diffractogram for lepidocrocite 

This diffractogram shows that the material being used in this work was, in fact, 

lepidocrocite.  This is important as lepidocrocite is the precursor to the novel ferroxanes 

that are used when synthesizing the ceramic membranes and hematite nanoparticles in this 

work. 

4.1.1.2 Ferroxane 

Ferroxanes were prepared according to published methods [20], and the entire process is 

described in Chapter 3 above.  Figure 4.2 is the XRD diffractogram for ferroxanes—as 

ferroxanes are a novel material, there is not a typical XRD diffractogram in the database 
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that the x-ray diffractometer used in this work references; however, ferroxanes are very 

similar in structure to lepidocrocite, so the red lines in Figure 4.2 indicate typical peaks for 

lepidocrocite. 

 

Figure 4.2--XRD diffractogram for ferroxane nanoparticles 

This diffractogram shows that the ferroxane used in this work is structurally similar to 

lepidocrocite, and that the method used to produce ferroxane from lepidocrocite does not 

alter the structure of the material so as to render it amorphous—the product is still 

crystalline and has most of the same peaks as lepidocrocite. This result was expected; the 

synthesis of ferroxane produces a reduction in size of the iron oxide particles, and should 

not alter its crystalline structure. 
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4.1.1.3 Hematite 

Nanostructured hematite was prepared by sinterting ferroxane nanoparticles according the 

program described in Table 3.1 above.  The hematite was characterized so as to determine 

the composition of the ceramic membranes as well as to determine the material used in 

adsorption experiments.  Figure 4.3 is the XRD diffractogram for hematite.  The red lines 

indicate where peaks typically occur for hematite. 

 

Figure 4.3--XRD diffractogram for hematite 

The diffractogram confirms that the material that comprises the final, sintered membrane 

product and the material used in humic acid adsorption experiments is hematite. 
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4.1.2 DLS 

Dynamic light scattering was used to determine the size of ferroxane nanoparticles.  The 

theory and procedure used for DLS measurements are described in Chapter 3.2.2. 

Determining the size of ferroxane nanoparticles is important because ferroxane 

nanoparticles are the primary component of the iron oxide ceramics used in this work.  The 

size of the ferroxane particles will provide some clues about the surface area and pore size 

distribution of the sintered iron oxide ceramics used in this work.  Table 4.1 below 

describes the size of the ferroxane nanoparticles used in this work, as determined by DLS. 

Table 4.1--Size description for ferroxane nanoparticles 

 
Z-Average (nm) 
 

 
255.6  ±  22.5 

 
Average size, by number (nm) 
 

 
69.9 ± 17.2 

 
PDI 
 

 
0.382 ±  0.094 

 

These numbers compare favorably to reported values [20], and will serve well when 

forming the iron oxide ceramic membranes and hematite nanoparticles used in this work. 

4.1.3 BET 

4.1.3.1 Surface Area 

The surface area for nanostructured hematite was determined by using the Brunnauer, 

Emmett, and Teller method for specific surface area analysis.  Determining surface area is 

imporant as it provides information as to the number of adsorption sites available and also 
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the amount of surface available for potential catalytic interactions.  Table 4.2 summarizes 

the surface area for the nanostructured hematite used in this work. 

Table 4.2--BET surface area for nanostructured hematite 

Material Specific surface area (m2/g) 

Nanostructured hematite      72.47 ± 2.01 

 

This value is much larger than previously reported values utilizing the same synthesis 

protocol.  De Angelis and Cortalezzi [25] reported a specific surface area of 41.88 ± 5.42 

m2/g.  Higher surface area should allow for a greater number of adsorption sites, and greater 

adsorption. 

4.1.3.2 Pore Volume Distribution 

The Barret, Joyner, and Halenda (BJH) N2 adsorption/desorption isotherm method was 

used to determine pore size of nanostructured hematite.  This gives valuable information 

as to the porosity and structure of the nanostructured hematite.  The pore volume 

distribution can be seen in Figure 4.4. 
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Figure 4.4--BJH pore volume distribution for nanostructured hematite 

The average pore size is reported as 40 ± 19 nm.  This compares favorably to the findings 

of De Angelis and Cortalezzi [25], who reported an average pore size of 75 nm with a 

standard deviation of 10 nm. 

