
 

ABSTRACT 

 

ZBORAY, STEVEN JAMES. Modification of Maleic Anhydride Copolymers for Applications 

Including Water Purification and Antifouling. (Under the direction of Jan Genzer). 

 

This Dissertation combines three specific projects based on the diverse chemistry of maleic 

anhydride copolymers. The systems described allow for control over surface properties and permit 

extensive chemical modification. In this way, these copolymers can act as a toolkit to functionalize 

surfaces arbitrarily without the need for harsh chemical treatments. Chapter 1 introduces the 

relevant literature for the three applications. Chapter 2 describes the chemistry of maleic 

anhydride and its copolymers. The first application of this polymer system was to remove heavy 

metals from water using a modified poly(octadecene-alt-maleic anhydride) coating on 

polypropylene nonwovens. Chapter 3 covers the synthesis and characterization of the material 

and the effects on fabric wettability. Chapter 4 contains the test results for metal removal. The 

system can remove 3.5 mg of cadmium per gram of filter; removal of other heavy metals was also 

studied. The system's performance was established in both static and flow testing under a variety 

of conditions, including high ionic strength. The project described in Chapter 5 aimed to degrade 

toxic nerve agents using a hydrogel chemically. The polymer chosen was maleic anhydride-co-

methyl vinyl ether, which was chemically modified to contain the hydroxamic acid group. This 

material could degrade a model nerve agent, DMNP, with a half-life of approximately 6 hours at 

the concentrations used. Analysis of the second-order rate constant, transport effects, and swelling 

suggested a degradation half-life of as low as 21 minutes could be achieved. Chapter 6 studies 

zwitterionic polymer films made from several maleic anhydride copolymers and their ability to 

repel fouling by protein, namely BSA. These materials were effective, particularly when a 

hydrophilic comonomer was used and the extent of crosslinking was low. Several sulfobetaine 

chemistries were tested, but the structure of the zwitterion group did not have a strong effect on 



 

antifouling performance. This material was intended to serve as a basis for coatings on ship hulls 

to prevent attachment of marine organisms, which harms fuel economy. Additional information 

for each of these projects is contained in the appendices to each chapter, while a discussion of 

future work using the maleic anhydride copolymer system, along with some preliminary data, is 

given in Chapter 7. These diverse applications show the versatility of maleic anhydride 

copolymers as a toolkit for controlling surface chemistry and imparting valuable functionality 

through facile reactions. Therefore, the copolymer system described would be of interest beyond 

the environmental focus of this work. 
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Chapter 1: Introduction  to Challenges in Water Contamination and Marine Biofouling 

  



2 

1.1 Overview 

Controlling surface chemistry is one of the mainstays of chemical research. It is essential 

for many technologies ranging over many disparate topics such as catalysis and biotechnology to 

composites and surfactants. By developing straightforward ways of manipulating the chemistry of 

inert surfaces by using reactive polymer coatings, this Dissertationôs fundamentals serve as a 

toolkit for diverse future work in the chemical and material sciences. This basic understanding 

emerges from applications-focused work, which can be divided into three parts. The first part 

involves removing heavy metal contamination from water with a filter by transforming low-cost 

chemically inert nonwoven textiles into materials that selectively bind these toxins. While keeping 

with the theme of eliminating dangerous substances and improving the environment, the next 

portion focuses on the degradation of organophosphatesðpotent neurotoxins that find their way 

into the environment as runoff from agriculture. The final portion of the Dissertation covers 

creating a polymer coating that can repel proteins. The ultimate goal is to find a simple way of 

protecting surfaces from biofouling that does not rely on toxin-releasing paints that are harmful to 

the environment. These materials find a broader application in various technological areas that 

deal with controlling biomolecule adsorption.  

We achieve these goals by creating readily functionalized polymer coatings and gels made 

from maleic anhydride (MA) based copolymers. MA copolymerizes to form alternating structures 

with many other monomers. By choosing the comonomers appropriately, one can tune the surface 

properties of coatings made from such polymers. Yet this is not the only exciting aspect of MA 

chemistryðthe anhydride itself can also undergo many chemical reactions. However, this work 

focuses mainly on species bearing primary amines delivering various other functional groups. The 

kinetics of these reactions with amines are rapid and heavily favor the product, which allows for 

facile and complete post-polymerization modification. Similar polymer systems accomplish the 
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three different applications described in this Dissertation via the appropriate choice of chemical 

modification: thiols for metal capture; hydroxamic acids for organophosphate degradation; and 

sulfobetaine for protein repellency. This work demonstrates a powerful new toolkit for developing 

high value-added polymeric materials that enable ultimate control over the surface chemistry. 

1.2 Chapter Synopses 

Chapter 2 covers the fundamental aspects of maleic anhydride and its polymers. Beginning with 

a brief overview of the chemistry of the monomer itself, which was relevant for some of the initial 

work with small molecules, it then proceeds to cover the polymerization mechanism and its 

implications for copolymer structure. Finally, Chapter 2 covers the chemistry of the anhydride 

groups in these copolymers, with particular attention to the reaction with primary amines. 

Chapter 3 is the first of two that deal with the most expansive undertaking in this 

Dissertationðremoving heavy metals from wastewater. It only covers the study of the 

polypropylene nonwoven substrates, the application of maleic anhydride copolymer coatings, and 

some work on reactions with amines to impart metal-capture functionality and hydrophilicity. This 

chapter also includes characterization of these materials, mainly with IR spectroscopy, and some 

procedures commonly seen in the textile industry.  

Chapter 4 covers the primary aim of the projectðthe capture of heavy metals by the 

nonwoven-supported modified polymer. Several experiments were performed, chiefly relying on 

quantification using inductively coupled plasma mass spectrometry (ICP-MS) to thoroughly 

analyze the materialôs performance under static and dynamic conditions. Other variables such as 

sequential and competitive adsorption, solution salinity, counterion effects, and specific surface 

area were also studied. We confirm the ability to reduce effluent metal concentrations below 

regulatory limits. An additional section deals with efforts to increase capture capacity with thicker 
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and more hydrophilic coatings, which were examined via time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) to understand metal diffusion into the polymer layer.  

Chapter 5 describes the development of a gel-based maleic anhydride copolymer gel made 

by crosslinking poly(maleic anhydride-co-methyl vinyl ether) (PMAMVE).  The system is capable 

of chemically destroying nerve agents. We monitor the degradation of the model compound used 

throughout (DMNP) via UV-VIS spectroscopy under various conditions, which allowed for the 

determination of the second-order rate constants, evaluation of mass transport limitations, the 

effects of salinity, buffer choice, and concentration. Mechanical characterization of the gel as a 

function of crosslinking procedure was also performed. 

Chapter 6 returns to work on coatings by studying the ability of zwitterionic surfaces to 

repel fouling by proteins. The intended application is ship hulls capable of repelling barnacles, but 

the work was performed using fluorescently labeled bovine serum albumin (FITC-BSA) as a 

model compound. The films were characterized using variable angle spectroscopic ellipsometry 

(VASE), and the protein fouling was monitored using fluorescent microscopy. The chemical 

modification was varied to combine six maleic anhydride copolymers and four possible 

sulfobetaines. We also studied the role of crosslinking of the polymer layers.  

Chapter 7 concludes the work and briefly describes several incomplete lines of inquiry 

into other modifications of maleic anhydride copolymers, which were not sufficiently detailed to 

warrant dedicated chapters or publications. Together with some other unfinished aspects of the 

work described herein, these comprise possibilities for future work. 

1.3 Motivation and Literature Review 

This chapter will briefly cover the motivation and challenges described in the literature for 

the three topics of this Dissertationðheavy metals, organophosphates, and biofoulingðwith a 

more detailed review of the relevant literature at the beginning of each chapter detailing the 
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application. We review the motivation for creating a system to address each goal, primarily in 

economic and environmental terms. 

1.3.1 Capturing Heavy Metal Contamination of Water 

Contamination of the worldôs scarce water supplies is a major environmental issue, 

especially in developing countries [1]. Heavy metals are particularly troublesome pollutants 

because they are persistent and bioaccumulate. One point of concern is that they adversely impact 

health even at low concentrations [2], which means it is necessary to reduce the amount present in 

water supplies to low levels, often to parts per billion (ppb). Chromium [3], arsenic [4], cadmium 

[5], mercury [6], and lead [7] are examples of toxic heavy metals that can cause various maladies 

such as neurological symptoms, kidney damage, and even cancers; more pernicious yet are their 

environmental and developmental effects [8]. Consequently, there is great interest in developing 

technologies usable for the industry to remove these compounds from waste streams and for 

consumers to remove the contaminants at the point of use. One embodiment would involve a small 

water filtration cartridge attached to a faucet or a larger system attached to the main water supply 

of a dwelling  

This work details a novel way of removing heavy metals from water using a copolymer 

coating on a nonwoven polypropylene fabric. It is an example of a facile means for creating 

functional surfaces without altering the substrate with complex chemistries. The means of 

arbitrarily modifying a given surface is developed further into a new approach for preventing 

biofouling and application to removing pesticides from groundwater in subsequent chapters in this 

Dissertation. 

 The primary goal is to take a contaminated stream in environmental applications and 

remove the pollutants leaving a pure effluent. However, the same technology can also recover 

valuable materials from low-grade sources. One prominent example is the natural level of uranium 
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found in seawater. Although a concentration of only a few parts per billion may seem insignificant, 

calculations show that the oceans contain far more uranium than terrestrial deposits. Due to the 

high energy content of nuclear fuel, the total amount of energy is sufficient to cover world energy 

needs for many years. Some have already begun to investigate the use of floating mats of absorbent 

polymers to extract this fuel source, chiefly focusing on the affinity of the amidoxime group 

towards uranium. These efforts have already demonstrated the ability to produce uranium, albeit 

the cost is not currently competitive with terrestrial mining [9,10]. 

Current remediation technologies for heavy metals can be grouped into three main 

categories: chemical, physical, and biological [11]. The most popular method to treat industrial 

waste streams with a high concentration of heavy metals (sometimes in the parts per thousand) 

involves precipitating the metals with concentrated hydroxides and then using sedimentation or 

flocculation to remove metals physically. Problems can occur when multiple metals are present in 

the same stream or when other species form complexes that remain soluble in water [12]. 

Precipitation can also be performed with chelating agents, which typically rely on sulfur chemistry. 

Some examples of these compounds are potassium/sodium thiocarbonate, sodium 

dimethyldithiocarbamate, and 2,4,6-trimercaptotiazine trisodium salt nonahydrate [13]. Amine 

groups are another choice for metal adsorption or precipitation [14,15]. However, the typical 

approach for water purification is based purely on ion-exchange resins, which are expensive and 

require high-pressure drops to operate [16].  

 Sorbents are also finding use, with activated carbon being expensive but widely used. 

These high costs have prompted the investigation of several other low-cost alternative materials 

as sorbents, which can achieve metal capture capacities on the order of mg/g [17]. Other such 

methods include zero-valent iron nanoparticles [18] and various biomaterials. Low-cost 
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biomaterials are often made by carbonizing a waste material or byproduct, such as bone char or 

eggshells [19,20,21]. A low-cost sorbent that could be regenerated would be even more 

economically attractive and could eliminate the issue of highly contaminated sludge that remains 

after precipitation. One approach is to produce a material with ion exchange properties by 

modifying existing high-surface-area substrates. An example would be aminobenzoic acid on 

poly(styrene-alt-maleic anhydride) [22]. 

 The post-polymerization modification of anhydride residues in copolymers, such as 

POMA, provides an avenue for many functional materials, as exemplified by the click chemistry 

employed by Guo [23]. The researchers reacted poly(styrene-alt-maleic anhydride) (PSMA) 

polymer brushes with cysteamine (which is reminiscent of Chapters 3 and 4 of this Dissertation) 

to allow subsequent modification via the thiol-ene mechanism. This work focuses on a different 

application of thiol chemistry, which can bind with metals strongly. The chemistry in this work 

has the advantage of allowing for multiple different groups to be included apart from the active 

thiol moiety. This ability was used to allow for crosslinking of the polymers to provide mechanical 

strength and stability.  

 From a chemical engineering standpoint, developing an effective system to remove metals 

from a stream flowing through a filter cartridge simultaneously involves fluid flow, mass transport, 

and surface chemistry. The Carberry type rotating bed reactor and plug flow affinity 

chromatography columns are the most comparable systems in current use [24]. The capture method 

is based on a chemical reaction with the metals. The commonly used activated carbon filters are 

not similar in their dynamic to the proposed system envisioned as a column of the functional 

nonwoven fabric filter.  
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1.3.2 Coatings To Prevent Fouling of Ships 

Biofouling of marine vessels is a significant problem globally, imposing annual costs of 

over $60 billion every year [25]. Various marine organisms can colonize the hull surface, 

dramatically increasing the hydrodynamic drag, corrosion, and fuel expenditure. The more detailed 

studies of this process led to the understanding that marine surface fouling is a multi-stage process 

starting with the surface "conditioning" by forming a tightly adhered protein-enriched fouling layer 

[26]. 

Historically, the most effective and widely used antifouling coatings relied on the gradual 

release of tributyltin biocides. These special paints effectively kill organisms responsible for 

fouling. By their very nature, they contaminate the environment with heavy metals and have a 

limited lifetime before the leaching process depletes the active compounds, and they must be 

periodically reapplied. The adverse environmental effects of these compounds were already 

causing noticeable environmental degradation of oyster beds in 1975 [27]. Since then, the pollution 

of the oceans has come under increasing scrutiny. There are efforts to reduce or eliminate biocidal 

coating use, which already resulted in action by the Marine Environmental Protection Committee, 

which entered effect in 2003 [28]. A further effort to ban tributyl tin paints by international 

convention went into force in 2008 and complementary efforts by the European Union [29,30]. 

There is expected to be a great need to provide a more environmentally benign means of preventing 

fouling.  

In addition to the toxicity of tin-based antifouling coatings, ships can act as a vector 

transporting invasive species, another environmental aspect of marine fouling. It means that an 

adequate replacement for the toxic compounds can reduce direct pollution and combat the 

introduction of invasive species along international shipping lanes [31]. Antifouling coatings thus 

have an essential role in preserving the environment [32]. Furthermore, there is considerable 
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overlap between technology to prevent fouling by marine organisms and the medical field, where 

antimicrobial surfaces are a topic of great interest, so there may be more applications for the 

technology developed herein in the health field [33]. 

1.3.3 Chemical Degradation of Organophosphates 

 Organophosphates are an important commercial chemical class due to their application in 

the agricultural sector as active pesticide agents. The positive impact of pesticides on increased 

harvests leads to massive agricultural overuse, particularly in the developing world; however, the 

contamination of the groundwater by pesticides has led to significant health risks to the human 

population [34]. The non-specific action of these compounds on living organisms constitutes a 

substantial threat to society because of their potential use as warfare agents [35]. Aside from their 

immediate lethality, organophosphates can also have more subtle health effects, particularly on 

children, even in trace amounts [36,37]. The organophosphate compounds degrade in soil and 

groundwater over time, but the decomposition reaction rates are low [38]. For this reason, effective 

means of removing these compounds from the environment using engineered decontamination 

chemistries are needed. 

The chemical basis for the high activity of these compounds in living organisms derives 

from the fact that a "good" leaving group on the phosphate is conducive to a reaction with the 

serine residues of acetylcholinesterase enzymes in nerve synapses [39]. The enzyme inhibition 

allows accumulation of the neurotransmitter acetylcholine, which eventually leads to paralysis and 

death, making these compounds effective poisons [40]. The restoration of total enzymatic activity 

is complex due to the variability of chemical structures associated with various organophosphate 

substituents and the lack of one universal antidote for a broad range of toxicities [41,42,43]. The 

first effective organophosphate poisoning treatment was applied using oximes, with pralidoxime 

being the most commonly used and studied antidote [44,45]. Another prominent oxime-based class 
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of compounds capable of this action is the pyridinium-based conjugated oximes capable of 

overcoming the first-pass effects in the human body and restoring enzymatic activity by targeting 

the negatively charged cleft of acetylcholinesterase [46,47]. In addition to oxime-based antidotes, 

hydroxamate anions have shown high capacity and selectivity in organophosphate decomposition 

[48,49,50,51,52]. Of particular relevance is identifying n-hydroxy succinimide and the 

hydroxamic acid group as active degradation catalysts [53]. 

Aside from small-molecule nucleophiles (ideal for use in vivo), several biologically derived 

large molecules have also been studied as antidotes. Biomolecules, primarily proteins, play an 

essential role as agents for organophosphates degradation due to their high efficacy and selectivity 

[54,55,56]. Cyclodextrins with hydroxamate end-groups also decompose organophosphates [57]. 

Another possibility is the in vivo use of biological catalysts to provide a form of prophylactic 

protection, which is accomplished by PEGylation of scavenger enzymes [58,59]. It is conceptually 

similar to using a hydrogel containing active sites as described in Chapter 5. The culmination of 

biotechnology approaches is genetic engineering to create organisms immune to the effects of 

organophosphate toxins, as has been achieved using directed evolution [60].  

A feasible approach to reduce or eliminate organophosphates' negative impact on human 

life is to create specific water filtration systems capable of removing toxins from potable sources. 

Supported catalysts and synthetic macromolecules have gained significant interest because of their 

potential application for large-scale decontamination. Dendrimers that bear a terminal oxime group 

at each branch were suggested as a possible replacement for the biomolecule-based approach [61]. 

One needs to consider the financial burden when designing the inline filtration systems, and an 

alternative low-cost approach is based on the utilization of readily available bentonite sorbent 

[62,63]. Another example involves the application of conventional linear polyacrylamide modified 
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to bear the amidoxime group. Using this system, the degradation half-lives of chemical warfare 

agents range from 5 minutes to several hours [64]. Small molecule pyridinium antidotes, which 

also present the oxime functional group, have proven effective when introduced as a part of 

hydrogel-bound systems. They can effectively hydrolyze various organophosphates and mustard 

agents [65]. Metal-organic frameworks (MOFs) have garnered much interest as catalysts for 

multiple reactions in recent years. Several studies have shown that these compounds can rapidly 

degrade organophosphates [66,67]. Nonwoven fabrics also gained considerable attention due to 

their high surface area and low cost [68]. 
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Chapter 2: Overview of Maleic Anhydride Chemistry and Applications 
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2.1 Overview 

Maleic anhydride (MA) (Figure 2-1) lies at the center of this Dissertation. This chapter 

expounds on various aspects of its chemistry to explain its utility in surface functionalization. 

Maleic anhydride combines the reactivity of the acid anhydride group with a C=C bond. The 

chapter can only give a limited survey of the voluminous literature on its use. See the monograph 

by Trivedi dedicated to all aspects of maleic anhydride chemistry [69].  

 

 

Figure 2-1: Maleic anhydride. 

 

2.2 Maleic Anhydride Monomer 

Maleic anhydride itself has a myriad of industrial applications. Its utility stems from the many 

types of reactions it can undergo. The reactions with primary amines are most significant to this 

Dissertation, but other typical reactions of anhydrides, such as with alcohols, are also important. 

Another such reaction is the Diels-Alder reaction, for which the eponymous authors won a Nobel 

Prize, which was developed initially using maleic anhydride as its dienophile [70]. It is 

manufactured industrially via the oxidation of butane [71].  

The conjugated system of MA also allows for photochemical reactions, such as those with 

benzene and tetrahydrofuran (THF) [72,73]. Though the double-bond is consumed in radical 

polymerization, what remains of the conjugated system in these copolymers also leads to unusual 

optical properties: some display solvatochromism due to associations between clusters of 

anhydride residues in adjacent chains. It can give rise to the related phenomenon of 
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chemiluminescence [74]. Some of these electronic transitions in these conjugated groups can 

produce fluorescent behavior [75]. There are also reports in the literature of maleic anhydride 

adducts with amines that can produce conjugated fluorescent dyes [76]. The colors produced by 

the conjugated system were noted in the synthesis of poly(styrene-alt-maleic anhydride) (PSMA) 

as described in Chapter 6) and the gels (in Chapter 5. Further work with the electronic aspects 

of maleic anhydride was contemplated but is beyond the scope of this Dissertation. 

As a feedstock for other chemical reactions, MA has many uses, but the main ones are as 

follows. Over half of the global production makes unsaturated polyester resins (UPR). Other 

significant applications are as fumaric acid or lubricant oil additives [77]. Yet another use is in 

agricultural chemicals, most notably as the synthesis of the pesticide malathion, which accounts 

for most of its agricultural use, and the controversial pesticide alar [78]. Coincidentally, some of 

the preliminary efforts toward organophosphate degradation described in Chapter 5, were 

conducted using malathion. A derivative, maleic hydrazide, is also used in agriculture as it can 

control plant growth and sprouting without the environmental drawbacks exhibited by 

chlorpropham, the current mainstay in this application [79].  

2.1 Copolymerization Chemistry 

This work focuses on two aspects of its chemistry that allow for the development of 

macromolecules with tunable properties when used in combination. The first is the tendency of 

maleic anhydride to form charge transfer complexes with electron-rich molecules. It has long been 

understood that when these are also polymerizable groups, the complexes will react with a radical 

as a unit and thereby form a strictly alternating copolymer [80]. A pictorial representation of this 

is shown in Figure 2-2. These complexes have been directly observed through the vivid colors 

they produce in the solution. It is taken as an indication of this polymerization mechanism [81] by 

fluorescence spectroscopy [82], and more direct methods of probing the electronic state of the 
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reaction mixture, such as electron paramagnetic resonance (EPR) spectroscopy. The 

polymerization mechanism has been of interest to industry for decades; the study of its particulars 

continues to this day. A penultimate unit model can comprehend the chain growth more precisely; 

it also opens up a pathway to create more complex periodic polymer structures [83,84]. 

 

Figure 2-2: Schematic of an alternating copolymer composed of two monomers, ñAò and ñB.ò 

 

The result is polymers with an exact 1:1 mole ratio of the two comonomers. In addition, 

the reaction complexes also have a preferred stereochemistry [85]. Differences in the relative 

position of the anhydride ring and the vinyl comonomer in these systems have been likened to 

syndio- and isotacticity; they represent an even greater complexity in polymer structure [86]. Such 

control over the polymer sequence is unusual for uncontrolled radical polymerization making 

maleic anhydride unique. This condition is met when the polymerization is performed at low 

temperatures. The charge transfer complexes have higher reactivities than the individual 

monomers, but high reaction rates can overcome this preference. If the mole ratios of the reactants 

are not equal, the resulting polymer will not have a precisely alternating sequence. MA is difficult 

to polymerize on its own unless the polymerization is performed at high temperatures (and even 

then, the rate is relatively low) [87]. It allows for preferential formation of alternating structures 

over homopolymer under typical temperatures of around 80°C [88]. Any comonomer, however, 

may be able to form a homopolymer at the same time. A slight excess of maleic anhydride is used 

to ensure that the charge-transfer complexes preponderate. There is never a time during reaction 

when there are high concentrations of comonomer. 
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One limitation of this approach to synthesizing maleic anhydride copolymers is that the 

charge transfer complexes only form when the comonomer can donate electrons to the maleic 

anhydride. Some common functional groups, such as nitriles, are too electron-withdrawing for this 

to occur. It not only means that the resulting polymer is not alternating [89], but the reaction yield 

tends to be low. Another complication arises when more than one comonomer is used. While the 

maleic anhydride residues will still alternate, there is no preference for which of the two (or more) 

charge transfer complexes will react, meaning that the comonomer distribution itself becomes 

statistical. For these reasons, the polymerizations described herein were performed at 70-80°C and 

with suitable monomers. Copious scientific and patent literature describes the reactivity ratios of 

various terpolymers (and even copolymers with four or more components); the monograph by 

Trivedi collects them for easy reference [69]. Finally, this unique polymerization mechanism is 

not equally effective with all comonomers, with some having higher reactivity/yield than others.  

At one point, research was undertaken to investigate the possibility that maleic anhydride-

co-vinyl acetate (marketed as the soil amendment krilium) could increase agricultural yields by 

dramatically enhancing water retention in soils [90, 91]. The basis of this is its highly hydrophilic 

character, which is also why it was investigated in the antifouling study in Chapter 6. Ultimately, 

this optimism proved unjustified; while the yields increased, the effect was insufficient to justify 

the cost [92,93,94]. 

2.3 Alternating Copolymer Synthesis 

 Although most of the copolymers used in this Dissertation are available commercially, for 

the work in Chapter 6, it was necessary to vary the comonomer to control the hydrophilic nature 

of the surfaces. The synthesis procedure for PSMA was adapted from the work of Lee with 

betainized materials, but is atypical for copolymers of this type [95]. As an example poly(maleic 
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anhydride-alt-methyl methacrylate) (PMAMMA) reaction scheme is shown in Figure 2-3, and the 

procedure is detailed below. 

 

Figure 2-3: Synthesis of poly(Maleic Anhydride-alt-Methyl Methacrylate) (PMAMMA). 

 

2.3.1 Materials 

Maleic anhydride in large pellets (obtained from Alfa-Aesar) was ground into a fine 

powder before use. Methyl methacrylate monomer and the initiator AIBN were obtained from 

Sigma-Aldrich. The initiator was purified by recrystallization from ethanol. To remove the methyl 

ether of hydroquinone (MEHQ), added as an inhibitor, the monomer was passed through a column 

of basic alumina (Fisher Scientific).  

2.3.2 Method 

The typical procedure for making the polymer is to measure out 0.1 mol of maleic 

anhydride and 0.1 mol of methyl methacrylate into a round bottom flask. To this, 150 mL of 2-

butanone was added, and the mixture stirred until all the maleic anhydride had dissolved. Toluene 

can be used as the solvent to give equimolar copolymers of MA and various methacrylate 

monomers, most typically methyl methacrylate (MMA) [96]. This was followed by three freeze-

pump-thaw cycles to remove trace oxygen. The solution was heated to 70°C, and 0.005 equivalents 

of AIBN were added to initiate the polymerization. The reaction was run for 16 hours under argon 

atmosphere. The solvent volume was decreased by distillation before precipitation into toluene to 
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recover the polymer. The product was filtered, yielding a fine white powder, rinsed with toluene, 

and dried under vacuum to give an overall yield of 59.6%. Reprecipitation was important to 

improve the purity of the polymer, especially in the case of PSMA and poly(tert-butyl methacrylate 

co maleic anhydride) (PtBMAMA), which was also studied in Chapter 6.  

2.3.3 Characterization 

 The primary means of characterizing the polymers (and subsequent chemical 

modifications) is Fourier transform infrared spectroscopy (FTIR). The molecular weights of the 

polymers were determined by size exclusion chromatography (SEC) using polystyrene standards. 

One issue with this type of characterization is that the anhydride residues in the polymer can lead 

to interactions with the gel, distorting the results, as reported in the literature [97]. Nuclear 

magnetic resonance (NMR) was used to investigate the structure. However, the peak broadening 

typical of polymer NMR made the analysis difficult. 

2.4 Graft systems  

Although outside the scope of this work, grafting of maleic anhydride and its copolymers 

is a fruitful field of inquiry itself and is the basis of many applications [98]. Such polymers find 

many uses based on the physical properties of the coatings and are widely seen in the automotive 

industry. In many instances, other polymers can also be functionalized with maleic anhydride 

moieties through a reactive melt extrusion. Work in this area uses maleic anhydride copolymers to 

modify inert surfaces by physically adsorbing them, then crosslinking the layers in place. In 

particular, polypropylene is modified in this way as described in Chapter 3, but substantial work 

has focused on using extrusion to melt graft maleic anhydride to a polyolefin. Adding acid groups 

to otherwise hydrophobic polymers allows the compatibilization of commodity polymers with 

more hydrophilic substances. Consequently, the grafting mechanism has been studied to optimize 

the amount of carboxylic acid groups on the surface [99,100,101,102]. The harsh conditions of 
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reactive melt extrusion can lead to homopolymerization of the maleic anhydride, which means that 

the surface will present MA-oligomers [103]. One application of surface-bound anhydride groups 

discussed in the literature is the capture of organic molecules and heavy metals by adsorption to a 

cellulose substrate [104]. The metal capturing behavior seen in this case was pH-dependent and 

followed a Langmuir isotherm. Removing mercury ions is conceptually similar to the work 

detailed in Chapters 3 and 4. 

Alternatively, using a polystyrene comonomer in stoichiometric ratio can lead to grafted 

polymer chains at lower temperatures, much like the conditions used in this Dissertation [105]. 

Natural rubber is another candidate for these grafting reactions to improve hydrophilicity and other 

properties [106,107]. Free radical-based grafting can be done in solution or on a surface [108]. 

Radiation-induced grafting to create surface-attached maleic anhydride copolymers can also be 

performed [109,110]. These grafting processes are a practical means of altering the surface 

characteristics and improving compatibility between the polymer and other materials. Many 

maleic anhydride grafted polymers enhance adhesion in composite systems [111]. 

Compatibilization is one of the main goals of the industrial use of maleic anhydride, most typically 

to improve the adhesion of polymers to glass fibers. [112] These composites are commonly found 

in automobiles and made from MA-based polyesters [113]. 

2.5 Reaction Chemistry and Post-Polymerization Modification 

 Another critical aspect of maleic anhydride is its chemical reactivity. While the double 

bond is the source of some applications, these are consumed during the typical free radical 

polymerization reaction. In contrast, the anhydride residue retained in the polymer remains 

available for post-polymerization modification. The reverse is true if the polymerization is done 

through the anhydride group instead of making a polyester [114]. Because of the cyclic strain, this 

group is even more reactive. The moiety can be compared to succinic or phthalic anhydrides with 
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strong UV absorbance. The most prominent are the reactions with amines to form amic acids and 

imides. The MA-amine combination displays the vaunted simplicity of the so-called click-

reactions [115]. An example is shown in Figure 2-4. 

 

Figure 2-4: Generic reaction of maleic anhydride and an amine, followed by dehydration step to yield imide. 

 

An overview of post-polymerization reactions with anhydride appearing in this 

Dissertation is shown in Figure 2-5. The reaction with amine-containing silanes is essential for 

the surface binding approaches used throughout this work; crosslinking with ethylenediamine is 

also generally necessary for creating polymer networks and stable films. While the reactions with 

ethanolamine or with zwitterions are more limited in applicability, control of hydrophilic 

interaction is a broad concept. A more specific example is the reaction with cysteamine to impart 

metal-binding, which is the focus of Chapter 4. Another is the reaction with hydroxylamine to 

create a material that can degrade certain nerve agents, which is described in Chapter 5. Several 

literature examples have found applications of this reactivity to control the chemistry of surfaces 

and their interactions with biomolecules. [116,117,118,119,120,121]. These works are similar to 

this Dissertation and are the inspiration for several techniques found elsewhere. 
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Figure 2-5: Overview of post-polymerization reactions of the anhydride residue in this Dissertation. Clockwise from 

top: reaction with APTES, which can also occur when the silane is already bound to a silicon substrate; two-step 

reaction with a tertiary amine and a sultone to produce a zwitterion, the focus of Chapter 6; crosslinking with 

ethylenediamine; reaction with hydroxylamine to give the hydroxamic acid, used to degrade organophosphates as 

detailed in Chapter 5; esterification reaction, the example being trifluoroethanol, which was used to dissolve 

zwitterionic polymers; reaction with ethanolamine which imparts greater hydrophilic behavior; formation of a 

polymer-bound thermal initiator. 
 

The most important is the idea of hydrophobic interactions with a polymer substrate, as discussed 

in Pompe [116]. This is most relevant to Chapter 6, dealing with zwitterionic surfaces. Yet, these 

effects also affect metal binding, as described in Chapter 4.  

Some of the reactions described in this Dissertation were also tested on these compounds 

and were monitored using FTIR. Small molecules are also amenable to GC-MS characterization, 

which could confirm the creation of the desired product by comparison with a mass spectra 
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database. An example is the reaction of phthalic anhydride with ethanolamine, shown in the 

scheme in Figure 2-6.  

 

Figure 2-6: Reaction scheme of phthalic anhydride, an analog for polymer anhydride reactions, with ethanolamine. 

  

It is also possible to attach these copolymers to hydrogels, which opens numerous 

applications in a rapidly growing field [121]. Hydrogels can also be made from maleic anhydride 

copolymers directly, and the correct choice of comonomer and crosslinking conditions can produce 

tough materials [122]. When in a hydrogel, the hydrolysis reaction would result in each anhydride 

furnishing two equivalents of carboxylic acid. There are examples in the literature that capture 

cationic substances [123]. One of these involves the sulfonation of PSMA, which is reminiscent 

of the sulfobetaine work in Chapter 6 [124].  

 Maleic anhydride copolymers can also create a wide variety of materials with antimicrobial 

properties, as discussed in literature reviews [125,126]. A simple method involves binding a 

known antimicrobial compound to the polymer using a hydrolyzable bond, slowly degrading and 

releasing the active substance into the surroundings. The ease of tuning the polymer properties by 

varying comonomers shows the versatility of this class of polymers as a chemical toolkit [127]. 

2.6 Photocrosslinking of Copolymers 

 These reactions are the basis for all the following chapters of this Dissertation. Yet, there 

are also a few such syntheses that are interesting to merit a brief discussion here. The first of these 

is the reaction between maleic anhydride and 4-aminobenzophenone. This is a facile method to 
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incorporate benzophenone, a widely used photocrosslinker, into maleic anhydride copolymer 

systems. Polymers containing photoinitiator moieties can create networks with precisely 

controlled properties [128,129]. Benzophenone has even been incorporated into maleic anhydride 

copolymers as a curing agent [130]. Figure 2-7 shows the results of this reaction in which the 

telltale indicators of complete reaction to form the imide are evident. This is an encouraging sign 

as diffusion of 4-aminobenzophenone could be an issue when working with solid films. The other 

reactants used in this Dissertation (see Figure 2-5) have much lower molecular weights and would 

be expected to diffuse into the polymer layer and react more readily. For instance, films made of 

PSMA treated with 4-aminobenzophenone exposed to a typical dosage of UV light provoke the 

photocrosslinking reaction. They could still be removed by washing with a good solvent (THF). 

However, when poly(octadecene-alt-maleic anhydride) POMA treated with 4-

aminobenzophenone was processed the same way, the film remained intact after washing.  

This peculiarity, in which the crosslinking will only work with certain comonomers, makes 

sense when considering the mechanism. Benzophenone forms radicals when exposed to UV light, 

abstracting hydrogen from surrounding polymer chains. When two of these radicals recombine, a 

crosslink is formed. The extent of this will depend on how readily the hydrogen abstraction 

reaction proceeds and would be expected to be much faster in the presence of the long aliphatic 

chains of POMA than the resonance stabilized styrene.  
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Figure 2-7: FTIR of poly(isobutyl-alt-maleic anhydride) (iBUMA) reacted with 4-aminobenzophenone. Collected 

using the KBr pellet technique. 
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Chapter 3: Chemical Functionalization of Maleic Anhydride Copolymer Coatings or 

Functional Nonwovens 
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3.1 Abstract 

A benign method for imparting chemical functionality to chemically inert polypropylene 

was developed and applied to nonwoven textiles. Poly(octadecene-alt-maleic anhydride) was 

demonstrated to adhere to PP surfaces through hydrophobic interactions and was used in 

subsequent modifications with various amines to control surface chemistry. X-ray photoelectron 

spectroscopy, infrared spectroscopy, and time-of-flight secondary ion mass spectrometry 

confirmed that the coating is conformal and that the anhydride groups reacted completely. The 

swelling behavior of coatings on silicon wafers was studied using ellipsometry. This system was 

investigated to control wetting behavior and add thiol groups for later work on metal capture but 

can be used as a toolbox to modify surfaces without recourse to harsh treatments. 
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3.2  Introduction  

 With the general nature of maleic anhydride copolymers established, this chapter focuses 

on the engineering challenges in creating a suitable coating method to attach the reactive polymers 

to the preferred substrates. Also included are several studies using model substrates more amenable 

to certain characterization methods needed to gain a more fundamental understanding of the 

physical and chemical properties of the polymer coatings. The following chapter gives additional 

details on the actual performance of these materials in their intended application: heavy metal 

removal from contaminated water. Figure 3-1  shows the overall approach. The hydrophobic 

forces between the polypropylene (PP) and the aliphatic side chain provided by the octadecene 

comonomer promote adhesion between a polymer film and the substrate. The anhydride residues 

are then modified through reactions with primary amines. 

 

Figure 3-1: Scheme showing how POMA adheres to PP surfaces through the hydrophobic interactions of the aliphatic 

side chain (left) while presenting anhydride groups on the surface (center). Note that annealing can reorient these 

polymer chains on the surface, which can then be modified with a facile reaction with primary amines. 

 

Just as important as the coating itself is the choice of the support substrate, dictated by the 

designed final system performance. Nonwoven fabrics attracted significant interest as a low-cost 

way of creating consumer products with lower material consumption. The archetypal example is 

in medical applications, where bandages with antimicrobial properties are increasingly common 

[131]. These technologies have also been applied to nonwovens [132,133]. Similar coatings have 

also been applied to athletic and other garments to control odors [134], because this is effectively 
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a matter of controlling bacterial population growth [135]. The advanced antimicrobial technology 

is used to achieve the mundane purpose of preventing foul odors.  

The nonwovens used in this study were made via the meltblowing process, which creates 

nonwoven fabric mats with various fabric porosities and fiber diameters. More complex fiber 

structures to be made from other production processes were contemplated but lie beyond the scope 

of this Dissertation. It has been found that reducing the fiber diameter of meltblown fabrics 

(thereby increasing their surface area while leaving basis weight constant) also improves pressure 

drop [136]. 

3.3 Experimental Methods 

3.3.1 Thin Polypropylene Films 

 Thin films of PP on silicon wafers were prepared to study the interactions between the 

maleic anhydride copolymers and a polyolefin. The procedure for doing so was adapted from Song 

et al. [137]. In brief, PP pellets were dissolved in boiling xylenes at a concentration of 1% by 

weight, and this solution was spin-cast onto wafers (cleaned by UVO treatment). These films were 

characterized using VASE and AFM.  

3.3.2 Nonwoven Fabrics 

 The nonwoven fabrics used in these studies were provided by the Nonwovens Institute at 

NC State University and used as received. (It became apparent during testing with XPS that a small 

amount of silicone oil was present on the surface as a residue from processing.) They were 

produced via meltblowing process under conditions detailed in Table 3-1 below. The fabrics were 

characterized with SEM, BET, and standard methods for evaluating fiber strength and porosity. 
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Table 3-1: Details of Nonwoven PP Fabrics 

Sample ID Throughput DCD (mm) Air (m3/hr/m) Basis Weight (g/m2)

PP-1-5 0.3 225 500 20

PP-1-7 0.3 225 800 20

PP-1-9 0.3 225 1100 20

PP-1-23 0.6 225 500 20

PP-1-25 0.6 225 800 20

PP-1-29 0.6 225 1100 20

PP-1-43 0.9 225 500 20

PP-1-45 0.9 225 800 20

PP-1-47 0.9 225 1100 20

Nonwoven Fabric Production Specifications

 

3.3.3 Polymer Deposition 

 Fabrics were cut to a size of 1-2 cm for typical tests, then immersed into a solution of 

poly(maleic anhydride-alt-1-octadecene) (POMA) in THF. Concentrations were most commonly 

0.5-1% by weight, and solutions were sonicated to promote the complete dissolution of the 

polymer particles. Immersion time was kept at 5 minutes for standardization despite the expected 

fast adhesion of the polymer to the substrate. The fabric pieces were removed with tweezers then 

rapidly dried with compressed nitrogen. It was observed the weight would increase by about 1%, 

though this is difficult to measure precisely due to the low weights involved. 