4.2 Membrane characterization 

4.2.1 Optical Profilometry 

Optical profilometry was used to gather data to characterize the surface of membrane 

samples as it pertains to their surface morphology and roughness; the technique was 

performed on both coated and non-coated membrane samples in order to compare 

differences in morphology and roughness as coatings were applied. 
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4.2.1.1 Imaging 

The optical profilometer produced both 2D and 3D images of the membrane surface.  These 

images are rendered using the height data acquired by the instrument, and can give an 

accurate representation of the membrane surface.  Figure 4.5 below demonstrates the 

changes in surface morphology that the membrane surface undergoes when coated with 

polySBMA.   

 

Figure 4.5--3D images produced via optical profilometry of (a) a membrane surface with 

no polymer coating; (b) a membrane surface with a single polymer coating; (c) a 

membrane surface with two polymer coatings 

The changes in surface morphology seen in Figure 4.5 indicate that the surface morphology 

undergoes few if any changes with a single polymer coating, but that drastic changes occur 

when a second coating of polySBMA is applied.  A possible explanation of this is that the 

attachment that occurs between polySBMA molecules and the iron oxide surface is less 

pronounced than the attachment between polySBMA molecules and other polySBMA 

molecules.  It also suggests that significant improvements in fouling performance 

associated with decreased roughness in surface morphology might not be fully achieved 

with a single coating of polySBMA. 
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4.2.1.2 Roughness 

In addition to imaging, optical profilometry uses height data to quantitatively calculate 

surface roughness. Figure 4.6 below describes the changes in surface roughness values as 

membrane coatings are applied. 

 

Figure 4.6—Data comparison of roughness values collected using optical profilometry of 

uncoated membrane surfaces, single coated membrane surfaces, and double coated 

membrane surfaces; Ra: Average Roughness, Rq: Root-Mean-Square Roughness 

This data quantitatively backs up what can be observed qualitatively from the images 

rendered by the optical profilometer in Figure 4.5—a single coating of polySBMA 

minimally influences surface roughness; while the mean roughness values decrease, the 

datasets associated with uncoated membrane samples and membrane samples with a single 

coating of polySBMA completely overlap.  However, with a second membrane coating, 
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the changes that occur are more drastic, and the datasets do not overlap.  Error! Reference 

ource not found. below enumerates the information provided in Figure 4.6 above. 

The change from a membrane with no polymer coating to a membrane with a single coating 

equates to a 19.7% reduction in average roughness and a 17.2% reduction in root-mean-

square roughness.  The second coating reduced these values 54.2% and 52.5% respectively 

from the roughness of a membrane with no polymer coating, or an additional 34.5% and 

35.3% from the first coating—almost double the reduction from the first coating in both 

cases.  A second coating provides more complete coverage of the membrane surface with 

polySBMA, and provides a smoother surface morphology than a single coating might.  It 

is clear that the addition of a second coating drastically affects the morphology of the 

membrane surface. 

4.2.2 SEM 

SEM can produce images of varied magnification in order to gain a better understanding 

of what is occuring on a much smaller scale than what can be observed with standard 

microscopy.  While SEM does not provide data related to surface roughness or exact 

particle size, it does offer insight as to surface characteristics and relative particle size.  In 

this work, SEM was used to observe changes in the membrane surface as polySBMA 

coatings were applied at several magnifications.  Figure 4.7 below shows images magnified 

5000 times of a membrane sample without polySBMA coating, a membrane sample with 

a single polySBMA coating, and a membrane sample with two polySBMA coatings. 
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Figure 4.7--SEM images at 5000x magnification of: (a) a membrane sample with no 

polySBMA coating; (b) a membrane sample with one polySBMA coating; (c) a 

membrane sample with 2 polySBMA coatings 

These images corroborate the images produced by the optical profilometer above—namely 

that the differences between the sample without polySBMA coating and the sample with a 

single polySBMA coating are less dramatic than the differences between the sample with 

a single polySBMA coating and the sample with two polySBMA coatings.  The differences 

can further be observed mangnified 60,000 times in Figure 4.8. 
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Figure 4.8-- SEM images at 60000x magnification of: (a) a membrane sample with no 