3.3.4 Generalized Post-deposition Modification Procedure 

 For reactions with amines, a piece of fabric of 1-2 cm in size would first be immersed in a 

solution of 50% isopropanol in water, then rinsed with DI water. This ensures that any air bubbles 

trapped in the hydrophobic fabric would be driven out and the surface thoroughly wetted. This 

fabric would then be immersed in a 10 ml solution of the amine, typically at a concentration of 1% 

by mass, which proved sufficient to give the rapid kinetics of the reactions. For some amines which 

were received as the hydrochloride salt, the free base was produced in the solution by adding 0.5 

eq. of sodium carbonate. The fabric would be incubated in this solution for several minutes, by 

which time the reaction would be complete; for less reactive amines, the samples would be left for 
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longer periods to ensure the reaction went to completion. Afterward, the fabric samples would be 

removed and rinsed with DI water, then dried with compressed nitrogen. Samples characterized 

with XPS were dried in a vacuum overnight. These samples could be heated to 120°C for about 

two hours to drive the dehydration of the amic acid to the imide form; longer times or higher 

temperatures could begin to damage the PP fabric. 

3.4 Results and Discussion 

3.4.1 Morphology  

The thickness of the films was characterized using variable angle spectroscopic 

ellipsometry (VASE). Indeed, this technique allows for facile characterization of film thickness. 

By monitoring these changes, one can follow chemical reactions and alterations in hydrophilic 

behavior) that flat films were used as models to understand coatings on nonwovens, which cannot 

be tested in this manner. The optical properties of PP and POMA layers (with and without further 

modification) were modeled according to the Cauchy equation (see Equation 3-1), which 

empirically describes the refractive index as a function of wavelength.  

ὲ‗ ὃ         (3-1) 

Both optical and atomic force microscopy (AFM) were used to examine the morphology 

of the PP layer. Figure 3-2 shows the typical PP film topology measured by AFM. Boundaries 

between domains are visible and within each is a region much higher than the surroundings. The 

same morphology can also be seen in optical micrographs (see Figure A3-1). This is consistent 

with the PP dewetting from the silica surface [138]. Optical micrographs of the thinner 11 nm films 

show a different morphology, as seen in Figure 3-3, which indicates the formation of holes in the 

PP layerðwhich could be a different mode of dewetting or simply the presence of minor defects 

in the film.  
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Figure 3-2: AFM Height retrace of 11 nm PP film on a silicon wafer showing dewetting. Left shows a higher 

resolution scan of the same sample as the right. 
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Figure 3-3: Optical micrograph of 11 nm thick PP film on a silicon wafer. The dewetting is less apparent, but small 

holes are still visible, which may also be due to simple defects in the film. 

 

The procedure for preparing PP films was taken from previous literature on the subject. 

Briefly, the PP pellets were dissolved in refluxing xylenes and spin-cast onto silicon wafers under 

a heat lamp [137]. Once characterized, the next step was the addition of the POMA layer to create 

a flat model of polymer coating on a hydrophobic nonwoven. It was necessary to develop a 

repeatable protocol for creating films with various thicknesses of POMA. Using an optical 

microscope to inspect films created from several solvents and spin conditions, that toluene 

solutions span at 1400 rpm spinning speed (1000 rpm/s ramp) resulted in uniform films with few 

macroscopic defects. An example micrograph can be seen in Figure 3-4. 
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Figure 3-4: Optical Micrograph of wafter with PP (11nm) and POMA coating (compare with Figure 3-3 above). 

There is slight graininess associated with the dewetting of PP and a few larger defects. 

 

Films were cast from THF solutions at different concentrations to establish the dependence 

of thickness on the concentration of POMA in the solution. Variable Angle Spectroscopic 

Ellipsometry (VASE) measured the final film thicknesses. There is a linear dependence of the film 

thickness on the POMA concentration, which is plotted in Figure 3-5.  
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Figure 3-5: Plot showing the linear relationship between the concentration of POMA solution and the thickness of 

the spin-cast film. 

 

 The morphology of the POMA layer was also studied using optical microscopy and AFM. 

The total layer conforms to the structure of the underlying PP film. This can be seen in the AFM 

retrace in Figure 3-6 and in the optical image of a modified POMA film on top of the same PP in 

Figure 3-7.  The same effect occurs with the thinner PP films and their morphology. Because the 

imperfections in the PP layer translate into the POMA film, this film must be as uniform as 

possible. Later AFM testing used polymer films cast on aminopropyltriethoxysilane (APTES)-

coated silicon wafers instead of rougher PP layers showed a high degree of uniformity and a low 

RMS roughness. It indicates that the spin-coating process applied to POMA produces a smooth 

film but will not fill in defects if the underlying surface is rough. Overall, this is a good indication 

that the POMA film can conformally coat PP and have a smooth surface. 
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Figure 3-6: AFM height retrace of a POMA film on PP (36 nm). Compare the morphology to Figure 3-2. 
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Figure 3-7: Optical micrograph of a POMA film (on 36 nm PP coating silicon wafer, see Figure A3-1 for comparison) 

after modification with an amine. The color change is due to the thin-film interference effect, corresponding to 

increased thickness. 

 

3.4.2 Swelling  

The main objectives of these studies were to create a stable, functional POMA-based 

surface capable of resisting long periods of water immersion. To investigate the POMA stability 

in water VASE was performed using a liquid cell setup. Schmidt et al. reported that POMA films 

swell in water after several hours [139]. The delay is attributed to the hydrolysis of the anhydride 

group.  

To replicate the results of Schmidt et al., a 22.5 nm film of POMA was spin-cast onto a 

wafer with a thin layer of PP already applied. This sample was then immersed in deionized water, 

and the thickness was monitored by VASE as a function of time. The thickness of the POMA layer, 
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using the Cauchy model, is shown in Figure 3-8. The immediate rise in the thickness is 

inconsistent with the literature, where there was a long delay in swelling during which the chemical 

hydrolysis of the layer proceeded. This behavior can be understood by considering the equilibrium 

between the anhydride and diacid forms that will be established even from humidity in the air 

during storage. FTIR confirms the existence of the open form; see Figure 3-9. The final swelling 

in the water of POMA was ~17-20%. Immersion of POMA films with a range of thicknesses was 

also performed; their wet thicknesses are plotted against the dry thickness in Figure 3-10. 

Regression through this data shows that the swelling factor is 19±4%, a reasonable value for a 

polymer with primarily hydrophobic character, and it undergoes hydrolysis. The best modeling of 

these layers requires modifying the Cauchy layer to include mixing with water (the optical 

properties described by the Pribil model) [140]. 

 
Figure 3-8: In Situ VASE data showing rapid initial swelling of a POMA film followed by the slower swelling regime 

of hydrolysis. The initial point is the dry state. 
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Figure 3-9: FTIR spectrum of Si-PP-POMA film, showing detail of the carbonyl region. Carboxylic acid appears as 

a broad peak around 1720 cm-1, and the anhydride itself appears as two peaks at 1780 and 1870 cm-1. 

 

 
Figure 3-10: In situ VASE measurements of several POMA thin films swelling as a function of initial thickness. The 

slope of a linear regression gives the swelling ratio as 19%. 
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 Similar experiments were performed with a mixture of deionized water and THF, a good 

solvent for POMA (the pure liquid will instantly dissolve a POMA film). This showed that 

including 1% THF by volume would increase the swelling factor by ~10%. One other important 

observation which held true over all the POMA film swelling experiments is that the films returned 

to their original thickness (within a few percent) upon drying. This shows that POMA films are 

indeed stable in water. Another critical point is that POMA films cast directly onto a silicon wafer 

(without PP) tended to delaminate when immersed in water, indicating that the hydrophobic 

interactions between the octadecyl groups and the PP are essential to the adhesion of the coating. 

Subsequent experiments used APTES on the silicon wafer to improve adhesion by creating a 

covalent attachment between the silicon substrate and the polymer film (see Figure 2-5, which 

shows the reaction of APTES with the copolymer). 

  The experiments on flat model interfaces were then repeated on PP fiber systems. All tested 

PP fabrics were supplied by the Nonwoven Institute (NWI) at NC State University. However, 

further work (i.e., metal capture testing detailed in Chapter 4) was generally performed on the 

nonwoven fabric designated PP-I-43 (see Table 3-6) unless otherwise noted. 

 It is first necessary to attach the polymer to the surface to achieve the desired functionalization 

of the material surface with the polymer. In finding an appropriate method, several important 

criteria were considered: 1) the economic aspects of the approach, 2) accessibility, and 3) 

compatibility of the methods and materials used. Polypropylene (PP) fibers were selected as target 

materials for post-production functionalization with POMA due to their low price and wide use in 

various filtration applications. PP fibers provide an excellent platform for filtration applications 

due to mechanical toughness, low cost, and simplicity of processing. Yet, there is an outstanding 

issue with the chemical inertness of the PP surface, which cannot be modified straightforwardly 
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using standard chemical post-modification methods. Numerous reports in the literature indicate 

that the surface of polyolefins can be activated by oxidative modification, either physical (e.g., 

plasma treatment) or chemical. Since they necessarily entail chemical degradation of the surface, 

these modification routes might lead to surface structural weakening and chemical non-

homogeneity of the fibers. Additionally, the modification step using polymeric grafts often 

requires deposition of the initiator molecules, which adds extra complexity to the fabrication 

process. The MA alternating copolymer system offers advantages over other polymer systems in 

terms of more precise control over the structure, lower cost of materials, and simple deposition 

from common organic solvents  

 The POMA deposition studies were also conducted using various solvents to establish a 

protocol that allows forming a uniform conformal coating while remaining cognizant of 

environmental impact. Because the deposition is a matter of drying the solution to leave the 

polymer on the fibers, the deposition was hypothesized to be a strong function of the vapor pressure 

of the solvent. Just as in dip coating, the faster the solvent evaporated (and this is sped by nitrogen 

gas flow over the wet fabric), the more polymer would be deposited before the remaining solution 

was removed. The amount of polymer deposited on the fabric was quantified by comparing the 

ratio of the characteristic infrared peak (the C-H stretch at 2900 cm-1 and the main anhydride stretch 

at 1780 cm-1). This method was used to compare the amount of polymer deposited by several 

solvents. 

 Figure 3-11 shows the peak ratio, and thus the amount of POMA deposited onto the test 

fabric as a function of the solvent vapor pressure. The amount of polymer deposited can be 

described by a linear relationship with solvent vapor pressure. While diethyl ether has the best 

performance because of its high vapor pressure, its use in industrial contexts is deprecated due to 
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its flammability and tendency to form peroxides. Conversely, toluene and xylene are excellent 

solvents for POMA, but low vapor pressure and environmental concerns mean that they would not 

be the preferred option. Similar concerns for toxicity are also applicable to chloroform. While the 

deposition method was standardized with THF, less toxic acetone is equally effective and could 

be substituted in an industrial process but was avoided in lab tests because it can react with amines.  

 
Figure 3-11: POMA deposition for several solvents as a function of vapor pressure 

 

  At higher concentrations of polymer in the solution, webbing and pore occlusion result, as 

seen in an electron micrograph in Figure 3-12. For electrospun nanofiber substrates (discussed in 

more detail later in this work), this issue is even more acute, resulting in pore occlusion even at 

polymer concentrations suitable for the larger meltblown fabrics, as seen in Figure 3-13. 
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Figure 3-12: SEM image PP fabric with POMA covering pores 

 

 

Figure 3-13: SEM image of electrospun nylon nanofiber clogged with POMA 

 

  As expected, the deposition of POMA on fibers follows the same trends as those observed 

with flat surfaces. As previously described in Schmidtôs work, annealing can be necessary for the 

POMA chains to reach their equilibrium conformation on a hydrophobic surface, so there was 

some question about the adhesion strength when a coating was deposited rapidly without 

subsequent treatment. We deposited the polymer onto PP fibers by dip-coating into THF and DMA 
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polymer solutions for various times. Accumulation of POMA on the fiber surface is observed even 

for short deposition times <5 minutes. This is consistent with a drying mechanism whereby 

polymer solution becomes trapped in the pores of the fabric and rapidly dries to leave behind a 

conformal coating, as seen above in Figure 3-12. Because nitrogen gas flow was used to speed the 

drying, solvents with high vapor pressure would leave behind more material, as seen in Figure 

3-13. 

  The presence of POMA within the PP mat was confirmed by several analytical techniques, 

principally FTIR. The anhydride peak is very distinct from the PP background but can also be seen 

with XPS and SEM. The characteristic feature on XPS spectra is the shifted peak observed in the 

high-resolution scan of the carbon 1s region. This corresponds to the bond formation between 

carbon and electronegative oxygen in the anhydride (or acid) moiety. A comparison scan of the 

base PP material after POMA deposition is shown in Figure A3-3. 

  This behavior can be explained in terms of the affinity of the polymer (particularly the 

octadecene residues) for the hydrophobic PP surface. Once the polymer has settled on the surface, 

evaporation of the solvent leaves behind a physically adhered layer of polymer conformally 

coating the fibers of the nonwoven. If the polymer concentration in the solution is high (>10%), 

the deposited film of POMA has dimensions large enough to block the pores of the mat and reduce 

surface area. This undesirable outcome is readily apparent in the micrographs (see Figure 3-13).  

  The effect of polymer concentration in the coating solution was also studied. Figure 3-14 

shows the FTIR absorption ratios of anhydride (1780 cm-1) to C-H (2900 cm-1) stretches as a 

function of POMA concentrations of POMA in THF. One would expect that as the film of POMA 

on the fibers grew thicker, this ratio would approach a limiting value: POMA contains a long 

hydrocarbon chain in a definite ratio with the anhydride group, as can be seen in the FTIR spectrum 
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of the neat polymer. Thus, a higher ratio of the anhydride to hydrocarbon peaks is qualitatively 

indicative of a thicker coating. A mass increase of roughly 0.5-1% would occur under typical 

conditions. By dividing this mass change by the estimated specific surface area of the fabrics (see 

Table 3-6), taking into account the density of the polymer, the thickness of the coating can be 

approximated as being ~100 nm; this assumes an even distribution of the polymer, which was not 

seen at higher solution concentrations which lead to visibly thicker deposits and blocked pores. 
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Figure 3-14: Plot showing the estimation method for determining the amount of POMA on the PP nonwoven. The 

peak heights for the characteristic anhydride peak were divided by those of the C-H stretching found in both. As 

POMA layer thickness increases, one would expect this to tend to a constant value. The large increase at 5% POMA 

solution is likely due to dramatically increased POMA filling of pores (see Figure 3-13 for an example). 

 

3.4.3 Fabric Properties  

One of the main advantages of the proposed system over more conventional means of 

modifying PP fabrics is that it avoids using harsh treatments and the concomitant degradation of 

the material. It is desirable to prevent chemical or physical damage to the fabrics as this will lower 

their mechanical strength and result in the filterôs decreased operational life. While the physically 

adsorbing polymer would presumably avoid this issue, for completeness purposes, it was necessary 
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to conduct tests to ensure that no decrease in fabric mechanical integrity occurred during the 

deposition process.  It entails the use of solvents and drying (typically with gas flow), which would 

present the possibility of altering the substrate in such a way as to degrade the performance. 

3.4.3.1 Burst Testing 

Burst testing is a standard industry method for determining the ability of a fiber mat to 

withstand pressure. The testing protocol is detailed fully in an ASTM standard [141]. Briefly, the 

sample is secured over a diaphragm which is then inflated by air pressure; the instrument detects 

when the fabric ruptures under strain, and this value is recorded as the burst pressure.  

Table 3-2: Burst pressures of nonwoven PP with and without POMA and cysteamine modified 

POMA. 

Sample Burst Pressure (psi)

Neat Polypropylene fiber 29.38

POMA on Polypropylene (THF 5min 1%, N2 dried) 29.20

POMA-CA on Polypropylene (THF 5min 1%, N2 dried) 29.27 

The Base PP nonwoven fabric was tested in this manner, as were the samples following 

POMA deposition and the later modification step with cysteamine. Table 3-2 summarizes the 

results, indicating that there was no statistically significant decrease in the mechanical strength of 

the fabric following either of the modification steps.  
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3.4.3.2 Hydrostatic Head 

Table 3-3: Hydrostatic head testing of several PP nonwovens with and without POMA 

functionalization. 

Sample ID millibar psi millibar psi

PP-1-5 43.5 0.631

PP-1-7 61 0.885

PP-1-9 54 0.783

PP-1-23 34 0.493

PP-1-25 23 0.334

PP-1-29 61 0.885 24 0.348

PP-1-43 26.5 0.384

PP-1-45 42.5 0.616

PP-1-47 44 0.638 43 0.624

Neat PP fiber With POMA 

 
Hydrostatic head testing is another means of characterizing the wetting properties of the 

fabric; the testing method is standardized by the AATCC [142]. It relies on the hydrophobicity of 

the PP to prevent water from flowing through the fiber mats. Because water cannot easily wet the 

surface of the fibers, it cannot displace the air within the mat without a substantial driving forceð

pressure. This testing method showed a decrease in the hydrophobic character of fabric coated 

with POMA, but only for those fabrics that had high hydrostatic head in their unmodified state. 

Testing on various fabrics with and without POMA coatings is given in Table 3-3. This technique 

is important as a basis of comparison with the results of dynamic contact angle testing of fabric 

wetting as described below. 

3.4.3.3 Bubble Point 

 The porosity of the fabrics was determined directly using the bubble point measurement 

method. This entails immersing the fabrics in liquid; for hydrophobic PP fabrics, a proprietary 

silicone oil Galwick was used, but water for hydrophilic samples to thoroughly wet the sample and 

fill all the pores. When increasing air pressure is applied, the fluid is driven out of the larger pores 

first due to the lower capillary pressure. The amount of force needed to remove the liquid is given 

in Equation 3-2, which relates the pore diameter (d) to the surface tension (ɹ) contact angle, and 
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the pressure at which air begins to flowðthe eponymous bubble point (BP)ðwhich corresponds 

with the largest through-pore in the tested sample. These analyses were performed using a Bubble 

Point Analyzer made by Porous Materials Inc. 

Ὠ          (3-2) 

Table 3-4: Bubble point test results for several PP nonwovens. 

Fabric ID

Mean 

Pressure

(psi)

Mean Pore

(µm)

Bubble Point

Pressure (psi)

Bubble Point

Pore (µm)

PP-I-5 0.481 13.7 0.225 29.3

PP-I-7 0.622 10.6 0.307 21.5

PP-I-9 0.668 9.9 0.346 19.1

PP-I-23 0.362 18.2 0.109 60.8

PP-I-25 0.518 12.7 0.215 30.7

PP-I-29 0.578 11.4 0.337 19.6

PP-I-43 0.488 13.5 0.264 25.0

PP-I-45 0.489 13.5 0.179 36.8 

Table 3-5: Bubble point tests of several PP nonwovens after POMA coating. 

Fabric ID

Mean 

Pressure

(psi)

Mean Pore

(µm)

Bubble Point

Pressure (psi)

Bubble Point

Pore (µm)

PP-I-7 0.622 10.6 0.293 22.6

PP-I-9 0.711 9.3 0.315 20.9

PP-I-23 0.329 20.0 0.131 50.5

PP-I-25 0.471 14.0 0.175 37.7

PP-I-29 0.492 13.4 0.213 31.0 

Values of the bubble point pore size for several nonwoven fabrics are given before and 

after POMA deposition in Table 3-4 and Table 3-5, respectively. This shows that while there are 

some changes, the pores have not been occluded. Furthermore, by monitoring the airflow, the 

number of pores of a given diameter can be determined, ultimately providing a distribution of pore 

sizes for the fabric. An example is shown in Figure 3-15. 
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Figure 3-15: Flowrate of gas through a sample of the unmodified PP nonwoven (specifically PP-I-43) as a function 

of pressure. Curves before and after immersion in the Galwick silicone oil are shown; the difference is the amount of 

force needed to displace the liquid from the pores. The instrument software calculates the mean pore and bubble point 

pore from this information. 

 

3.4.3.4 Surface Area 

  Specific surface area (SSA) is the critical parameter of the support material. One would 

expect that higher surface area materials would have better overall performance in capturing heavy 

metals. However, this would come at the cost of increased pressure drop across a packed bed due 

to the higher porosity. Several different PP nonwovens were used to test various surface areas. All 

tested fabrics had the same basis weight of 20 g/m2. The primary variable affecting the capacity of 

given yardage is the fiber diameter (or the fiber diameter distribution). This was controlled by 

varying the throughput and air flow rate during the meltblowing process. The meltblowing 

technique guarantees that a given throughput will deposit the same polymer mass.  
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Table 3-6: Process details for polypropylene nonwovens meltblowing. The variables that control 

fiber diameter are throughput and airflow rate. Lower throughput and higher airflow would create 

finer fibers with higher SSA.  

Fabric ID Throughput
DCD 

(mm)

Air

(m3/hr/m)

Basis Weight

(g/m2)

Specific Surface

 Area (m2/g)

PP-I-5 0.3 225 500 20 0.969

PP-I-7 0.3 225 800 20 1.389

PP-I-9 0.3 225 1100 20 1.577

PP-I-23 0.6 225 500 20 0.718

PP-I-25 0.6 225 800 20 1.100

PP-I-29 0.6 225 1100 20 0.874

PP-I-43 0.9 225 500 20 0.499

PP-I-45 0.9 225 800 20 0.872

PP-I-47 0.9 225 1100 20 0.980 
 

  The surface area of each sample was determined empirically in two ways, by measuring 

the fiber diameters using SEM and by performing BET analysis using krypton. Table 3-6 shows 

the predicted SSA of various PP nonwovens used. The latter of these two methods is more reliable, 

but its expense restricted its use to only the most important samples; an example of the data output 

is given in Figure 3-16. 
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Figure 3-16: Example of a BET isotherm of a PP nonwoven. Because of the low SSA (<1 m2/g), krypton was used. 
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The uniformity of the fiber mats and the coatings was measured by using a Nicolet iN10 

IR microscope. The automatic stage was used to map the spectra of the fabric at points on a grid 

to detect any spatial variation in the chemical composition. Example maps of the signal intensity 

for plain and coated PP nonwovens are given in Figure 3-17 and Figure 3-18, respectively. 

Statistical analyses were performed to determine if the variation in a POMA-coated sample was 

greater than in unmodified substrate fabric. The range of optical densities seen in the fabric mat 

made this process difficult because the scattering of the FTIR beam was so great that the data were 

not useable. The variability of POMA-characteristic signals in the coated fabric was less than that 

of the base material, which suggests that the deposition procedure results in a uniform coating over 

macroscopic length scales (on the order of mm). Likewise, the variability of the reaction with 

cysteamine was also investigated in this manner. These results were even more consistent, which 

indicates that amine reactions go to completion at all points on the fabric. 
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Figure 3-17: Mapping the chemical composition of a PP nonwoven using FTIR microscopy. The z-axis values are 

the peak height of the C-H stretchðthe strongest peak of the polymer. The apparent nonuniformity is attributable to 

the variation in scattering by the fiber mat. 

 
Figure 3-18: Mapping the chemical composition of a PP nonwoven coated with POMA using FTIR microscopy. The 

z-axis values are the peak height of the anhydride stretch, which is characteristic of the coating. 
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  Another question in the deposition process is whether the polymer coating evenly conforms 

to the surface of the nonwoven fabric. Time-of-flight secondary ion mass spectroscopy (ToF-

SIMS) was used to image the chemical composition of the fabric before and after deposition of the 

polymer to examine the uniformity of the film and chemistry on a shorter length scale. Figure 

3-19 shows chemical imaging of a single PP fabric sample with a POMA coating. The shape of 

the fibers can be best seen in the panel showing the total intensity, and the same shape is visible in 

the other panels showing the characteristic fragments of the maleic anhydride copolymer. As 

expected, fragments corresponding to the subsequent amine modification were not seen. This 

demonstrates that the POMA chemistry is distributed uniformly on the PP substrate. (See Figure 

A3-9 for imaging the bare fabric, which lacks the C4H5O2
- and C3H3O

- fragments characteristic of 

the maleic anhydride residues in POMA but absent in plain PP). This data shows that the coating 

and reaction processes are uniform at the microscopic scale.  
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Figure 3-19: ToF-SIMS of PP-POMA, with the top center and top right panels showing ions characteristic of the 

POMA coating. The other fragments (which do not appear) are characteristic of further chemical modifications 

described belowðtheir absence here is as expected. 

 

3.4.4 Modification 

3.4.4.1 Flat Films 

Corresponding with the modification of the surface of the coated fabric with the metal-

capturing compounds, flat films were likewise treated with various solutions of amines and 

characterized using the same techniques and with additional methods particular to flat films such 

as VASE. One of the most important questions is how the amidation reaction is affected by 

diffusion into the polymer layer. In the case of crosslinking by diamines, which restricts the 

mobility of the chains when swollen with solvents to improve the physical stability of the films 

but also runs the risk that the amine molecules would not be able to diffuse into the POMA layer 

to modify all anhydride groups present. This could, in turn, lead to an incomplete crosslinking 

reaction and inadequate coating stability. Although not directly relevant to the surface-based 
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capture of heavy metal contaminants, the possibility that metal ions could also diffuse into the 

swollen POMA layer was considered. This would allow the entire film to participate in metal 

capture, not just the surface, but would mean that diffusion through the layer would be an important 

design aspect. Metal ion diffusion into the polymer films was indeed found to occur and is 

described in Chapter 4. 

 The general procedure for the amidation reaction was to dissolve 1% (w/v) of the amine in 

DI water. This is done with a slight molar excess of sodium bicarbonate to ensure that the amine 

was present in the deprotonated form. If the amine is a hydrochloride salt, freebase amines do not 

require the use of an additional base (crucial with hydrochloride salts). This reaction can occur 

with extreme rapidity. Figure 3-20 below is a micrograph of a film gradually dipped into a solution 

of ethylenediamine, the crosslinking agent of choice for the polymer. The sharp color edge that is 

apparent is due to a morphological change that demarks the extent of the film immersion in the 

solutionðthe edge having been exposed only briefly. As this occurs, the film is rapidly 

crosslinked, and it swells due to the increase in polarity of the amidated polymer. The combination 

of swelling and crosslinking leads to buckling; the color change is due to the effect of thickness 

increases on thin-film interference. 
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Figure 3-20: Si-PP-POMA film partially exposed (left side) to 1% ethylenediamine aqueous solution. 

 

Figure 3-21 shows an example IR spectrum in which complete disappearance of the 

characteristic anhydride peaks is apparent, concurrent with the appearance of the two peaks 

associated with the amide. It was not always the case that the anhydride peaks disappeared 

completely, indicating incomplete reaction throughout a film. Unfortunately, it is not 

straightforward to differentiate between the acid and imide forms as they appear at ~1720 cm-1. 

Contact angles for amidated films are substantially lower than POMA itself: POMA-ethanolamine 

has a contact angle of 74.0° which has implications for the wetting behavior of the modified fabric. 

The work of Schmidt also describes how the contact angle of POMA can change as a result of 

annealing, which allows reorientation of the aliphatic side chains toward the interface with the air, 

thus making the surface more hydrophobic overall. 
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Figure 3-21: Detail of the carbonyl region of FTIR spectra of a silicon wafer with PP and POMA coating. The film 

was modified with a mixture of cysteamine and ethylenediamine (equimolar with respect to amine). Same sample as 

shown in  Figure 3-22. 

 

Table 3-7: Amidation and thickness 

 
 

Several films were reacted with varying amounts of cysteamine and the crosslinker 

ethylenediamine to study the effects of the amidation process using multiple amines 

simultaneously, a capability which it is vital to develop to minimize process steps. The results of 

this experiment are presented in Table 3-7, which shows that competitive reaction by two amines 

results in indistinguishable changes in total thickness. The overall change of ~15% occurs for all 

samples. If one assumes that the density of the material is constant, the addition of cysteamine or 

ethylenediamine will  result in a thickness increase of 8.6% and 16.9%, respectively (Note that this 

Crosslink RatioPOMA (nm)Amidated (nm)

0% 141 161

1% 141 159

10% 145 163

20% 146 169

50% 139 166

100% 145 164
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calculation does not take into account the effect of water absorption by the charged amic-acid that 

produced by the reaction.) 

Table 3-8: Amidated films with varying degrees of crosslinking before and after washing with 

THF (good solvent). 

 
 

An additional experiment was designed to determine the minimum extent of crosslinking 

required to create a film that would not delaminate when exposed to a good solvent. The mixed 

amine reacted films were immersed in THF for 5 minutes to test stability. Table 3-8 shows the 

film thicknesses before and after this treatment. The most significant finding is that the film can 

be stable in a good solvent even without crosslinking. This means that it may be possible to 

eliminate the need to set aside anhydride residues for reactions groups that are not active in metal 

capture, thereby maximizing the capacity for a given amount of the coating. One possible 

explanation for this behavior is the formation of disulfide bonds. This may have happened in the 

cysteamine during storage, meaning that it was effectively a diamine when the reaction was carried 

out; alternatively, it may occur as the free thiol groups of POMA-cysteamine oxidize in the air 

over time. Another explanation is that the reaction to form the polymer changes the solubility, 

preventing the solvent from removing the layer. This is supported by the fact that the addition of 

amines to a solution of polymer in THF will result in precipitation of the amide. However, these 

are speculativeðthe exact cause of this behavior was not determined. 

 However, another interesting phenomenon was also observed by conducting this 

experiment: the films became noticeably hazy after exposure to THF. Optical micrographs taken 

Crosslink RatioAmidated (nm)Washed (nm)

0% 161.3 158.6

1% 159.3 164.2

10% 163.3 157.4

20% 168.6 164.7

50% 166.1 152.1

100% 163.9 159.5
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of the films show morphological changes as a function of the extent of crosslinking with 

ethylenediamine; see Figure 3-22 as an example. The complete set can be seen from Figure A3-

10 to Figure A3-15. At the lowest levels of ethylenediamine, there are no significant 

morphological changes, but at 10%, there are some noticeable creases in the film. As the amount 

of ethylenediamine increases, the size scale of these creases can be seen to decrease. This is 

consistent with the film having a difference in modulus along its depth and the swelling in the 

lower modulus bottom portion deforming the stiffer material above. This is similar to the buckling 

observed in the reaction with pure ethylenediamine, as described previously. The literature has 

reported the creation of complex morphologies in gels with depth-gradients in crosslink density 

[143]. 

 

Figure 3-22: Micrograph of POMA film reacted to have 1:1 ratio of ethylenediamine crosslinks and free cysteamine. 

 

3.4.4.2 Fabrics 

With the deposition and reaction of the POMA layer confirmed for flat films, the next step 

was a modification of POMA on PP nonwovens with various amines. The same procedure was 
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followed with the films; dilute aqueous solutions were used. This approach is as effective on the 

fabric as the flat films. Also, by exposing samples for limited time periods, it was possible to 

establish the kinetics of the reaction, which in general was rapid. The kinetics of the reaction with 

and without a prewetting step to ensure complete accessibility of the aqueous solution to the 

hydrophobic fabric are plotted in Figure 3-23. These results confirm that the hydrophobic fabric 

must be rinsed with an appropriate solvent (i.e., isopropanol) to drive out air pockets and allow the 

aqueous solution to access the entire surface area. Importantly, the anhydride-associated IR peaks 

completely disappeared, indicating that the POMA film (as accessible by IR, see the above 

comments on the limitations of the technique) is completely modified by the amines.  
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Figure 3-23: Reaction kinetics of two amines with nonwoven PP-POMA. The samples marked were prewetted with 

isopropanol to improve the accessibility of the hydrophobic nonwoven to the aqueous amines. The values are 

calculated by measuring the heights of characteristic peaks of the reactant and product (similar to Figure 3-14). This 

metric would be expected to approach 1 as the reaction went to completion, which is reached by the samples reacted 

with ethylenediamine. 
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Aside from enabling metal capture, modification of the fabrics also improves stability and 

wetting characteristics by using appropriate amines. For the former purpose, ethylenediamine can 

ensure stable chemical crosslinking. Figure 3-24 shows FTIR spectra of fabric with POMA, its 

modification with ethylenediamine, and both samples following immersion in THF. In the former 

case, the anhydride peaks disappear, indicating the POMA has been washed away. However, as 

with the thin films, crosslinking with ethylenediamine prevents material removal from the surface, 

and the amide characteristic peaks remain. This effect may be due to the crosslinks or the change 

in solubility as the amide form of the polymer will not dissolve in nonpolar organic solvents. 

Experiments with 1% aqueous ethylenediamine applied for 30 seconds also produced this effect. 

The continued presence of the crosslinked POMA on the surface despite exposure to solvent was 

also confirmed visually via SEM, as can be seen in Figure 3-25 and Figure 3-26. 
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Figure 3-24: Detail of the carbonyl region of overlayed FTIR spectra of: a) nonwoven PP-POMA deposited from 

THF,  b) the same washed with THF to remove POMA, c) PP-POMA crosslinked with ethylenediamine, and d) the 

same washed with THF, which cannot remove the crosslinked polymer coating. 
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Figure 3-25: SEM of PP with crosslinked POMA coating. 

 

 

Figure 3-26: Same as Figure 3-25, but after washing with THF (a good solvent). 

 

X-ray photoelectron spectroscopy (XPS) is a powerful analytical technique for 

investigating the properties of surfaces. Crucially XPS can determine the number of different 

chemical states present in a material and quantify their relative abundances. It is also a surface-
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sensitive technique. The penetration depth is only the top 10 nm of a sample [144]. With a tilting 

stage or sputtering, it is even possible to conduct depth profiling studies [145]. This technique 

applies to the POMA films because it can quantify elemental composition (of which sulfur and 

nitrogen content are particularly relevant) and detect changes in the chemical states. By 

quantifying the areas of the sulfur and nitrogen peaks, it was possible to show that the two elements 

are present in a nearly 1:1 ratio, as expected from the structure of cysteamine. 

By performing XPS analysis on the fabrics before and after chemical modification, it is 

possible to quantify the extent of reaction with amine directly. Figure 3-27 shows a high-resolution 

nitrogen edge scan performed on a PP nonwoven coated with POMA then modified with 

cysteamine. Theoretically, one would expect the more electronegative environment of the imide 

to result in a more significant shift (peak located further to the left as plotted). The area ratios of 

the fitted peaks indicate that the material exists as approximately 2:3 imide-amide. A high-

resolution spectrum of carbon is given in Figure 3-28. Unfortunately, it is difficult to state with 

certainty the relative amounts of amine and imide based on this data. The given fit indicates that 

they exist in a near 1:1 ratio. (Note that complete imidization of the material can be achieved by 

heating to 120 °C for 1 hour.)  
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Figure 3-27: High-resolution XPS scan of N 1s peak in POMA-Cysteamine showing two chemical species. 
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Figure 3-28: High-resolution XPS scan of C 1s peak in nonwoven PP with POMA-Cysteamine analyzed to separate 

broad peaks (those with full width at half maximum greater than 1.5) into component peaks, for which proposed 

assignments are made. 
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Figure A3-3 and Figure A3-4 show survey scans of POMA-coated fabrics before and after 

reaction with cysteamine, with the appearance of nitrogen readily apparent. Figure 3-29 and 

Figure 3-30 show the corresponding high-resolution scans of the C 1s peak. the chemical change 

is less noticeable, but still apparent in the smaller peak associated with the carboxylic carbons 

attached to either the anhydride or imide (or the acid and amide, if hydrolyzed).  
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Figure 3-29: High-resolution XPS scan of the carbon edge performed on PP-POMA fabric. 
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Figure 3-30: High-resolution XPS scan of the carbon edge performed on PP-POMA-cysteamine fabric. 
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Another critical part of the XPS studies of POMA-cysteamine on fabrics is the high-

resolution scan of sulfur given in Figure A3-7. Sulfur has two adjacent lines for every chemical 

state, and it is challenging to use sulfur spectra to compare the amounts of thiol and disulfide [146]. 

Based on the literature, these two lines are 1 eV apart, and the thiol group is shifted 0.5-1.5 eV 

from the disulfide in cysteine [147]. One cannot distinguish two chemical states in the samples. 

This implies that little if any sulfur exists in the disulfide form.  

It is also desirable to demonstrate the ability to dehydrate the diacid form of POMA on 

fabric to return it to the reactive anhydride form. Following the same procedure, POMA-coated 

fabrics were heated for several hours up to 120°C. Figure 3-31 shows the IR spectra taken before 

and after this process. The disappearance of the acid group leaving only anhydride indicates that 

the reaction went to completion. The same protocol applied to amine-treated POMA produced the 

same results. Figure 3-32 confirms that the amidation reaction goes to completion, and no 

unreacted acid groups will remain and decrease the number of available binding sites for metal 

capture.  
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Figure 3-31: Detail of the carbonyl region of FTIR spectra of PP-POMA nonwoven before and after heating to 120 °C 

overnight confirming dehydration of hydrolyzed groups back to the closed anhydride.  
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Figure 3-32: Detail of the carbonyl region of FTIR spectra of PP-POMA nonwoven modified with amine and then 

heated to 120 °C overnight to form the imide. Compare Figure 3-31. 
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Although XPS and IR spectroscopy can confirm that the reactions have taken place, the 

spectra are integrated over an area and cannot describe spatial variations in chemistry. It is possible 

to use imaging XPS on flat films, but the geometry of the nonwoven fabric precludes this as the 

beam can only focus on a narrow depth. Also, the minimum spot size of approximately 10 µm are 

not small enough to image the individual fibers. To demonstrate POMA deposition and 

modification uniformity, ToF-SIMS was used in imaging mode. The data collected on the modified 

fabric prove the distribution of the ions characteristic of the desired chemistry matches the fabric 

structure; this directly confirms conformal deposition and modification of the coating. Figure 3-33 

shows various mass fragments from a POMA-cysteamine modified fabric. The corresponding 

images for the neat PP and PP-POMA are given in Figure A3-9 and Figure 3-19, above, 

respectively.  

 
Figure 3-33: ToF-SIMS images on POMA cysteamine modified fabric. The total counts are given for comparison of 

distribution, C4H5O2
- and C3H3O2

- correspond with the anhydride, while CNO and CN correspond with 

amine/amide/imide, and SH corresponds with the thiol in cysteamine. Note that the fragments have different scales. 
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As one would expect, characteristic anhydride fragments (C4H5O2
- and C3H3O

- top center 

and top right panels) are absent in the bare PP but present in the POMA coated fabrics both before 

and after modification. (It is not possible to differentiate between anhydride and diacid forms with 

this technique.) Likewise, nitrogenous (CNO- and CN- bottom left and center) and sulfhydryl (SH- 

bottom right) mass fragments are only seen on the fabric that had been modified with cysteamine. 

These results confirm those from IR and XPS; they demonstrate that the coating and modification 

process is distributed throughout the fabric. However, one should note that while this may evidence 

complete coverage, the shallow penetration depth of ToF-SIMS (<1 nm) cannot verify the 

uniformity of the coating coverage as a function of depth, which may also vary considerably in 

thickness along the length of a fiber.  

3.4.5 Wettability 

To thoroughly evaluate the metal capturing capability of the new fibrous materials, samples 

were prepared both as flat films and on nonwovens, which were modified with cysteamineða 

sulfur-containing amine. Additionally, we have used several model amine molecules that give 

specific functionality to the adsorbed POMA layer on top of PP fiber mats. Of particular interest 

were taurine (which endows surface with hydrophilic capabilities), benzylamine (as an example 

aromatic moiety), propargyl amine (useful for subsequent reactions, such as click chemistry).  

Figure 3-34 displays FTIR data corresponding to preparing POMA-taurine coatings on top 

of PP fibers. As expected, the two peaks at 1840 cm-1 and 1770 cm-1 corresponding to anhydride 

absorption on POMA, are evident, as consistent with earlier work. The absorption peaks associated 

with anhydride signals decrease significantly upon reaction with taurine. This process is 

accompanied by the concurrent appearance of the characteristic amide signals. These changes in 
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IR absorbance represent a clear yet relative extent of the coupling reaction between amines and 

POMA. Similar disappearance of anhydride peaks was noticed for all modifiers indicated above. 
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Figure 3-34: Stacked FTIR plot of a) PP nonwoven b) with deposited POMA c) modified with taurine. The 

disappearance of the anhydride peak and the appearance of amide peaks confirm the reaction went to completion.  

 

The reaction kinetics were very fast, as seen with cysteamine. After 30 minutes of exposure 

to a modifier solution, no further changes in the FTIR spectra were observed, indicating the 

reaction completion. However, in all studies, the completion of the reaction did not lead to the 

complete conversion of maleic anhydride with modifier molecules, independent of the reaction 

conditions.  