polySBMA coating; (b) a membrane sample with one polySBMA coating; (c) a 

membrane sample with 2 polySBMA coatings 

These more highly magnified images attempt to show the polySBMA coating’s effect on 

the membrane surface.  In the sample with no coating, the ceramic structure of the 

membrane, the rod-shaped iron oxide nanoparticles, are clearly seen.  With polySBMA 

coating, these images become distorted.  This distortion can be attributed to the presence 

of a polySBMA layer on top of the iron oxide surface.  The distortion becomes more 

apparent as additional polySBMA layers are added.  This shows, along with the images 

rendered through optical profilometry, that the polySBMA coating is present with simple 

dip coating and does have an affect on the surface morphology of the membrane samples.   

Figure 4.9 shows a membrane sample with two polySBMA coatings at 200x magnification.  

It was taken to gain a better understanding of the entire membrane surface, and not just a 

small portion of it. 
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Figure 4.9--SEM image at 200x of a membrane sample with two polySBMA coatings 

This image shows that the membrane surface with polySBMA coatings is not perfectly 

smooth, but rather has irregularities and cracks in the polySBMA layer. 

4.2.3 Permeability 

Permeability is a measure of the ability of a porous material to allow fluids to pass through 

it.  In water treatment, permeability determines the volume of purified water that a 

membrane can produce in a given period of time—a membrane with high permeability will 

treat more water than a membrane with low permeability; however, higher permeability 

can be associated with less rejection.  Determining permeability is a necessary component 

in evaluating the performance of a membrane relative to others.   
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In this work, permeability was determined for membrane samples with no polySBMA 

coating and with two polySBMA coatings in order to determine the effect that an effective 

polySBMA coating (one that changes the membrane surface in a way that results in 

decreased irreversible fouling) might have on permeabilty.  The microfiltration cell was 

operated under constant pressure, 20 psi.  Figure 4.10 shows the volume of water filtered 

through a typical sample (membrane without coating, membrane with two coatings) over 

time.   

 

Figure 4.10--Comparison of clean water permeance between a membrane sample with 

polySBMA coating and a membrane sample without polySBMA coating 

This information was used to calculate clean water permeance, which is described in 

Figure 4.11. 
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Figure 4.11--Clean water permeance of membrane samples with and without polySBMA 

coating 

Both Figure 4.10 and Figure 4.11 show that the clean water permeance of the membrane 

samples without polySBMA coating are higher—this makes sense, as the polymer layer 

will produce some hydraulic resistance in series with the membrane.  The polySBMA 

coating is applied on top of the existing iron oxide surface, meaning that it will undoubtedly 

cover some of the existing pores, leading to decreased permeability.  The addition of the 

polySBMA coatings equates to a 42.5% reduction in permeability.  The higher variability 

in permeability values for the polySBMA coated membranes indicates that the process for 

synthesizing them could be improved upon for greater consistency.    
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4.3 Fouling Characteristics 

4.3.1 Membrane fouling 

Membrane fouling was determined by observing the evolution of flux through the 

membrane over time in the presence of fouling materials.  The expectation was that the 

addition of polySBMA coating to the iron oxide ceramic membranes would prevent fouling 

in general or improve fouling reversability.  Fouling experiments were carried out under 

neutral pH (7.2-7.5). 

Figure 4.12 below describes the initial fouling behavior of a typical membrane sample 

without polymer coating during a filtration of a 5 g/L solution of BSA.   Typical membrane 

samples in this section represent what were the most consistent samples during testing; 

data from all samples tested can be found in the Appendix from Figure A. 1 to Figure A. 

4. Initial flux is used to normalize the data that follows.  After fouling, the membrane was 

subjected to tangential, hydraulic cleaning, and clean water flux was measured again to 

determine the extent of the fouling. 
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Figure 4.12--Fouling behavior of a membrane sample without polymer coating under 

neutral pH conditions 

The membrane samples without polymer coating aggressively foul initially, and the fouling 

continues less aggressively as operation continues.  This suggests that the mechanisms for 

membrane fouling change during operation of the uncoated membrane sample.  The fouling 

of membranes without polySBMA coating was stopped at approximately 30%--the actual 

observation showed that membranes were fouled to 32.5% of initial flux on average and 