POMA-taurine combination has also been studied as this group provides substantial 

hydrophilicity with the same chemistry. The highly hydrophobic PP fibers became less so after 

modification with taurine. Figure 3-35 depicts the time development of water drops on top of 

taurine/POMA coatings. A better understanding of fiber wettability is essential for this project and 

other related work involving filtration in aqueous media. This is because PP fibers used in water 
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filtration applications exhibit extreme resistance to water flow (high-pressure drop across a filter) 

that would lead to excessive energy costs if used in a large-scale filtration system. 

 

Figure 3-35: Sessile drop of water spreading into modified PP-POMA.  

 

Wettability of the fabric is of particular importance to this work for two additional reasons: 

the nonwetted area is unavailable to capture metal, and the pressure drop across a filter stack may 

also be increased if wetting is poor. Several amidation schemes were tested for their effectiveness 

in improving the wetting characteristics. Tests were conducted to measure the amount of water 

taken up by the fabric. Ethanolamine effectively improves wettability, but cysteamine also affords 

some benefits (see Figure 3-36a and Figure 3-36b). Note that ethanolamine (EAM) retains much 

more than the fabric modified with tris base. This was tested by immersing swatches of each fabric 

in water using a Kahn Dynamic Contact Angle instrument. This type of instrument is used to 

measure forces acting on a sample as it is withdrawn from a liquid which is related to the contact 

angle of the surface. However, in this case, it was used as a recording balance to provide precise 

measurements of the water mass absorbed. Typical fabric weights in these experiments would be 

approximately 4 mg; the amount of water taken up is substantial. Water retention on the POMA-

ethanolamine modified fabric would be expected in the case of full wetting of the fabric (~ 38 mg), 

but this does not necessarily mean the water had penetrated all of the pores.  

5 sec 15 sec 60 sec 120 sec 180 sec 
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Figure 3-36: a) shows DCA measured uptake of water as a function of time Immersion would be completed after 

approximately 30 seconds,) while b) shows dynamic contact angle data for the amount of water retained in PP mats 

modified with different molecules. Samples were 2x1 cm of fabric. Cysteamine mixed with ethylenediamine had the 

strongest effect.  

 

Another important aspect of any POMA post-modification step is establishing the kinetics 

of amidation during simultaneous/consecutive deposition of various amines. The reactivity of 

many of the amines used in this work (and presumable all small primary amines) is roughly equal. 

A liquid chromatography mass spectrometer (LC-MS) was employed to measure the product 

distributions in mixed amine reactions with maleic anhydride. This means that to achieve any 

desired mixture of functional groups in the POMA, one must mix the same proportion (by moles) 

of amines in the reaction solution. 

To demonstrate this concept and further investigate methods of improving wettability, we 

performed a series of studies where we varied the input molar ratio of cysteamine (CA) (metal 

capturing capable functionality), and ethanolamine (hydrophilic functionality) deposited onto a 

flat PP film reacted with POMA. By conducting dynamic ellipsometry studies in situ, we could 

visualize the increase in the functionalized film swelling over time as the fraction of ethanolamine 

0 5 10 15 20 25 30

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85
 PP-POMA

 PP-I-43

 Cysteamine

 Ethanolamine

 Cysteamine-Ethylenediamine

 Ethanolamine-Ethylenediamine

W
a
te

r 
U

p
ta

k
e
 (

m
g
)

Time (min)
Bare PP-1-43 POMA 0.5% Tris (20 sec) EAM (20 sec)

0

10

20

30

40

50

R
e

ta
in

e
d
 W

a
te

r 
(m

g
)



75 

was varied (see Figure 3-37). These studies showed the behavior of the various chemistries we 

used and made it easier to understand the results of water uptake studies on fibers. As expected, 

higher amounts of ethanolamine increased the swelling of the polymer layer. This is useful in 

explaining some phenomena seen in metal capture studies as discussed earlier in this chapter and 

in the following section on metal diffusion as seen in ToF-SIMS 
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Figure 3-37: In situ VASE measurements show POMô films' swelling ratio modified with mixtures of cysteamine (for 

metal capture and ethanolamine to increase hydrophilicity. The red markers represent the entirely cysteamine-

modified material used in most experiments. The blue, green, and purple markers correspond to modification solutions 

that were 20%, 50%, and 80% ethanolamine (by moles). See the last experimental section of Chapter 4 for a 

discussion of metal diffusion into the layers. 

 

3.4.6 Stability 

A final area of concern was the practical matter of material stability under realistic 

conditions. Coated fabrics were also tested under flow conditions to see if the coating would 

remain intact. One method was to pump water through several layers of fabric over several weeks. 

An IR spectrum of fabrics treated in this way can be seen in Figure 3-38. The large signal seen in 

the acid and amine-associated regions could be attributable to organic contaminants. Some 

pertinent information is given in Chapter 4 appendix; Figure A4-2 shows an optical micrograph 
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of these fabrics in which this matter (yellow particulates) can be seen. An alternative testing 

method uses samples that are rotated through standing water in the course of metal capture 

experiments (as described in Chapter 4). Figure A3-1 shows example spectra of samples so 

treated. This is evidence that the functional fabric will maintain integrity during use. However, the 

observed fouling by organic contaminants inspires future work on using these and similar 

copolymers to create antifouling coatings, as discussed in Chapter 6. 
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Figure 3-38: FTIR spectrum of a nonwoven fabric before and after exposure to the water flow over an extended 

period. The large hydroxyl and carbonyl peaks are consistent with organic matter. 

 

3.5 Conclusions 

 Methods for depositing maleic anhydride copolymers on PP surfaces, both flat films and 

nonwovens were successfully developed. When deposited on flat films of PP, these coatings were 

seen to conform to the surface topography in AFM. Similar results were seen when nonwoven 

fabrics were imaged using ToF-SIMS. These chemical states of the coatings used in the process 

go from a partially hydrolyzed anhydride (which can be dehydrated by heating) to an amic acid 

(or open ring), and finally closure to an imide. Two methodologies were used to bestow surfaces 
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of PP fibers with modified POMA molecules. In the first approach, POMA was deposited onto the 

PP fiber surface, and the amine-based modifier was added in the consecutive step. Alternatively, 

POMA was modified in bulk by reaction with amine and then deposited onto the surface of PP 

fibers. While both approaches resulted in coatings with the desired functionality, we have noticed 

that the modification extent in the first method is comparable to (if not greater than) the second 

methodðan unexpected outcome. 

FTIR monitored these steps for most experiments, but more detailed studies with XPS were 

also performed in some cases. In situ VASE measurements found that the films would swell by 

about 20% in water, which would slightly increase as more of the anhydride groups hydrolyzed. 

Crosslinking with ethylenediamine was used to improve the stability of the films. When washed 

with a good solvent, coatings treated with the diamine remain intact, as seen with FTIR and SEM. 

Deposition behavior was studied for several solvents and concentrations. Volatiles such as THF or 

acetone worked well with a concentration of 0.5% by weight. The coating process works by drying 

the dissolved polymer onto the PP nonwovens after dipping, but too high of a concentration could 

noticeably (via SEM) occlude the pores. The surface areas of these materials are anticipated to be 

the main factor in their efficacy for surface chemical reaction, so maintaining open pores is 

important. The properties of several nonwovens with different specific surface areas (as 

characterized by BET and imaging techniques) were investigated. Air-burst testing confirmed that 

the modification technique did not harm the strength of the materials, as is often the case with 

harsh methods of functionalized PP, such as reactive extrusion, ultraviolet light, or plasma.   
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Chapter 4: Metal Capture Testing of Nonwoven Filters with Maleic-Anhydride Copolymer 

Coatings 
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4.1 Abstract 

Polypropylene nonwovens with a thiol-containing maleic anhydride copolymer coating were 

used to capture heavy metals ions. Static testing established activity against silver, cadmium, and 

arsenic, both individually and in combination. The presence of non-target ions in artificial seawater 

did not reduce the effectiveness of the system. The surface area of the substrate played the expected 

role; the capacity increased almost linearly as 3.5 mg/m2. The coatings were stable under flow 

conditions, which were varied to produce a breakthrough curve. This behavior showed typical 

capture capacities from 2.2-3.6 mg/g. Thin films of the same material were probed with ToF-

SIMS, showing that metal ions diffuse into the polymer several hundred nanometers. 
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4.2 Introduction  

With processing and chemistry established, the remaining testing focused on the project 

end goal: capturing toxic heavy metals from aqueous solutions. Similar efforts tend to report their 

results in two ways (and sometimes both) in the literature. For resin-based columns, the general 

testing procedure is to elute a metal solution of some concentration and monitor the outflow as a 

function of time. The figure of merit in these tests is the time before the breakthrough of the metal 

occurs, which quantifies the performance of the column [148]. In most systems, the metal is 

adsorbed onto the filter material, so a Langmuir isotherm model can be used to model the 

breakthrough curve [149]. When bio-based materials are used, other considerations, such as 

diffusion, may also be included in the models [150]. For a review of the many kinetics-based 

models, see Malik [151]. It is also possible to use living bacteria to capture metals, which have 

been studied as a function of cell wall components [152]. 

The system capacity can also be reported as the metal loading (by mass) onto the substrate 

[153]. The testing methods employed in this work focus on determining the maximum potential 

loading per unit fabric mass. The instrumentation used for this purpose depends on inductively 

coupled plasma to vaporize the samples, and mass spectrometry detection (ICP-MS) for low 

concentration and atomic emission spectroscopy (ICP-AES), as performed by laboratory services, 

for higher concentrations. Both are well established in the literature and used for regulatory 

purposes [154,155] 

4.2.1 Heavy Metal Removal 

Heavy metal removal is a complex topic and is discussed in many contexts in the literature. 

For this work, comparison with sorbents is the central area of interest. Carboxylic acids are one 

typical metal binding moiety and can be easily incorporated into biomass for a low-cost sorbent 

[156]. Polymers containing amic acids (which is what the POMA-cysteamine coating described 
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herein is before heating and conversion to the imide form) have also been found to have metal 

capture ability [157]. This can be understood as an instance of ion-exchange behavior that is pH-

dependent and reversible thereby [158]. Though this general cation-exchange interaction is well 

known, it is possible to create materials that will selectively adsorb or transport-specific ions by 

making an appropriate choice of chemical structure [159]. This specificity can be seen with rare 

earth metals as well [160]. Such materials can also be added to biomass to keep material costs low. 

One such system was tested against cadmium and found to have an adsorption capacity of 92 mg/g 

[161].  

The cysteamine functionalized polymers detailed in this chapter were partly inspired by 

the cysteine residue behavior in metallothionines. These proteins are not fully understood, but it is 

clear that they have several important roles in biochemistry and have been dubbed ñthe 

multipurpose proteinsò [162]. Examples of these roles range from tumor suppression to zinc 

transport [163,164]. What is most relevant to this work is their fundamental attribute of heavy 

metal binding and their protective role in heavy metal toxicity [165]. The interactions of sulfur and 

nitrogen in these compounds also present an essential avenue for future work on other metal-

binding chemistries [166]. Fungi are often rich in metallothionines, so much so that the byproducts 

of commercial fermentation can be used to capture heavy metals [167]. Cysteamine was chosen 

because of the facile reaction with the anhydride found in the copolymers, but it has also been 

studied for forming stable metal-thiolate complexes with silver, gold, cadmium, and mercury 

[168,169,170]. Other work has shown its utility in modifying polymers for cadmium capture [171]. 

For a broad overview of other sulfur compounds used in metal removal, see reference [172].  

Activated carbon is the simplest form of adsorbent, and the design parameters of filters for 

heavy metal removal have been established in the literature [173]. This adsorption mechanism is 
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primarily a function of the surface area, but chemistry does play a role [174]. This behavior has 

also been reported in other similar materials [175]. Much of the recent research on activated carbon 

focuses on improving the surface area, manufacturing it from low-cost biomass feedstocks [176], 

or activating steps to enhance capacity. Low-cost sorbents are of great interest for economic 

reasons, but they typically require large amounts of material in proportion to the amount of metal 

removed due to their low affinity. Lignocellulosic materials are the most popular topic of such 

research, with a recent review finding that heavy metal capture was the most commonly studied 

application [177]. One such example used 1.7 g/L to remove zinc and copper [178]. The best 

known of all ligands is ethylenediamine tetraacetate (EDTA), an obvious choice for surface 

functionalization. Cellulose has been used as a substrate for EDTA to create a system that can 

remove up to 95% of dangerous heavy metals [179]. Mercury can be adsorbed by chitosan, another 

ubiquitous biomaterial [180]. A competitive microsphere adsorbent can treat approximately 5 L of 

wastewater, with an initial concentration of 200 ppb of various heavy metals, and reduce the 

concentration to acceptable levels [181]. 

4.3 Experimental Materials and Methods 

4.3.1 Materials and Chemicals 

Cadmium acetate, cadmium sulfate, dithizone, mercury (II) acetate, and silver benzoate 

were purchased from Sigma Aldrich, High purity water (18 Mɋ for ICP, HPLC grade for test 

runs), and trace grade nitric acid were purchased from Fisher Scientific. Arsenic trichloride was 

purchased from Fluka. Artificial seawater salt packets from Ricca Chemical were used to create 

the saline solutions. All chemicals were used as received. The materials used to create the 

functional fabrics are described in the previous chapter. 
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4.3.2 Colorimetric Testing 

This chapter quantifies metals using spectroscopic techniques, but a more rapid test was 

needed in some situations. The classical colorimetric dithizone test for heavy metals was used 

[182], according to the procedure of Salzman [183]. The dithizonate complex is also helpful in 

detecting other metals, such as zinc [184]. It has even been investigated for use in heavy metal 

removal as a part of surface supported system [185], much akin to the work in this chapter using 

cysteamine. This test was used to confirm that metal was present in the effluent during flow testing, 

as described below. This test was also used independently to confirm metal removal through a 

filter stack in a convenient visual demonstration recorded with a video camera.  

4.3.3 Static Testing Procedure 

Static metal testing was performed by preparing a solution with enough target metal that 

the fabric would remove a significant fraction at saturation. This allows for quantification of the 

removal capacity. However, it is necessary to ensure that the final capacity is substantially less 

than the amount of metal. Otherwise, the concentration of metal in the solution would be lowered, 

which would bring in the possibility of concentration-dependent loading, as in a Langmuir 

isotherm. For a typical experiment, 5 mL of a 100 ppm metal solution would be approximately 

half absorbed by 5x5 cm2 piece of the functional fabric.  Pre-wetting of the fabric in isopropanol 

was performed to ensure that the entire surface was available. The general approach was to 

measure the metal concentration in the solution before and after contact with the fabric.  

Still, the fabric could be digested in nitric acid in some cases, and the captured metal could 

be measured directly. In these cases, the fabric was rinsed first in deionized water to remove any 

metal not bound to the polymer. The capacity for metal capture is expressed in terms of the dry 

weight of the fabric. The wet weight after the pre-wetting step was also checked to ensure the 

added water was not large enough to change the concentration substantially. 
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4.3.4 Carberry Rotating Bed Test Procedure 

 Most typically seen in catalysis studies, the Carberry rotating bed reactor can offer a 

convenient way to incorporate fluid dynamics into a batch process [186]. One relevant example in 

the literature was a chitosan-based resin used to remove cadmium [187]. Still, the rotating bed is 

more typically seen in metal capture experiments using inorganic sorbents on traditional catalyst 

supports [188]. In this chapter, the rotating bed was made using a 3D printed cell connected to a 

motor with controlled RPM. Similar approaches with more complex geometries have been 

investigated and are examples of 3D-printing technology applied to chemical engineering 

challenges [189]. The fabric would be cut to fit the cell and loaded into the device. The holder and 

fabric would be immersed in a heavy metal solution, with a typical concentration being 4 ppm. 

Aliquots were removed with a transfer pipette over time for subsequent testing; the volume 

removed at each time point would be on the order of 1 mL out of a total volume of 300 mL, so the 

total volume change was relatively small. 

4.3.5 Flow Testing Procedure Using Chromatography Equipment 

Flow tests were conducted using Waters 2695 size exclusion chromatography instrument, 

which in this application is essentially the same as any other HPLC setup. A custom column was 

made starting with a Diba Omnifit column with 10 mm internal diameter. The modified fabric was 

cut to this size using an arch punch, then stacked to the desired thickness, typically 10-20 layers. 

To ensure complete wetting, which is essential to getting reasonable flow rates through the thick 

stack of the hydrophobic PP fabric, the filter was pre-wet with isopropanol, then exchanged with 

DI water. Afterward, the filter was added to an empty column pre-filled with water, ensuring no 

air could enter the system. The column size was adjusted to fit the filter stack tightly, which 

compressed the fabric layers.  



85 

Good packing could be verified with a pulse test, taking advantage of the system's built-in 

Wyatt Technologies differential refractive index detector. Typically, a 1000 ppm solution of 

calcium chloride was used, with a standard 100 µL injection. Target peak asymmetries of 0.8-1.5 

indicate good packing, but the loose nonwoven would typically have higher values characteristic 

of under-packed columns. This type of column would have a much lower pressure drop than a 

regular gel column for use in the instrument, which could cause unsteady flow and bubble 

formation, which could force a shutdown of the instrument when the pump prime was lost. A back 

pressure regulator was added to the system to rectify this issue, which increased the pressure drop 

to 100 psi, more in line with the typical operating conditions. 

A stock metal solution was prepared, keeping in mind the need to select the amount of 

metal to be passed through the filter stack based on the expected final capacity, as discussed above 

for static testing. Cadmium acetate and deionized water were used to prepare all stock solutions. 

Because of the lower target for final effluent metal content and the need to have a longer test run, 

lower concentrations (~2 ppm) were typically used with a flow rate of 5 ml/min. In all flow tests, 

cadmium was used given its well-established capacity data from the static metal capture 

experiments. In every test, a separate aliquot of this stock was always kept for comparison in future 

analyses. The metal flow always starts with the column disconnected and the pump allowed to run 

for 30 minutes to ensure that flow of a uniform concentration of metal is established. An aliquot 

of the metal solution would also be taken at this time. Optionally, a colorimetric test with dithizone 

could be performed on the effluent to confirm the presence of heavy metals. Afterward, the column 

would be reconnected to the line, and the experimental clock would start after ~1 min delay to 

account for the volume of the line and column. 



86 

 Sample aliquots of at least 1 mL were typically taken every 6 minutes for several hours by 

manually placing the effluent drain in each sample container, either a glass or plastic 5 mL vial. 

These samples would then be taken to be tested by ICP-MS for metal content. The used filter could 

also be removed and digested to calculate the metal content directly. By comparing the amount of 

metal in the effluent to the initial stock metal solution, the time necessary to reach 10% of the 

maximumðthe breakthrough time-could be found for the filter. Furthermore, quantification of the 

metal amount before the incipient breakthrough serves as an example of how effective the filter 

can be at reducing the heavy metal concentration down to the regulatory thresholds, which, as 

mentioned, are typically in the tens of ppb.  

4.3.6 Inductively Coupled Plasma Spectroscopy 

Two inductively coupled plasma techniques were used in the metal capture tests: optical 

emission detection for higher concentrations and mass spectroscopy when greater sensitivity was 

required. Tests of competitive metal capture (both simultaneous and sequential) were performed 

by a commercial environmental testing laboratory, Meritech Environmental labs of Greenville, 

NC. The measurements were carried out according to standard environmental test procedures 

(EPA 200.7) using a Perkin Elmer Optima 8300 ICP-OES. This instrument has a LOQ in the low 

ppb range for the metals tested and a dual view detection, which improves performance [190]. 

 The mass balance closure experiments were performed at NC State Soil and Crop Science 

Department using the similar Perkin Elmer 8000 ICP-OES. This technique is widely used in the 

literature to quantify metals in agricultural or fisheries contexts [191,192,193,194,195]. The use 

of digestion to determine the trace metal content of solids is well known, but there are also 

examples in the literature of textiles [196]. 

For more sensitive testing and higher throughput, ICP-MS was used, as is common in 

environmental testing, and regulatory standard methods have been developed [197]. For a review 
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of applications, see [198]. The instrument was a thermo-element XR (for the flow tests), and a 

Varian 820 for the Carberry reactor tests. The former uses a magnetic sector detector that allows 

for isotopic sample discrimination, making it ideal for detecting heavy metals in environmental 

testing [199]. Samples must be prepared such that the concentration of metal (cadmium in the 

following experiments) is <1 ppm. For most experimental conditions, this entails diluting the 

samples by a factor of 10 or 100 using a 2% solution of trace-grade nitric acid in 18 Mʍ water 

(both supplied by Fisher Scientific)  

The calibration curve is prepared from a commercial standard of cadmium, diluted with 

2% nitric acid to concentrations that encompass the expected range of the samples. A typical 

example would be 1, 10, 50, 150, 200, 300, 600 ppb. These calibration solutions and a blank are 

run first, then the samples. An example is given in Figure 4-1. An internal standard or quality 

control samples should be used with ICP techniques [200] to ensure the reliability of the data. In 

the former case, tellurium is recommended due to its similar ionization energy, which is the main 

criterion in selecting the standard [201,202], but indium is also acceptable. One of the calibration 

solutions is reanalyzed after every 10 samples for a quality control sample. This step was critical 

as the ICP-MS detector would drift noticeably over the time needed to run all samples. The data 

could then be accurately corrected based on the standards. For some comparisons of techniques 

for metals quantification, see [203,204,205]. 
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Figure 4-1: ICP-MS calibration curve showing the linear response from 1 ppb to almost 1000 ppb. Note that this 

extends below minimum drinking quality standards. After a linear regression fits the calibration curve, the instrument 

output can be converted to sample concentration, and the level of metal present in the experimental solution is 

determined. The procedure is substantially the same for all instruments, but there were some variations between the 

models used, particularly mass resolution and sensitivity. On the Thermo Element XR, which uses a magnetic sector 

detector, cadmium could be detected down to sub ppb levels and quantified below environmental quality targets.  

 

4.3.7 Depth Profiling with Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) 

 This technique is capable of imaging chemistry in three dimensions [206]. It has become a 

powerful tool in understanding the distribution of molecules in biological samples, some examples 

of which have been covered in recent reviews [207,208]. Collecting mass spectra for closely 

spaced points creates large amounts of data, which prompted the development of sophisticated 

computational methods to perform the analyses [209,210]. The lateral and depth resolution ToF-

SIMS can be on the nanoscale, allowing analysis of single cells [211]. In this work, we focus on 

the distribution of chemical species through the depth of a film. This approach has been used in 

the characterization of solar cells [212]. This has been extended to devices made using organic 
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materials, polymer blends, and even films, as in this chapter [213,214]. ION TOF manufactured 

the instrument; it features a liquid metal ion gun source of cesium operating at 10keV for sputtering 

and a bismuth source at 25 keV for the primary ions. Although cluster ion sources can preserve 

molecular information [215], the high-energy cesium ions used herein do not allow this. (There 

has been a report in the literature that showed molecular information with low energy cesium ions 

[216]). That work sought only basic information on heavy metals content, but useful chemical 

details about binding to cysteamine residues were also reported. These experiments were typically 

performed with 80 ppm solutions of heavy metal. A concentration higher than in most static or 

flow tests was chosen under the assumption it would accelerate the test and improve detection. 

4.4 Results and Discussion 

4.4.1 Metal Capture Under Static Conditions 

The first task was to establish the capturing capacity of the fabric treated with POMA-

cysteamine relative to an untreated blank. Knowing this value is also critical to properly design 

subsequent experiments. For this purpose, cadmium was chosen as the test metal due to its toxicity, 

chemistry (it would be expected to react on a 1:2 basis with thiols), and stability in solution (Cd is 

only found in the +2 oxidation state). The experiment involved placing a piece of each material in 

a vial with a cadmium acetate solution at 100 ppm metal concentration. These fabrics were then 

tested by the NCSU soil sciences department for cadmium content according to the established 

procedure for solid samples [217]. This experiment found that the total capture of cadmium by the 

modified fabric was 7.3 mg-metal/g-fabric, with the plain PP only containing a much smaller 

amount. This result is consistent with some metal in the solution becoming trapped on the fabric 

during drying. Were this the case, one would expect to find higher capture capacity calculated 

from the digestion of unwashed fabrics compared to those which had already been washed, or if 

the results were calculated by difference from the solution concentration.  
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Additional tests were performed in which several samples of fabric were run in parallel 

under the same conditions for various lengths of time to test if this protocol was representative of 

the actual capabilities of the fabric, and also to close the metal mass balance. The fabric and 

solution were then tested via ICP-AES to determine the metal content on the fabric and the metal 

removed from the solution. In addition, both washed, and unwashed fabric samples were tested to 

determine if there was a measurable effect of sample handling on the results. Figure 4-2 shows 

this test as performed with silver, and Figure 4-3 shows the same behavior for cadmium.  
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Figure 4-2: Capture of silver ions (Ag+) by a polypropylene nonwoven coated with POMA-Cysteamine as a function 

of time. The vertical axis expresses the amount of silver removed from the solution in terms of the total amount of 

metal captured per unit weight of the fabric.  
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Figure 4-3: Capture of cadmium ions (Cd2+) by a polypropylene nonwoven coated with POMA-Cysteamine as a 

function of time. The vertical axis expresses the amount of silver removed from the solution in terms of the total 

amount of metal captured per unit weight of the fabric. 

 

In both cases, washing the fabric samples affects the amount of metal measured by the 

digestion of the solids. From this, it is possible to conclude that some metal is either left behind by 

drying or weakly physisorbed to the fabric during the test. Also, it appears that the mass balance 

does not closeðthe testing of the solution indicates substantially more cadmium has been removed 

than can be accounted for based on that found by digesting the fabric. It suggests that the latter 

method does not accurately assess the metal captured. In general, the capture kinetics are rapid, as 

most adsorption occurs within the first few minutes. This step is followed by slowly increasing 

metal capture for many hours thereafter. Finally, the fabric does appear to have a higher capacity 

for silver than cadmium. Figure 4-4 shows the combined results of the capture kinetics 

experiments for silver and cadmium, along with those for arsenic. It shows that the ultimate 
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capacity is affected by metal valency with Ag+ being captured more than Cd2+ or As3+. Compared 

to the two previous experiments, the longer exposure times show the extent of plateauing in 

capacity, confirming that the capture reaction is fast. 

0 20 40 60 80 100 120

0

500

1000

1500

2000

2500

3000

3500

Cadmium

Silver

Arsenic

 

 

M
e
ta

l 
C

a
p
tu

re
d

 (
m
g
/g

 f
a

b
ri

c
)

Exposure Time   (hours)
 

Figure 4-4: Combined plot showing the capture of three different metals over the course of several days demonstrating 

how the absorption of some species is more extensive; in particular, arsenic is not captured as effectively. Note that 

the cadmium and silver solutions were at a concentration of approximately 100 ppm while that of the arsenic solution 

was 67 ppm to have equal molarity. All values were calculated from the change in solution concentration. 

 

Figure 4-5 shows an image of a fabric sample similarly exposed to a silver solution (this 

image was collected using a Hitachi S3200N variable pressure SEM). Because a dispersive energy 

X-ray (EDX) detector was used, the lighter areas correspond with higher atomic numbers. In this 

case, the metal deposits (that the metal is silver) can be seen in the spectrum displayed in Figure 

4-6. The silver appears to have formed distinct regions of high concentration (though silver is 

detectable throughout), suggesting some mechanism for the surface assembly of metallic silver 
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structures. This secondary mechanism, independent of the thiol-based capture of metal, could 

explain the increased performance of the material to silver. This effect was also observed as the 

fabrics exposed to a silver solution would become a pale yellow after exposure to light, another 

indication of a chemical change occurring in the silver captured on the surface forming silver 

nanoparticles, which tend to have a yellow coloration. 

 

Figure 4-5: SEM-EDX on a fabric exposed to silver, in which the POMA-cysteamine coating is visible as the 

ñwebbingò near places where fibers overlap. Bright regions correspond to silver-rich coating. The highlighted regions 

were analyzed for elemental content, see Figure 4-6. 

 



94 

 

Figure 4-6: The EDS spectrum of the region highlighted as S4 in Figure 4-5, with peak assignments. Note the strong 

sulfur signal from the cysteamine in the coating and the multiple silver peaks from metal deposits. 

 

Table 4-1: Mercury capture capacity at several initial concentrations.  

Salt:

Initial

Concentration

(ppm)

Final

Concentration

(ppm)

Total 

Capture

(ɛg/g)

Capture 

(%)

Hg(OAc)2 5 4.54 1006 9.9%

Hg(OAc)2 3 1.86 2121 36.1%

Hg(OAc)2 1 0.26 1572 75.2%  
 

In addition to silver and cadmium, quantitative results were obtained for mercury (Table 

4-1) and arsenic (Figure 4-4). For arsenic, the amount captured is much lower than for cadmium 

and silver, as can be seen in Figure 4-7. It is due to the lower atomic mass as well as the fact that 

trivalent arsenic reacts with three thiol residues (which is one mechanism of action as a biological 

poison) [218,219].  
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Figure 4-7: Capture of arsenic ions (As3+) by a polypropylene nonwoven coated with POMA-Cysteamine as a function 

of time. Error bars represent the standard error based on three replicates. 

 

4.4.2 Detection of Bound Metal with X-ray Photoelectron Spectroscopy 

As discussed in Chapter 3, XPS is a powerful surface characterization tool that can provide 

information about the elemental composition of surfaces. Figure 4-8 shows a survey scan of a PP 

nonwoven modified with POMA-Cysteamine (and crosslinked with ethylenediamine) and then 

exposed to a 1000 ppm solution of cadmium for 16 hours. The prominent peak (a double peak as 

discussed below) at 405 eV is the principal edge for cadmium (the 3d 5/2 spectral line, adjacent to 

the 3d 3/2 line at 411 eV). By integrating the peaks and applying sensitivity factors, it was possible 

to determine the cadmium content of the surface to be 0.76 atom percent. Note that some silicon 

was detected as well. This is potentially due to the use of silicon oil in the nonwoven manufacturing 

process but could also be from sample contamination. Although this is not directly convertible into 

a measure of capture capacity (using the data in this Dissertation), it does serve as a qualitative 
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demonstration of the effectiveness of the coating at capturing cadmium. Figure A3-3 shows the 

POMA coating, and Figure A3-4 shows the cysteamine modification.  

 

Figure 4-8: XPS survey scan of a PP nonwoven modified with POMA-cysteamine and exposed to 1000 ppm cadmium 

solution. Note that the cadmium and nitrogen peaks are very close near 405 eV so the quantification may be slightly 

distorted. 

 

 XPS also provides some limited information about the chemical states of the elements. 

Figure 4-9 shows a high-resolution scan of the N 1s region, which also contains the characteristic 

peak of the cadmium 3d electron used for quantification in the previous example. These peaks can 
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be seen at 403 and 410 eV, while the nitrogen species found in the cysteamine are visible as a 

single peak at 298 eV. The broad full width at half maximum (FWHM) of the nitrogen peak 

indicates multiple chemical states, which are comparable to Figure 3-23. Conversely, the FWHM 

of the cadmium peaks of 1.52 and 1.47 indicates a single chemical state, suggesting that all the 

cadmium is chemically bound to the thiol residues of the modified polymer. This is expected as 

the fabric samples were thoroughly rinsed in DI water and sonicated to remove any particulates 

before the analysis. 
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Figure 4-9: High-resolution XPS scan of the N 1s edge for the PP nonwoven modified with POMA-cysteamine and 

exposed to cadmium. Because of the position of the Cd 3d peaks, the metal is also clearly visible in this region. 
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lines at 782 eV are not coincident with the nitrogen high-resolution scan area, no chemical state 
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information was simultaneously collected. However, this region still provides valuable data: 

Figure A4-5 shows the N 1s region for the same PP-POMA-Cysteamine nonwoven with a single 

broad peak. Because this sample was cut from the same piece of modified fabric as used in the 

previously described cadmium test, it can also be taken as a control to demonstrate the composition 

of the fabric without cadmium exposure directly. Similarly, Figure A4-6 and Figure A4-7 show 

a survey scan and N 1s edge of a modified nonwoven fabric with chromium on the surface, though 

not as readily visible as with cadmium and cobalt. This is also of great interest for environmental 

remediation applications because of the great dangers posed by hexavalent chromium. 

4.4.3 Simultaneous Metal Capture 

With the kinetics and capacity for adsorption of a single metal solution, one additional 

consideration was the potential for competitive reaction with multiple metal species present in the 

same solution. Simultaneous tests were conducted with a silver/cadmium mixture (Figure 4-10 

and Figure 4-11) and an arsenic/cadmium mixture (see Figure 4-12 and Figure 4-13).  
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Figure 4-10: Capture of cadmium in a competitive test with silver. The red markers show the capture capacity relative 

to cadmium when silver is also present in the solution; the black symbols are a benchmark experiment showing 

cadmium capture alone. 
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Figure 4-11: Capture of silver in a competitive test with cadmium. This is the same experiment as in Figure 4-10, but 

showing from the other perspective. The black markers show the capture capacity relative to silver with no other ions 

present, with the red symbols showing the results when cadmium is present. This experiment's error is so small that it 

is difficult to see on the plot. 
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Figure 4-12: Capture of cadmium in a competitive test with arsenic. The red markers show the capture capacity 

relative to cadmium when arsenic is present in the solution; the black symbols are the same cadmium benchmark 

shown in previous graphs. Note the break in the axisðarsenic dramatically reduces the ability to capture cadmium. 
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Figure 4-13: Capture of arsenic in a competitive test with cadmium. The red markers show the capture capacity with 

respect to arsenic when cadmium is present in the solution; conversely, the black symbols show the amount of 

cadmium captured when arsenic is also present, which is surprisingly lower. Unlike the preceding graphs, there is also 

a noticeable time dependence. 

 

One unusual result of these tests is that cadmium was found to have a positive effect on 

capture: more silver and arsenic are captured in the presence of cadmium. The converse is not true, 

however. In the case in which silver is also present, less cadmium is captured. On the other hand, 

arsenic effectively poisons the system and dramatically reduces the cadmium captured, consistent 

with the previously seen behavior of saturating the fabric with a much lower amount. It is also 

essential to consider how the metal valency can impact the total amount captured, as only one bond 

to the metal is needed. Still, each metal atom can be a center for thiol bonds up to its oxidation 

state. 
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4.4.4 Sequential Exposure and Binding Reversibility 

Another possible mode of operation involves the sequential exposure of the filter to 

different species over time. Tests were conducted to investigate the performance under these 

conditions by exposing a single sample to cadmium and silver in sequence (with each being the 

first exposed in separate tests). This experiment elucidated the thermodynamic stability of the 

metal-sulfur bonds for each species. The results can be seen in Figure 4-14 and Figure 4-15. The 

test procedure for the first of these tests involved exposing a piece of fabric to a cadmium solution 

for 1 hour. After being removed, the fabric was rinsed to prevent any transfer of physically 

adsorbed metal ions then placed in a solution of silver for 18 hours. Both solutions were tested for 

metal content using ICP-OES. The difference in the initial and final cadmium concentration in the 

first vial allows the calculation of the cadmium capture capacity and the silver concentration in the 

second vial. The most important measurement in the first sequential test is the cadmium content 

in the second vial, which indicates cadmium displacement by silver. The test procedure for the 

second experiment (a schematic is shown in Figure 4-14) is the same, but with the order reversed 

(silver as the first test metal and cadmium as the second). 
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Figure 4-14: Sequential capture experiment results. A POMA-cysteamine coated fabric was immersed in a solution 

of cadmium for 1 hour, then rinsed and transferred to a solution of silver for 18 hours to allow sufficient time for any 

displacement to occur. Both solutions were then taken and analyzed using ICP-OES. The fabric captured cadmium 

and silver, and some of the cadmium was displaced by silver in the second solution vial. 

 

 

 

Figure 4-15: Sequential capture experiment results. Comparable procedure to that described in Figure 4-14, but with 

the order of the metals reversed. In this case, ICP-OES could not detect any silver in the cadmium solution, which sets 

a bound on how extensive any displacement could be. 
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Over the testing period, it appears that silver can displace a small amount of cadmium from 

the fabric. However, the converse is not true as no silver was detectable after subsequent exposure 

to cadmium. (The ICP-OES instrument used in this experiment has a detection limit of 2.5 ppm 

for silver). Cadmium is known to form highly stable complexes with cysteine residues peptides 

[220].  

Additional benchmarks were collected where each sample was exposed to one metal and 

then incubated in DI water. These showed that PP-POMA by itself has a limited capacity to capture 

metal and that in either case, PP-POMA-cysteamine does not leach metal into deionized water. 

This test was performed using ICP-OES, which has a higher detection threshold (typically on the 

order of 1-2 ppm) for metal ions than ICP-MS (which can detect in the sub-ppb range). The total 

amounts of metal present in the solutions were proportionally higher at around 100 ppm. This 

would allow some metal to leach (or be displaced) without detection. Yet, these results still place 

an upper bound on the total amount of leaching of less than 1% of the total.  

4.4.5 Effect of Solution Ionic Strength 

Aside from the effects of other metal ions, the interaction between the functional fabric and 

other compounds expected in a natural aqueous waste stream is also of interest. The strength of 

the thiol chemistry is its selectivity for heavier metal species. Artificial seawater was used to repeat 

the metal capture studies to test the theory under the most adverse conditions that a filter would 

likely encounter. Details of its composition are given in Table 4-2.  
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Table 4-2: Artificial seawater composition. 

Salt 
Concentration

 (g/L)

NaCl 24.54

MgCl2 · 6H2O 11.10

Na2SO4 4.090

CaCl2 1.16

KCl 0.6901

NaHCO3 0.2001

KBr 0.0998

H3BO3 0.02979

SrCl2 · 6H2O 0.03986

NaF 0.00294 
 

Figure 4-16 shows the results of this test compared with the same in DI water. At most, 

the only effect of the salt ions is a small increase in the cadmium capture capacityðthis indicates 

that the fabric is selective for heavy metals as expected and that there is little effect of ionic 

strength. This result, though perhaps unexpected, is consonant with the outcome of the tests 

between thin POMA-cysteamine films modified with moieties to increase the hydrophilic 

character as presented in the previous chapter. These tests showed that increased swelling of the 

film due to this additional hydrophilic character could lead to significantly enhanced capture of 

metals throughout the volume of the coatingðnot merely at its surface. One would expect higher 

salinity also to drive greater swelling of the films (unless it was highly charged and screening 

began to dominate) and likewise lead to greater metal capture. 
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Figure 4-16: Cadmium capture kinetics in artificial seawater (red) compared with deionized water (black). The latter 

are not the same as the cadmium benchmarks shown in the previous figures). 

 

4.4.6 Counterion Effects 

Table 4-3: Counterion effects on cadmium capture capacity. 

Salt

Initial

Concentration

(ppm)

Final

Concentration

(ppm)

Total

Capture

(µg metal/g fiber)

Fraction

Captured 

(%)

Cd(OAc)2 5 2.58 4859 48%

Cd(OAc)2 3 0.76 4498 75%

Cd(OAc)2 1 0.00 2010 100%

CdSO4 5 2.96 4100 41%

CdSO4 3 0.38 5264 87%

CdSO4 1 0.00 2010 100%
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As a follow-up experiment, the counterion effect for cadmium was also tested. Table 4-3 

shows the sulfate and chloride anions results, which are comparable to the other acetate tests. As 

would be expected considering the limited effect of ionic strength, there is no substantial effect 

from the counterion either. Together, these tests on the saline solution and various metal salts show 

that the chemistry of cysteamine is indeed specific to heavy metal capture and would be expected 

to function well under real conditions, which might be problematic for ion-exchange-based 

systems. 

4.4.7 Importance of Filter Wettability 

A remaining issue that is not addressed by the static metal capture tests is mass transport. 