recovered 54.5% of initial flux after hydraulic cleaning.  This means that 32.6% of the total 

membrane fouling was reversible—the remaining fouling cannot be recovered with a 

simple water rinse, meaning more severe and expensive cleaning methods would be 

necessary.  In operation, this would mean down-time from water treatment and potential 

damage to the membrane material with time.   
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After initial fouling, cleaning, and measuring recovery, the membrane was again subjected 

to fouling with BSA to further describe the fouling behavior of the membrane during 

operational cycles.  Figure 4.13 shows the initial fouling, initial recovery, secondary 

fouling, and secondary recovery of a typical membrane sample without polymer coating.  

After secondary fouling, the membrane was again subjected to tangential, hydraulic 

cleaning before determining secondary recovery. 

 

Figure 4.13--Extended fouling behavior of a membrane sample without polymer coating 

under neutral pH conditions 

Secondary fouling occurs less aggressively in the early stages of operation than initial 

fouling.  Further, of the secondary fouling that occurs, 41.6% is reversible.  This suggests 

that much of the irreversible fouling occurs via the aggressive fouling mechanism found in 

the first 20 mL of initial fouling for membrane samples without polymer coating—this 

implies that irreversible fouling is largely attributed to membrane-foulant interactions and 
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that foulant-foulant interactions tend to be more reversible.  As more fouling occurs, fewer 

membrane-foulant interactions occur due to accumulation of foulant on the surface of the 

membrane.  Tangential, hydraulic cleaning is only sufficient to recover some of the fouling 

in membrane samples without polymer coating.  It follows that in order to improve fouling 

behavior, the membrane must foul less aggressively (or reduce the affinity of the foulant 

for the membrane material), or in a manner that allows for more of the fouling to be 

reversible.  The initial fouling likely occurs in blocking of the membrane pores, and with 

time a cake layer would form on top of the blocked pores.  In order to improve this, 

interactions between the membrane surface and the fouling material should be minimized, 

and fouling occuring within the membrane pores should be limited. 

Initial testing of membranes with a single polySBMA coating were inconclusive; further, 

the data and images acquired from optical profilometry suggest that samples with two 

polySBMA coatings provide more drastic changes in surface morphology than samples 

with a single coating.  Based on the inconclusive findings and the reduced roughness in the 

samples with two polySBMA coatings, investigation of samples with two polySBMA 

coatings was necessary.  Figure 4.14 compares the fouling behavior of a typical membrane 

sample without polySBMA coating to the fouling behavior of a typical membrane sample 

with two polySBMA coatings.  The membrane samples with polymer coating were 

subjected to the same fouling procedure as the samples without polymer coating, and 200 

mL of ultrapure water (18mΩ) had been run through the membrane samples prior to testing 

to remove excess polymer and assure that drastic changes were not occuring to the 

membrane surface during operation. 
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Figure 4.14--Comparison of the fouling behaviors between membrane samples with and 

without polymer coating under neutral pH conditions 

Figure 4.14 shows drastic improvements in initial fouling behavior when a polymer coating 

is applied.  The samples foul less aggressively initially, and less total fouling is observed 

overall (40.3% of initial flux is lost, compared to 67.5% in the uncoated samples), after 

operating for 250 mL.  Additionally, 51.3% of the initial fouling in the samples with 

polymer coating is reversible, vastly improved over the 32.6% figure found in the samples 

without polymer coating.  This trend continues when the samples are subjected to 

secondary fouling.  Figure 4.15 describes the secondary fouling behavior of typical coated 

and uncoated samples when normalized for the changing initial permeability that occurs 

with initial fouling. 
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Figure 4.15--Comparison of secondary fouling behavior of membrane samples with and 

without polymer coating under neutral pH conditions 

Figure 4.15 shows that membrane samples with and without polymer coating display 

similar secondary fouling behavior.  While the coated sample fouls less overall, the 

difference between the two is not as clear immediately.  This is different than in initial 

fouling; however, the end result is the same—the coated sample shows a marked 

improvement in fouling performance in both fouling rate and fouling recovery.  The coated 

membrane samples foul to 54.6% of their initial recovered flux on average while the 

uncoated samples foul to 24.2% of their initial recovered flux on average.  Further, the 

coated membrane samples recovered 57.0% of their secondary fouling—uncoated 

membrane samples only recovered 41.6% of their secondary fouling.  Table 4.3 below 

offers the performance comparison between membrane samples with and without polymer 

coating described by Figure 4.12 to Figure 4.15. 
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Table 4.3--Comparison of fouling performance between membrane samples with and 

without polymer coating under neutral pH conditions 

 Perme-
ability 
(L/hr/n
m2/Pa) 