Conceivably, the rate of metal capture on the surface could be fast enough for the observed kinetics 

to be limited by the external transport of metal ions to the surface. One possible cause of such 

behavior is the slow wetting on the relatively hydrophobic PP-POMA surface, limiting the area 

available for metal capture. This hypothesis was tested by comparing the capture kinetics of 

otherwise identical samples with and without a pre-wetting step using isopropanol and DI water: 

the results of this test can be seen in Figure 4-17. There is an improvement of ~16±7% in the 

capture capacity and kinetics due to the pre-wetting. 
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Figure 4-17: Cadmium capture as a function of time with and without (red and black markers, respectively) a 

prewetting step for the PP fabric. The non-prewetted capacity data are the same as in Figure 4-16. 

 

4.4.8 Carberry Rotating Bed 

 It is also possible for mass transport to influence the results independently of the wetting 

behavior of the films. A test was performed using a Carberry rotating basket reactor to account for 

this possibility . Multiple experiments were performed in which the rotation rate of the basket was 

varied. Figure 4-18 shows a comparison between static and 40 rpm rotation; note that the empty-

bed flow rate through the fabric is calculated 4.45 L/min at this rate. The mass transport effects 

(i.e., diffusion of metal into the pores of the fabric) are not limiting as there is no discernable 

difference between the static and dynamic runs, and neither is there a time dependence on 

absorption in either case. There may be some mass transport limitations on very short time scales. 

Still, given the mixing rates, it would be difficult to collect representative samples under such 
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conditions, so they will remain unobserved. This is expected given the large pore sizes involved 

(on the order of several microns).  
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Figure 4-18: Static vs. dynamic (40 rpm, 4.45 L/min) capture capacity of cadmium in a Carberry rotating basket 

reactor. 

 

The stability of the fabric under these conditions was confirmed by recording IR spectra of 

the samples before and after exposure to flow conditions, as can be seen in the IR spectrum in 

Figure A4-1. One important caveat must be noted: in experiments in which fabrics were exposed 

to flowing tap water for long periods, there was a decrease in performance in subsequent static 

metal capture kinetics, see Table A4-1. As mentioned, part of this effect can be attributed to 

fouling the hydrophobic material by organic contaminants that were visually observed during some 

of the tests (see Figure A4-2). 
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4.4.9 Specific Surface Area Dependence 

For any surface-based chemistry, one would expect that the kinetics would depend on the 

surface area. While clogging of the pores means that one cannot always assume that the surface 

area of the active filter is the same as the fabric substrate, it was desirable to test the dependence 

of capture capacity on substrate surface area and optimize the choice of fabric. Using a Phenom 

G1 desktop scanning electron microscope, it was possible to measure the fiber diameters in several 

PP nonwovens (made via different processes) and estimate their specific surface areas (SSA). 

(Details of the production and SSA for the fabrics are given in Table 3-6.) For the fabrics expected 

to lie at the extremes, direct measurement of the surface area was performed using the BET 

method. These same fabrics were then treated with POMA and cysteamine as usual and used in 

static metal capture experiments, which are given in Figure 4-19. A linear regression through these 

data shows that the capture capacity of these materials is indeed proportional to the surface area 

and averages to approximately 3500 ɛg-metal/m2-fabric. Figure 4-20 captures the dependence of 

the capture on SSA.  Most of the tests described herein were performed with the PP nonwoven 

designated as PP-I-43, with an SSA of 0.499 m2/g, the lowest of the fabrics tested. 
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Figure 4-19: Cadmium capture capacities for several PP nonwovens supplied by the Nonwovens Institute. Values are 

expressed on an area (top) and mass (bottom) basis. For details of the process conditions used to manufacture each of 

the identified fabrics, see Table 3-6. The fabrics with ID #9 and # 43 were selected for empirical SSA determination 

using the BET technique. 
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Figure 4-20: Cadmium capture capacity of several PP nonwoven fabrics as a function of their specific surface areas 

(SSA). For the highest and lowest performing fabrics (in red), the SSA was determined by BET (see Figure 4-19), 

while for the others, it was estimated by analyzing SEM images. 

 

4.4.10 Filtration Stack Flow Testing 

The objective of these studies was to test the performance of our filtration system under 

real flow conditions in a configuration similar to what would be used in a typical inline filtration 

column. The performance figure of merit in these tests is the breakthrough time defined as when 

10% of the heavy metal begins to escape the filtration stack. (This value can be converted to a 

capacity, but it is by definition always lower than that achieved in static testing in which the 

material is allowed to reach saturation). Another critical performance metric is the concentration 

of the contaminant metal in the effluent before the breakthrough, which should be as low as 

possible, as environmental regulations set drinking water quality standards with ppb level amounts. 
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Additionally, we investigated the effect of column packing on the performance consistency under 

controlled conditions. 

4.4.11 Column Packing Evaluation 

Before running actual tests, it was important to ensure that the columns were adequately 

packed and had acceptable flow characteristics. A series of pulse tests were performed to measure 

the asymmetry of the peak as it went through the column. Typically, acetone is used to test the 

packing of resin-based systems, but in these experiments, solutions of cadmium acetate (1000 

ppm) or calcium chloride (1000 ppm) were used. The built-in differential refractive index (DRI) 

system in the chromatography system was used to observe the elution of the injected salt. Figure 

4-21 shows a representative example of these results. Critically, the time delays found are less than 

the minimum breakthrough times seen further in this chapter, which excludes the possibility that 

this is a measurement error. The peak asymmetry, defined as the ratio in the distance from the 

midpoint to the curve as measured at 10% of the peak height, is 1.90. A peak asymmetry of 0.8-

1.5 is considered acceptable, with low values indicating over-packing and high values indicating 

under-packing. Under-packing is not surprising for the tested system of micron size fibers with 

low basis weight. But it makes it more challenging to elucidate the exact kinetics of adsorption, as 

there would be a deviation from the ideal behavior of a plug flow system. Experiments with 

cadmium pulses were conducted with unmodified PP nonwovens. These confirmed that the coating 

did not alter the flow properties and demonstrated the method validity for the subsequent dynamic 

binding experiments. Tests with calcium chloride were performed on active PP-POMA-CA filters 

before the dynamic binding of cadmium. This shows that the capture of heavy metals is selective, 

and common ions such as Ca2+ do not interfere during sequential tests (compared with the 

previously discussed sequential metal capture tests and those in saline solution). 
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Figure 4-21: Differential refractive index data taken from an example pulse test on a filter stack before use in a metal 

capture experiment. The injection is 100 ɛL CaCl2 solution with a concentration of 1000 ppm. The peak asymmetry, 

in this case, was 1.90. 

 

4.4.12 Effect of Residence Time 

One of the first variables tested in the dynamic binding experiments was flow rate. Table 

4-4 gives the conditions under which these tests were run. The results are provided in Figure 4-22. 

The left and right panels show experiments with half the stack thickness in the center panel. The 

residence times in this experiment were 41.5 and 20.7 seconds, respectively.; The breakthrough 

times more than doubled by halving the flowrate with constant filter stack size (compare the left 

and right panels). The superficial velocities were 0.32 and 0.64 cm/s, respectively. This indicates 

that changing the residence time can substantially impact filter performance. If the capture kinetics 

occurred on a much shorter timescale than the flow residence time of the stack, the breakthrough 

capacity would be the same at all flow rates. If the kinetics were much slower, no breakthrough 
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would occur as a significant amount of the metal would always pass through. However, 

experimental results showing the dependence of breakthrough capacity on the flow rate indicate 

that the transport and kinetic timescales are similar in magnitude. The issue of residence time 

distribution could also have an outsize effect, and there is undoubtedly some distribution based on 

the pulse tests. 
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Figure 4-22: Dynamic binding test for several filter configurations. Note that the feed concentration of cadmium was 

35 ppm, which would be very high even for industrial applications. For this reason, breakthrough times are short. For 

the thicker filter stack (center in green), samples were collected over a longer time. 

 

 

 

 

 



118 

Table 4-4: Dynamic breakthrough capacities for PP-POMA-CA nonwoven fabrics for different 

column flow rates. 

Flowrate

(mL/min)

Initial

Concentration

(ppm)

Layers

Residence

Time

(sec)

Velocity

(cm/s)

Breakthrough

Time

(min)

Breakthrough

Capacity

(µg metal/g fiber)

0.5 35 20 20.7 0.64 5 2805.4

0.5 35 40 41.5 0.64 8.1 2272.4

0.25 35 20 41.5 0.32 13 3647.1 

4.4.13 Filter Stack Sizing 

Another variable is the size of the filter, specifically, the number of layers in the filter stack. 

As seen in the above data, doubling the filter size results in an increase in breakthrough time, but 

this is not proportional due to the effects of the kinetics. Table 4-4 gives the calculated cadmium 

capacities at breakthrough and other data, where it can be seen that the changes in breakthrough 

time do not necessarily indicate better filter performance. The capacities at breakthrough are 

similar to those seen in static tests.  

Longer timed dynamic binding tests were performed at a lower 2 ppm concentration to test 

the scaling of the filter performance under more realistic conditions. The results can be seen in 

Figure A4-3. These tests also show that filter performance increases with size, but this does not 

follow a strictly linear relationship. This test also allowed for a study of the effect of concentration. 

As expected, lower concentration results in longer residence time, but there is no direct 

proportionality. These tests also revealed that the concentration of cadmium that passes through 

the filter before breakthrough occurs, while not zero, is low. Typical values corresponded with 

>99% removal of cadmium and were in many cases in the ppb range, which is very close to the 

regulatory threshold of 5 ppb. This indicates that even a relatively thin filter system could render 

highly contaminated water drinkable. A larger filter stack/longer residence time would also 

decrease the concentration of metal passing through, but this was not studied systematically. 
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4.4.14 Diffusion of Metal Ions into Polymer Coatings 

 Although measuring the fabric weight change is somewhat difficult due to the low weight 

and high surface area, the fabrics would gain roughly 0.5-1% of their mass during the POMA 

deposition process. It implies that the capture capacity of the material, commonly expressed in 

terms of the total weight of the material, understates the loading of the material by order of 

magnitude. The system uses nonwoven material as low-cost support, while the metal capturing 

capacity is from the thin POMA-CA layer. (One would not expect substantial physisorption to the 

unmodified fabric.) The specific surface area (SSA) is only ~1 m2/g, two orders of magnitude 

smaller than activated carbon. It is more sensible to express the capture capacity in terms of the 

active copolymer. The weight expected from a single atomic layer of cadmium is on a similar scale 

which suggests that either the system achieves full surface coverage of cadmium atoms (which is 

implausible) or that some of the cadmium is transported into the polymer layer.  

The possibility that the entire coating volume (or at least a portion of it near the surface) is 

available to capture the metals is an effective avenue for improving capture capacity. It also 

provided the impetus to understand how the amine functionalization could affect the swelling 

behavior of the coating and allow for enhanced diffusion of metal ions into the polymer. Thus, 

beginning with flat film studies of morphology and chemistry, then proceeding to fabric coating 

and characterization, and finally reaching the application of metal capture testing under static and 

flow conditions, the project came full circle by returning to study metal transport in thin films. 

 Tests were carried out by treating a silicon wafer with APTES according to the established 

procedure. Because of the interest in metal penetration into the layer, thicker films of polymer 

were needed: POMA was spun cast to a thickness of approximately 750 nm (of the final, amidated 

material) as opposed to the more typical procedure that produces films of ~120 nm. These films 

were amidated and imidized with cysteamine according to the standard procedure. They were then 
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immersed in a cadmium acetate solution at various concentrations for set periods and rinsed when 

removed to prevent any physically adhered material on the surface from distorting the 

measurement.  

To measure the cadmium content as a function of depth, ToF-SIMS was used. Depth 

profiles were collected using the instrument in dual-beam mode, with a cesium source for 

sputtering and a bismuth liquid metal ion gun (LMIG). Unlike other ToF-SIMS experiments in 

which surface scans mapped the distribution of different chemical species (such as the CdS- ion 

characteristic of bound metal), the degradation caused by the sputtering beam means only the 

elemental composition could be measured. The ions of interest were silicon (detected when the 

sputtering reached the silicon substrate), and Cd- and CdS2- fragments indicating the captured 

metal.  

Figure 4-23 shows raw data for several ion species detected as a function of sputtering 

time.  It was consistently found that CdS2- ions were more abundant than Cd-. This species was 

used as an indicator of cadmium content. The raw counts in ToF-SIMS are not directly proportional 

to the actual abundance of the species. Furthermore, fragmentation may result in observed ions 

that are not present as such in the material being examined. Yet qualitative comparisons in a single 

sample or among similar samples can be made. The excess of CdS- does not necessarily imply that 

all cadmium is chemically bound, nor does the presence of Cd- mean that some of the cadmium is 

not bound to the thiol residues. Nevertheless, the substantial amount of CdS- present is evidence 

that the chemistry is working as intended. 
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Figure 4-23: Raw ToF-SIMS data for a POMA-cysteamine film immersed in 80 ppm Cadmium solution for 5 days. 

The various anions are indicative of: POMA (C5 and C6), imide groups (CNO), cysteamine residues (S and HS), and 

chemical binding to cadmium (CdS- and CdS2-). The silicon anion appears when the sputtering has gone through the 

polymer film and reached the silicon wafer substrateðthis allows one to determine the etching rate. 

 

Sputtering degrades the material during the test, so one must be cautious in making claims 

about the material's chemical structure. Only elemental information is accurately preserved when 

using this particular type of ToF-SIMS. 

It is impossible to know the exact rate at which the sputtering etches away the surface a 

priori . Still, the thickness of the films had been previously measured using variable angle 

spectroscopic ellipsometry (VASE). The underlying layer was reached when silicon ions were 

detected above the noise level (~ 100 counts). This knowledge could be used to deduce the 

sputtering rate (assuming the rate is uniform, which is reasonable for a polymer film). There does 
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appear to be some cadmium near the surface of the control samples (not exposed to cadmium 

solutions); this is due to increased noise at the surface.  

In all experiments, the readings taken from the top few nanometers (corresponding to the 

first few intervals of sputtering) were anomalous. One common practice to eliminate this issue is 

to add a sacrificial layer on top of the analyzed material, but no such coating was applied to these 

samples. As a result, many tests show a significant deviation in cadmium content, followed by a 

return to the established trendðpresumably the actual level throughout the material. Subsequent 

work could benefit from using a sacrificial layer to remove these data artifacts, but it is not 

necessary to see the overall behavior. Another additional experiment would be to use ion 

implantation into a POMA-cysteamine film to allow for quantitative estimation of the metal 

content; this could be done with cadmium or other metals.  

Figure 4-24 shows the results for films of various known thicknesses. Of note is that all of 

the films have cadmium levels that fall along a similar curve, which implies that there is no ñedgeò 

effect of the lower boundary.  Importantly, it indicates that a thicker film will adsorb more metal 

in total. But given the decreasing cadmium concentration as a function of depth, one would not 

expect this effect to be large. Most of the capture occurs in the top few 100s nanometers (at the 

tested concentration and time scale).  
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Figure 4-24: ToF-SIMS depth profiles of three POMA-cysteamine films with different thicknesses. 

 

4.4.15 Coating Thickness Effects 

Following this experiment, it was desirable to test thicker films to study system behavior. 

Based on the observed mass increase of the fiber mats during the coating process and the known 

specific surface area, the average thickness of the polymer layer is estimated to be on the order of 

100 nm in thickness.  Thus, the diffusion into the layers observed in these experiments would result 

in substantial cadmium capture throughout the coating. The next set of experiments was designed 

to measure the time dependence of cadmium capture throughout the film. Samplesðall made to 

the same specificationðwere immersed in cadmium solutions for various lengths of time, with the 

shortest exposure being 1 hour. The data are presented in Figure 4-25. Although the curves overlap 

to some extent, it is evident that more exposure leads to greater capture. We analyzed the data 

using Fickôs laws, but the data did not fit well. This indicates that the process by which the metal 

binds is not simple diffusion. This behavior can be understood as a consequence of the swelling 

behavior of the film, which has been observed to be slow in cases where the material is more 
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hydrophobic. These observations are of the total swelling, which gives an average swelling ratio 

for the film, but the polymer nearer to the surface presumably begins to swell first. This behavior 

can give rise to nonlinearities in the diffusion of ions into the film. In the sample exposed for the 

longest time (5 days), the amount of cadmium detected in the film interior does not decay to zero, 

as one would expect if it were decreasing so rapidly in the initial nanometers of the coating.  
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Figure 4-25: Cadmium capture in films as a function of time; The initial data points should be ignored as not 

representative because no sacrificial layer was deposited. 

 

These tests afforded a valuable opportunity to confirm the completeness of the amidation 

reaction throughout the depth of the samples. Another way to interpret the data is to look at the 

ratios of ions which shows the relative abundance of different functional groups and how the 

chemistry changes as a function of depth in the sample. One such analysis is the ratio of SH- 
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(characteristic of thiol) to CNO- (characteristic of amide) as shown in Figure 4-26, which 

corresponds to film exclusively reacted with cysteamine in Figure 4-27.  
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Figure 4-26: Ratio of thiol (HS-) to imide (CNO-) characteristic fragments in POMA-cysteamine film (shown in 

black). The red and blue lines correspond to the ratio of SH- and CNO- to a characteristic ion from the base polymer 

(C6
-), respectively. The sample used was one of the thicker films exposed to a 2 ppm cadmium solution for 5 days.  

 

As seen in this example (and across many other experiments), the variability in HS- to C6
- 

and CNO- to C6
- ratios is higher than that for single species. There is no explanation for the unusual 

trend of a maximum reached far away from the surface, nor is the fact that the system chemistry 

should fix the ratio between the two species. This discrepancy may also be addressed by using a 

sacrificial layer to eliminate edge effects seen in the initial portion of the sputtering treatment. 

4.4.16 Capacity Enhancement by Hydrophilic Modification 

As a follow-up on the previously described effect of mixed amines on swelling ratios, 

several films were prepared by immersion in aqueous solutions of cysteamine hydrochloride and 
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ethanolamine. Under the assumption that the reactivity of small primary amines is equal, the 

concentrations varied to give a range of thiol- and hydroxyl-containing polymer films. These films 

were then tested in the manner described in this section and depth profiled for cadmium content. 

As seen in Figure 4-27, the results of this test show that films with intermediate levels of each 

amine have higher capture capacity than those made solely with cysteamine. 
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Figure 4-27: Cadmium capture as a function of sample depth and relative amounts of cysteamine and ethanolamine. 

Time and concentration held constant. Samples were immersed in a 2 ppm solution of cadmium for 17 hours. 

 

This is a surprising finding given that the hydroxyl groups imparted by the ethanolamine 

have no activity in binding the metal. However, it had been previously shown that ethanolamine-

modified fabrics and films take up water more readily. One can surmise that the improved 

penetration of cadmium into the film is due to more significant swelling in water. 
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4.5 Conclusions 

The first step in proving the usefulness of the system created in Chapter 3 was to 

demonstrate that the functional textiles could capture heavy metals under idealized laboratory 

conditions. To that end, the first portion of this chapter covers tests performed as static immersions 

of the fabric and used metal concentrations in the 50 ppm rangeðfar higher than a typical 

contaminated groundwater supply. These tests showed for the first time that the coated nonwovens 

could chemically bind silver and cadmium. 

The theory of using thiols to capture metals implies that the cysteamine residue should 

react with many candidate toxins. The differences in activity were not clear, so several 

combinations of metals were tested, both in series and simultaneously. In the former case, it was 

shown that another metal would not displace one captured metal. Differences in activity do not 

lead to substitutions, as seen in physical adsorption or more labile chelation. Testing showed that 

multivalent metals such as cadmium and especially mercury would reduce the effectiveness of the 

material with respect to others, though paradoxically, cadmium seemed to enhance mercury 

capture. With silver, capture capacities of up to 6.7 mg/g were seen. Specificity for the target 

compounds was demonstrated by using high ionic strength artificial seawater, which saw no 

decrease in efficacy. As the capture takes place on the surface, the expected importance of the 

specific surface area and ensuring adequate wetting of the fibers was also proven.  