Initial 
Fouling 
(J/J0) 

Initial 
Recovery 

(J/J0) 

Fraction 
Reversible 

Secondary 
Fouling 
(J/J0) 

Secondary 
Recovery 

(J/J0) 

Fraction 
Reversible 

No 
Coat 
 

 
0.080 

 
32.5% 

 
54.5% 

 
32.6% 

 
24.2% 

 
55.8% 

 
41.6% 

 
Coated 
 

 
0.046 

 
59.7% 

 
80.4% 

 
51.3% 

 
54.6% 

 
80.5% 

 

 
57.0% 

 

Based on the data collected, it is obvoius that polySBMA coatings on ferroxane derived 

ceramic membranes provide a significant improvement in fouling behavior.  Initial fouling 

rate is decreased by 27.2% over the same operational period and under the same conditions, 

and secondary fouling rate is decreased by 30.4%.  In addition to decreased fouling rate, a 

higher percentage of the fouling present in samples with polySBMA coatings was 

reversible fouling, easily removed with tangential, hydraulic cleaning—an 18.7% and 

24.7%  increase in reversible fouling was observed in initial  and secondary recovery 

respectively. 

The improvements in fouling behavior—namely that the coated membrane samples foul at 

a slower rate and exhibit higher degrees of reversible fouling—are likely due to the 

difference in hydrophilicity between the polySBMA surface and the iron oxide surface.  

The polySBMA molecules are zwitterionic molecules with superhydrophilic properties.  

Zwitterionic polymers contain alternating positive and negative charges in close proximity; 

this property allows these materials to interact with water through electrostatic attractions.  
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These strong interactions with water lead to tightly bound water molecules layered at the 

surface of the polySBMA coated membranes that prevent BSA from interacting with the 

membrane surface.  These decreased interactions between BSA and the membrane surface 

lead to less attachment of BSA to the surface of the membrane, decreasing fouling rate and 

increasing reversibility.  Further, the changes in surface morphology from rough to smooth 

likely have an effect on fouling behavior. 

The polySBMA modified membranes in this work can be compared to other polySBMA 

modified membranes, with some context.  Zhou et al. [43] investigated the impact of 

polySBMA on fouling performance in microporous polypropylene membranes (MPPMs) 

by co-depositing polySBMA with polydopamine onto the membrane surface.  Zhao et al. 

[44] investigated the impact of polySBMA on fouling performance in polypropelene (PP) 

membranes through a combined surface polymerization method.  In this work, polySBMA 

was attached to ceramic membranes derived from ferroxanes with a simple dip coating 

method.  The results are summarized in Table 4.4. 
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Table 4.4--Comparison of polySBMA modified membrane surfaces 

Surface modified/ 
Method of attacment 

 

Initial Fouling 
(J/J0) 

Recovery 
(J/J0) 

Fraction Reversible 
 

 
Ceramic membranes/ 

Dip coating 
 

 
59.7% 

 
80.4% 

 
51.3% 

 
MPPMs/ 

Co-deposition with 
polydopamine [43] 

 

 
 

54.8% 

 
 

86.3% 

 
 

69.7% 

 
PP/ 

Combined surface 
polymerization [44] 

 

 
 

unreported 

 
 

91.6% 
 
 

 
 

unreported 

 

The membranes in this work compare favorably to the membranes prepared by co-

deposition with polydopamine in terms of flux recovery and reversible fraction; there are 

differences, and the MPPMs perform slightly better.  The lack of initial fouling reported in 

the membranes with combined surface polymerization make comparison imprudent, 

though the recovered flux of 91.6% outstrips the dip coated ceramic membranes by a wide 

margin. 

4.3.2 PolySBMA loss 

4.3.2.1 Flow-through polySBMA loss 

Flow-through polymer loss was measured by running 300 mL of ultrapure water (18mΩ) 

through polymer coated membranes and collecting samples at 20 mL intervals by using a 

microfiltration cell operating at 20 psi.  These samples were then subjected to total organic 
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carbon analysis.  Figure 4.16 shows the amount of polymer lost through the membrane 

during operating conditions by comparing the total organic carbon present in the effluent 

water stream over a specified volume (300 mL).   

The majority of the excess polySBMA is lost during the first 50 mL of operation, as 

evidenced by Figure 4.16.  Of the total polymer lost during operation for 300 mL, 63% is 

lost in the first 50 mL of operation.  Over time, the rate of polymer lost through the 

membrane decreases as excess polymer that is not strongly bonded to the membrane 

surface is washed away and passes through the structure with the help of the pressure 

needed to operate the microfiltration cell.  However, even after the excess polymer is 

washed away, polymer continues to pass through the membrane at a relatively constant 

rate, as can be seen in Figure 4.16. 

 

Figure 4.16--Polymer lost through the membrane during flow conditions.  Red lines 

indicate constant loss of polymer 
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This continued loss of polymer during operation suggests that excess, multilayer polymer 

is being washed away.  As the amount of polySBMA present in the effluent does not 

approach zero in 300 mL, so longer runs of 600 mL were performed to further investigate 

the loss of polySBMA during operation.  This data is summarized in Figure 4.17. 

 

Figure 4.17--Polymer lost through the membrane during flow conditions extended run 

Even in the extended runs shown in Figure 4.17, the amount of polySBMA in the effluent 

does not reach zero.  Given the inexact amounts of polySBMA applied during dip coating 

(an inexact method of application), and the use of multiple coatings it is expected that 

excess will be present, but the quantity of excess is not certain. Only after all the excess is 

washed away and the membrane surface analyzed will it be conclusive to say that the 

polySBMA is not bonding well to the iron oxide surface.   
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4.3.2.2 Static polySBMA loss 

Static polySBMA loss measured the amount of polySBMA that was lost into the feed 

solution when the membrane was not in operation.  This gives insight as to the excess 

polySBMA on the membrane surface that can be removed without applying pressure to the 

membrane surface or having water pass through the membrane surface.  The amount of 

polySBMA that was lost from the membrane surface in 24 h in this scenario was 0.43 ± 

0.03 mg/cm2.  This amounts to a 17.1 ± 1.1 mg/L concentration in 100 mL of water from 

a 4 cm2 membrane section.   

4.3.3 Static Sorption of BSA 

Static sorption of BSA measured the ability of the membranes without polySBMA coating 

to remove BSA in a static, non-operational setting. This shows the affinity of both surfaces 

for the foulant material used in this work.  Initial and final BSA concentrations were 

measured using TOC analysis, and the data is summarized inFigure 4.18. 

 

Figure 4.18--Static sorption of BSA 
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Figure 4.18 shows that the membrane did not remove a significant amount of BSA through 

sorption.  The initial TOC concenration for 50ppm BSA is 20.4 mg/L, and the final 

concentration is 19.3 mg/L, a 5.4% decrease.  This suggests that the BSA that fouls the 

membrane surface is largely attached and deposited in the process of ultrafiltration, when 

interactions are facilitied with added pressure and closer proximity within the pores of the 

membrane structure. 

4.3.4 Membrane fouling conclusions 

PolySBMA coatings decreased initial fouling rate of ferroxane derived ceramic membranes 

with BSA by 27.2% and secondary fouling rate by 23.5%.  The reversibility of initial 

membrane fouling was improved by 18.7% and secondary fouling reversibility was 

improved by 24.7% with polySBMA coating.  These improvements come at the cost of a 

42.5% reduction in initial permeability. 

PolySBMA is lost through the membrane surface during operation; the amount of 

polySBMA lost decreases over time, with the majority of the polySBMA being lost in the 

first 200mL of operation.  PolySBMA in the form of total organic carbon was still present 

in the effluent water stream at low concentrations after 600mL of ultrapure water was 

passed through the membrane; membrane fouling experiments were carried out over 

650mL of operation, after having 200mL of ultrapure water passed through the membrane 

to wash away excess polySBMA.  Improvements in membrane fouling behavior was still 

observed, suggesting that sufficient amounts of polySBMA are still present on the 

membrane surface to improve performance.  PolySBMA is also lost from the membrane 

surface in static conditions; after 24 h in ultrapure water in a non-operatinal setting, 0.43 ± 
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0.03 mg/cm2 was lost on a per-area basis.  The affinity of BSA for the membrane material 

under static conditions showed no significant attachment after 24 h.  

In summary, polySBMA coatings improved membrane fouling performance by decreasing 

fouling rate and increasing reversibility.  The loss of polySBMA through the membrane is 

a concern; further investigation of the performance of ferroxane derived ceramic 

membranes with polySBMA coatings is necessary to evaluate their efficacy as process 

units for water treatment. 

4.4 Precursor adsorption isotherms 

4.4.1 Experimental isotherms 

Humic acid removal by nanostructured hematite derived from ferroxanes was determined 

by measuring the difference in organic carbon content between initial samples and samples 

that had been continuously stirred in the presence of nanostructured hematite for 48 h at 

varying conditions.  These conditions were at pH = 5 with 1mM of NaNO3 for ionic 

strength, and pH = 7 with 1mM of NaNO3 for ionic strength.  The pH values were chosen 

to evaluate the performance of hematite on either side of its point of zero charge, which is 

6.3 according to previous literature [25].  The results for this experiment are summarized 

in Figure 4.19. 
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Figure 4.19--Adsorption isotherms for organic carbon removal by nanotructured 

hematite, pH 5 and pH 7 at low ionic strength 

As can be seen in Figure 4.19, a higher amount of organic carbon is adsorbed on the 

nanostructured hematite at pH = 5.  It follows, then, that a lower equilibrium concentration 

of organic carbon is present at the lower pH.  Based on this observation, experiments were 

run at higher ionic strength at pH = 5 to determine the effect of ionic strength on the 

capacity of the hematite to adsorb humic acid.  These results are summarized in Figure 

4.20. 
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Figure 4.20--Adsorption isotherms for organic carbon removal by nanostructured 

hematite, pH 5 at high and low ionic strength 

Figure 4.20 shows that a higher amount of humic acid is retained on the hematite at the 

lower ionic strength, and that the isotherms in this case vary greatly.  In Figure 4.19 the 

isotherms have similar forms and are more or less linear; in Figure 4.20 it can be seen that 

the isotherm associated with higher ionic strength follows a different, non-linear form.  

The isoelectric point of the nanostructured hematite used in this work is 6.3. The surface 

will be positively charged at pH values lower than this point and negatively charged at pH 

values higher than this point.  Humic acid is negatively charged. It follows, then, that the 

electrostatic interactions will be strongest at the lower pH value, and the adsorption rate 

higher.  Figure 4.19 shows this—there is a greater level of adsorption at pH = 5 than pH = 
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4.4.2 Model isotherms 

The experimental isotherms above were modeled with the linear forms of the Langmuir 

and Freundlich adsorption isotherm models described in Equation 3.16 and Equation 3.18.  

The parameters of these linear models are summarized in Table 4.5, and give insight as to 

the mechanisms involved in the adsorption processes observed in this work.   

Table 4.5--Parameters for Langmuir and Freundlich models of humic acid adsorption onto 

nanostructured hematite 

Experimental 
Conditions   

Langmuir 
    

Freundlich 
  

  
qm 

(mg/g) 
KL  

(L/mg) R2 
Kf  

(mg1-nLn/g) n R2 

pH 5, I.S. 1 mM -38.8 -0.21 0.40 0.84 0.61 0.86 

pH 7, I.S. 1 mM -28.5 -0.03 0.57 0.99 0.27 0.67 

pH 5, I.S. 100 
mM 41.5 0.83 0.98 0.51 0.98 0.51 

 

Based on the data summarized in Table 4.5, the high ionic strength condition with pH = 5 

follows the Langmuir adsorption model—it has a high R2 value at 0.98, and it indicates 

that the nanostructured hematite would adsorb humic acid as organic carbon at a maximum 

capacity, qm, of 41.5 mg/g.  The lower ionic strength scenarios at both pH = 5 and pH = 7 

seems to more closely follow the Freundlich adsorption model, although they do not 

display high correlation to either model.  The Langmuir adsorption model displayed by the 

higher ionic strength scenario suggests that the humic acid attaches to the surface in a 

monolayer, while the Freundlich adsorption models displayed at the lower ionic strengths 
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suggest more complex attachment mechanisms.  As the materials do not change, it is 

difficult to ascertain why there would be differences in the attachment mechanisms at 

different ionic strengths and not just a difference in the quantity of humic acid sorping to 

the surface.  The addition of sodium nitrate after equilibrium in the lower ionic strength to 

facilitate aggregation and separation of the hematite may have played a role in the differing 

datasets.  More thorough investigation of the adsorption of humic acid onto nanostructured 

hematite is necessary to make any definitive claims as to the mechanisms of attachment. 

4.4.3 Adsorption conclusions 

Nanostructured hematite best removed humic acid at a lower pH value and lower ionic 

strength.  The pH had a larger impact on removal than ionic strength.  The lower ionic 

strength isotherms exhibited behavior more closely related to the Freundlich adsorption 

model, while the higher ionic strength closely correlated to the Langmuir adsorption model.  

The lower ionic strength isotherms had Freundlich constants, KF, of 0.84 for pH = 5 and 

0.99 for pH =7.  The higher ionic strength isotherm had a maximum capacity, qm, of 41.5 

mg/g. 

The correlation between the Freundlich adsorption model and the experimental isotherms 

in the lower ionic strength scenarios, while greater than their correlation with the Langmuir 

adsorption model, was not exceptionally high.  This could require more investigation, as 

the higher ionic strength scenario correlates very highly with the Langmuir adsorption 

model (R2 = 0.98).  This could also be the result in the varied chemistry of humic acid or 

the addition of sodium nitrate immediately prior to separation of the equilibrium solution 

from the iron oxide. 
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5 CONCLUSIONS 

Interactions that occur between contaminants and treatment materials in water treatment 

process units occur at the surface of both materials involved.  As these surface interactions 

are central to water treatment processes, investigation of these interactions is necessary in 

order to comprehend the mechanisms involved and in order to enhance and improve 

process units.  Organic material in the form of NOM is a primary contaminant in most 

waters—investigating methods for the removal of NOM is prudent, as NOM can lead to 

inhibited performance in process units as well as undesirable by-products. 

The investigation of modified and novel materials in water treatment process units is 

necessary in order to evaluate whether or not they can improve on existing materials used 

in the field.  This work showed that the use of iron oxide ceramics derived from ferroxanes 

can be used to remove NOM by adsorption processes, and that modification of ceramic 

membranes derived from ferroxanes with polySBMA can improve their fouling 

characteristics.  Further investigation of these materials is necessary to determine their 

efficacy, but the results presented in this work show that membrane fouling characteristics 

can be improved with surface modification with polySBMA and that nanostructured 

hematite is an effective adsorbent for humic acid. 

6 FURTHER STUDY 

Further investigation of polySBMA retention on the membrane surface is necessary to 

determine whether or not a polySBMA layer is strongly bonded to the membrane surface.  

This can potentially be determined by measuring the zeta potential of the membrane surface 

with and without polySBMA coatings and measuring the zeta potential of the polySBMA 
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coated membrane surface after passing water through the membrane.  Microscopy is 

potentially another technique that could be employed to evaluate the retention of 

polySBMA on the membrane surface.  One of the advantages of the ferroxane derived 

ceramic membranes used in this work is that they are potentially catalytic.  This potential 

needs to be investigated as well as the effect of the polySBMA coating on this characteristic. 

More experimental data is necessary to evaluate the performance of nanostrucutred 

hematite as an adsorbent for humic acid.  The data in this work shows that there is a 

relationship between pH, ionic strength, and adsorption capacity, but irregularities in the 

data sets require more information for clarification. 
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APPENDIX 

 

 

Figure A. 1--Typical membrane samples without polySBMA coating 

 

Figure A. 2--Comparison of a membrane sample without polySBMA coating and 

membrane sample with polySBMA coatins with short drying times 
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Figure A. 3--Comparison of typical membrane samples with polySBMA coating with a 

typical membrane sample without polySBMA coating 

 

Figure A. 4--Membrane samples without polySBMA coating 
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