The last step was to demonstrate the system under flow conditions. Two types were used: 

a Carberry rotating bed reactor and a column packed with the functional fabric. The stability of 

the coating was monitored by IR spectroscopy, which revealed that the modified POMA would 

remain on the surface after flow experiments. In the second type of experiment, filter stacks were 

assembled and tested against cadmium at various concentrations to create a breakthrough curve, 

showing the duration for which >90% of the heavy metal was removed. Indeed, during this time, 
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the effluent metal concentration would only be a few ppb, acceptable for regulatory purposes. 

Breakthrough capacities of about 3.5 mg/g were seen in cadmium tests, comparable to static testing 

and the rotating bed.  

When these figures are interpreted in light of the low mass of the active polymer compared 

to the nonwoven fabric, they support the idea that the entire thickness of the coating could 

participate, not just the surface layer. This was confirmed by using ToF-SIMS depth profiling of 

thick POMA-cysteamine films, which would have substantial amounts of cadmium even 300 nm 

into a thick film, though diffusion does seem to limit it somewhat. 

 Chapter 3 covered the means of creating maleic anhydride coatings with pendant thiols 

and detailed the means of characterizing these materials on both flat film substrates and nonwoven 

textiles. This is the fundamental science of the system. This chapter moved into the realm of 

applications and brought the promise of easy modification of chemically inert polymer surfaces to 

fruition and accomplishes the goal of the overall project: the creation of a filtration system capable 

of removing toxic heavy metals from an aqueous stream.  
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Chapter 5: Functional Gel Coatings Containing Hydroxamic Acid Degrade 

Organophosphates in Aqueous Solutions1 

  

 
 

 

1 Zboray, S., Efimenko, K., Jones, J. L., & Genzer, J. Functional Gels Containing Hydroxamic 

Acid Degrade Organophosphates in Aqueous Solutions. Industrial & Engineering Chemistry 

Research, 60(24), 8799ī8811 (2021).  
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5.1 Abstract 

We synthesized poly(maleic anhydride-co-methyl vinyl ether) (PMAMVE) gels and 

functionalized them to form hydroxamic acid functional groups.  We evaluated the performance 

of the gels in decomposing dimethyl nitrophenyl phosphate (DMNP). We monitored 

organophosphate degradation kinetics as a function of gel chemical composition, crosslinking 

density, solution pH, and applied Thiele modulus analysis to determine the importance of transport 

phenomena related to particulate gel size. Decomposition of DMNP in the maleic anhydride gels 

followed pseudo-first-order kinetics for all studied conditions. The performance was influenced 

by the spatial confinement of the hydroxamic acid groups inside the gel. The gels made of 

PMAMVE copolymers modified with hydroxamic acid offer a robust new system with high 

degradation efficiency, scalability, and preparation simplicity. 
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5.2 Introduction  

Organophosphates are an important class of commercial chemicals due to their application in the 

agricultural sector as active pesticide agents. The positive impact of pesticides on increased 

harvests leads to massive agricultural overuse, particularly in the developing world. However, 

contamination of the groundwater by pesticides has led to significant health risks to the human 

population [221]. The non-specific action of these compounds on living organisms constitutes a 

substantial threat to society because of their potential use as warfare agents [222]. Aside from their 

immediate lethality, organophosphates can also have more subtle health effects, particularly on 

children, even in trace amounts [223, 224]. The organophosphate compounds degrade in soil and 

groundwater over time, but the decomposition reaction rates are low [225]. For this reason, 

effective means of removing these compounds from the environment using engineered 

decontamination chemistries are needed. 

The chemical basis for the high activity of these compounds in living organisms derives 

from the fact that a "good" leaving group on the phosphate is conducive to a reaction with the 

serine residues of acetylcholinesterase enzymes in nerve synapses [226]. The enzyme inhibition 

allows accumulation of the neurotransmitter acetylcholine, which eventually leads to paralysis and 

death, making these compounds effective poisons [227]. The restoration of full enzymatic activity 

is difficult due to the variability of chemical structures associated with various organophosphate 

substituents and the lack of one universal antidote for a broad range of toxicities [228, 229, 230]. 

The first effective treatment for organophosphate poisoning was accomplished by applying 

oximes, with pralidoxime being the most commonly used and studied antidote [231, 232]. Another 

prominent oxime-based class of compounds capable of this action is the pyridinium-based 

conjugated oximes capable of overcoming the first-pass effects in the human body and restoring 

enzymatic activity by targeting the negatively charged cleft of acetylcholinesterase [233, 234]. In 
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addition to oxime-based antidotes, hydroxamate anions have shown high capacity and selectivity 

in organophosphate decomposition [235, 236, 237, 238, 239]. Of particular relevance to this work 

is identifying n-hydroxy succinimide and its hydroxamic acid form as an active degradation 

catalyst. 

Aside from small-molecule nucleophiles, which are ideal for use in vivo, several 

biologically derived large molecules have also been studied as antidotes. Proteins play an essential 

role as agents for organophosphates degradation due to their high efficacy and selectivity [240, 

241, 242]. Cyclodextrins with hydroxamate end-groups also decompose organophosphates [243]. 

Another possibility is the in vivo use of biological catalysts to provide a form of prophylactic 

protection, which is accomplished by PEGylation of scavenger enzymes [244, 245]. It is 

conceptually similar to using a hydrogel containing catalytic sites as described in this work. The 

culmination of biotechnology approaches is the use of genetic engineering to create organisms 

immune to the effects of organophosphate toxins, as has been achieved using directed evolution 

[246].  

A feasible approach to reduce or eliminate organophosphates' negative impact on human 

life is to create specific water filtration systems capable of removing toxins from drinkable sources. 

Supported catalysts and synthetic macromolecules have gained significant interest because of their 

potential application for large-scale decontamination. Dendrimers that bear a terminal oxime group 

at each branch were suggested as a possible replacement for the biomolecule-based approach 

[247]. One needs to consider the financial burden when designing the inline filtration systems, and 

the alternative low-cost approach is based on the utilization of readily available bentonite sorbent 

[248, 249]. Another example involves the application of conventional linear polyacrylamide 

modified to bear the amidoxime group. Using this system, the degradation half-lives of chemical 



133 

warfare agents range from 5 minutes to several hours [250]. Small molecule pyridinium antidotes 

prove effective when introduced as a part of hydrogel-bound systems. They can effectively 

hydrolyze various organophosphates as well as mustard gas agents [251]. In recent years, metal-

organic frameworks (MOFs) have garnered much interest as catalysts for various reactions. 

Several studies have shown that these compounds can rapidly degrade organophosphates [252, 

253]. Nonwoven fabrics also gained considerable attention due to a high surface area and low cost 

[254]. 

We describe an alternative platform that utilizes maleic anhydride copolymers as a new 

family of organic supports for organophosphate catalytic degradation. The diversity of functional 

groups that can be chemically employed to modify maleic anhydride in combination with 

alternating backbone motifs allows for the formation of diverse catalytic degradation systems [255, 

256]. These structures are also widely studied as the materials for drug delivery systems in which 

the anhydride moiety undergoes a hydrolysis reaction in a controlled manner [257]. We modify 

chemically poly(maleic anhydride-co-methyl vinyl ether) copolymers with hydroxylamine to 

obtain hydroxamic acids, which are active in degrading organophosphates [258].  The moiety also 

has other applications, such as in the biochemistry of metals [259]. Self-supporting gels made of 

such polymers give these systems a unique ability of direct contact with the contaminated stream 

to produce a purified effluent while still maintaining structural integrity (cf. Figure 5-1a). This 

also avoids the drawbacks of a heterogeneous system, which has also been studied [260]. This 

approach minimizes the risk of losing material over time, as would occur if a small-molecule 

hydroxamic acid, oxime, or another nucleophile, were used. An additional attractive aspect of 

maleic anhydride alternating copolymers is their full commercial availability and minimal cost. 
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Figure 5-1: a) Aqueous solution containing organophosphate (i.e., dimethyl nitrophenyl phosphate, DMNP) enters a 

swollen gel and reacts with the hydroxamic acid residues in the gel (red). The degradation products (i.e., 4-nitrophenol 

and dimethyl phosphate) diffuse out and can be evaluated. Blue lines represent diamine crosslinks. b) Reaction scheme 

to make the poly(maleic anhydride-co-methyl vinyl ether)-hydroxamic acid (PMAMVE-HA) gel. The first step 

involves crosslinking PMAMVE with ethylenediamine on a fraction of the maleic anhydride reactive groups. A 

complete conversion of remaining anhydride groups into the hydroxamic acid follows. The crosslinks can coexist in 

c) "open" or "closed" forms. The hydroxamic acid residues coexist as d) hydroxamic acid or hydroxyimide. 

 

Though hydroxamic acids are highly active in degrading organophosphates, it has been 

established that they are consumed in the process in small molecule experiments [261], as well as 

more complex systems [262, 263]. The intermediate can undergo Lossen rearrangement to an 

isocyanate, which is rapidly consumed in subsequent reactions and permanently inactivated [264]. 
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Literature on the mechanism of organophosphate reactions with oximes suggests that pH can 

influence the pathway, with the regeneration of the oxime being favored in more basic conditions. 

So, this chemistry may be the basis for future work on a catalytic system [52].  Similar results were 

also seen for hydroxamic acids, but it was noted that the overall mechanism might not be catalytic 

[265].  

5.3 Experimental Materials and Methods 

5.3.1 Materials and Chemicals 

Sodium carbonate, sodium phosphate, sodium hydrogen phosphate, hydroxylamine 

hydrochloride, ethylenediamine, trimethylamine, triethylamine (Et3N), tetrahydrofuran, dimethyl 

sulfoxide (DMSO), 4-nitrophenol (4-NP), and poly(maleic anhydride-co-methyl vinyl ether) 

(PMAMVE, Mw ~218 kDa, [266]) were purchased from Sigma-Aldrich. Sodium chloride, water 

(HPLC grade), and dimethyl nitrophenyl phosphate (DMNP) were purchased from Fischer 

Scientific. N-ethyl morpholine (NEM) was purchased from Fluka Chemicals. All chemicals were 

used as received. 

5.3.2 Preparation of Gel Substrates 

Figure 5-1b depicts the reaction steps leading to the formation of functional poly(maleic 

anhydride-co-methyl vinyl ether)-hydroxamic acid (PMAMVE-HA) gels. The first step is the 

reaction of PMAMVE with ethylene diamine that leads to the fabrication of a crosslinked gel 

network (cf. Figure 5-1b). In a typical experiment (500.0 mg, 3.20 mmol), PMAMVE was 

dissolved in 5.0 ml of DMSO. The polymer dissolution was slow and required vigorous 

mechanical agitation or sonication for at least 10 minutes. Separately, 16.86 mL (0.252 mmol, 

0.156 equivalents) of ethylenediamine was dissolved in 5.0 mL of DMSO and added to the 

polymer solution under continuous agitation. The solutions were sonicated briefly while the 

crosslinking reaction took place to prevent bubbles from being trapped in the gel. The mixture 

would quickly become noticeably viscous and form a gel within 2 minutes. The reaction extent 
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can be monitored visually, as the solution color changes from a pale orange to a vivid pink. This 

color change occurs due to solvatochromism caused by the polymer self, a phenomenon that has 

been reported for maleic anhydride copolymers [267].  

The second step involves the PMAMVE gel functionalization with hydroxylamine (in 

DMSO) (cf. Figure 5-1b). This process converts the unreacted anhydride groups in PMAMVE 

into the hydroxamic acid (HA), producing PMAMVE-HA gels. We directly added the excess of 

2.2 equivalents of hydroxylamine hydrochloride (relative to the original anhydride concentration 

in the unmodified polymer) to the network swollen in DMSO to ensure the complete anhydride 

conversion. A slight excess of Et3N (relative to hydroxylamine, 2.3 equivalents) was added to form 

free hydroxylamine in situ. As-made gels exhibited a slow hydroxylamine diffusion, which made 

the functionalization reaction very slow. The gels were broken up into smaller pieces (~0.1- 2.0 

mm) to increase the functionalization efficiency. The reaction progress can be visually monitored 

as it produces a noticeable color change from a bright pink color before the reaction to a colorless 

final product.  

Once the reaction was completed, the hydroxamic acid gel was precipitated into chloroform 

under agitation, which further reduced the particulate gel size. The mixture was then filtered, 

washed several times with chloroform and methanol to remove excess reactants, and dried to yield 

a fine white powder. Smaller particle sizes were prepared by grinding the powder with a mortar 

and pestle for set time intervals. The chloroform wash is a critical step that allows the removal of 

triethylammonium hydrochloride, which is only slightly soluble in DMSO and fully soluble in 

chloroform. The complete removal of the salt was verified using FTIR. An alternative method for 

producing the dry gel involved exchanging the DMSO with water, air-drying the wet gel, followed 

by vacuum drying to ensure that all water was removed. This procedure produces dry gel flakes 
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which were used as large radius particles in the studies on diffusion. Due to the hydroxamic acid's 

hydrophilic nature, the gel can retain some water and polar solvents. 

5.3.3 The Mechanical Properties of Gel Substrates 

The mechanical properties of the PMAMVE-HA gels were tested using oscillatory shear 

rheometry upon complete DMSO swelling using a Discover HR-3 rheometer (TA Instruments). 

We used textured plates to prevent gel slippage during the rheology experiments. All experiments 

were performed at 2.5% shear, which was confirmed to lie in the linear viscoelastic regime for all 

tested samples. Most of the tested samples were mechanically very soft, with the elastic modulus 

within the range of 1-10 kPa. The observed crosslinked density of PMAMAVE was significantly 

lower than the theoretical prediction. The gel's low mechanical integrity indicates that 

intramolecular crosslinks form predominantly over intermolecular ones during the gelation, 

leading to the reduced number of interconnected macromolecules. This phenomenon has been 

well-studied in the context of microgel synthesis [268, 269]. Whenever many defects (such as 

intramolecular reactions) in the gel occur, the crosslinking agent's efficiency is low [270]. More 

concentrated polymer solutions in DMSO (75 and 100 mg/mL) produced gels with noticeably 

higher stiffness (vide infra) to test this hypothesis. We also examined the effect of crosslinker 

concentration by creating gels with variable amounts of the added diamine (from 0.05 eq. to 0.2 

eq.).  

5.3.4 Chemical Characterization of Gel Substrates 

Chemical compositions of all samples were assessed using Fourier-transform infrared 

(FTIR) spectroscopy using Nicolet 6700 between 600-4000 cm-1 with 4 cm-1 resolution using a 

DTGS detector (128 scans total for each sample). Polymer samples were prepared in the form of 

the KBr pellets and evaluated either in the transmission mode or in attenuated total reflectance 

(ATR) mode using a germanium crystal.  
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5.3.5 Organophosphate Degradation Kinetics Studies 

We adapted the organophosphate degradation testing procedure from the literature [271]. 

Kinetic measurements of DMNP degradation were recorded using a UV/Vis Thermo Evolution 

300 spectrometer. The UV/Vis spectra were collected between 200 and 700 nm with the step of 

2.0 nm at room conditions with the buffer solution as a blank. In a typical experiment, 10 mg of 

the dry polymer was swollen in the aqueous buffer solution (1 ml) to allow for a quick solution 

equilibration. After the addition of DMNP (0.31 mmol, 104 µM, 0.012 eq.), reaction kinetics were 

monitored by UV-VIS at 1, 5, 10, 20, 30, 60, 120, 180, and 240 minutes. All experiments were 

conducted at room temperature in NEM buffer at pH 10.29 (except where otherwise noted) to 

ensure that 4-nitrophenol, the degradation reaction product, existed in the deprotonated state, 

which exhibits strong absorbance at 400 nm. Furthermore, it has been understood that the 

hydroxamate ion is most active in reacting with organophosphates [261]. The typical pKa of the 

hydroxamic acid group is around 9, so a higher pH promotes the degradation reaction. 

5.4 Results and Discussion 

5.4.1 Gel Characterization 

We monitored the chemical transformations of PMAMVE free polymers, leading to the 

formation of gel using FTIR. Representative spectra for intermediate and final products, 

normalized to the methyl vinyl ether peak at 1225 cm-1, are plotted in Figure 5-2. We monitored 

the chemical changes associated with carbonyl stretches between 1500 and 2000 cm-1 at all stages 

of the gel synthesis. This region also includes the principal hydroxamic acid stretches [272]. 

The parent PMAMVE exhibits two strong bands (1780 and 1860 cm-1) associated with the 

anhydride functional group, as seen in Figure 5-2a. The bulk polymer might undergo slow 

hydrolysis when exposed to air at room temperature conditions - anhydride groups are converted 

into the diacid form, which exhibits much lower reactivity toward an amine modification. The 

diacid functionality presents itself as a small shoulder on the principal anhydride peak at 1720 
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cm-1. The reaction with the diamine crosslinking agent partially consumes the anhydride groups 

and forms an amide and acid, which might undergo subsequent dehydration to form the imide 

("close" form) (cf. Figure 5-2e). Upon adding hydroxylamine to the crosslinked gel, the remaining 

anhydride moieties were converted into gel-bound hydroxamic acid, as evident from the nearly 

complete disappearance of anhydride peaks at 1780 and 1860 cm-1 (cf. Figure 5-2f).  Further 

reaction to form the hydroxyimide (cf. Figure 5-1d) results in two peaks located at 1780 and 1700 

cm-1. Hydroxamic acid has a significantly higher reactivity toward organophosphate degradation 

than hydroxyimide (cf. Figure 5-1d) [258]. The undesirable chemical transformation of 

hydroxamic acid into hydroxyimide proceeds to some extent at room temperature but can be 

accelerated by heating the gel above 130°C (cf. Figure 5-2g). Literature suggests that high pH 

conditions can drive the equilibrium to favor the open form, which is another reason why basic 

conditions benefit reactivity [273]. 

We have performed heating studies on free polymer modified with hydroxylamine to 

determine the system's overall stability. Upon hydroxylamine addition to PMAMVE (soluble 

polymer with no crosslinkers added), we observe the coexistence of the hydroxamic acid and the 

imide. The hydroxamic acid itself presents with amide peaks located at 1640 cm-1 (visible only as 

a shoulder on the imide peak) and 1550 cm-1 (cf. Figure 5-2b). These peaks are also found in the 

gel but are not as prominent, indicating that the gel has lower hydroxyimide content. Under heating 

(>130°C), hydroxamic acids could be nearly fully converted into the hydroxyimide form as evident 

from increased absorbance at 1700 cm-1 corresponding to the imide form (cf. Figure 5-2b and 

Figure 5-2c). Similar transformations were noted in the gel samples (cf. Figure 5-2g). The 

corresponding spectra show the complete disappearance of the amide peak (visible only as a small 

shoulder on the imide peak) and a slight increase in the imide absorbance intensity. Detailed 
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analysis of the IR vibrations (cf. Figure 5-2f and Figure 5-2g) reveals that ~15% of the groups are 

present in the form of hydroxamic acid. The conversion of the hydroxamic acid to hydroxyimide 

is undesirable because it lowers the organophosphate catalytic activity substantially. This effect is 

even more evident in gels. Nevertheless, the amounts of hydroxamic acid (as opposed to 

hydroxyimide) present in the dry material may not be determinative in its catalytic activity. At 

basic conditions, the imidized polymer gel may revert to the more reactive hydroxamic acid [273]. 

The effect of pH was also tested on the imidized uncrosslinked PMAMVE gels polymer, 

as shown in the comparison in Figure 5-2c and Figure 5-2d. The polymer was dissolved in a 

solution of concentrated sodium hydroxide (0.1 M) and then dried. This process did not 

appreciably alter the distribution of functional groups in the polymer. Base treatment of the gel 

using sodium hydroxide in methanol has a negligible effect on the chemical composition, possibly 

due to poor solubility or the transport limitations of reaction in the gel compared to the soluble 

polymer. Conversely, acidic conditions will lead to the group's hydrolysis, leaving only a 

dicarboxylate resulting from low pH environments, leading to permanent loss of gel activity [274]. 
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Figure 5-2: FTIR spectra of PMAMVE, PMAMVE gels, and PMAMVE-HA gels under various processing and 

environmental conditions. Please refer to the text for details. The spectra have been normalized to the methyl vinyl 

ether peak (1225 cm-1) in methyl ester, which remains constant during all modification steps. The principal vibrations 

for monitoring the chemical changes are at 1860 and 1780 cm-1, which correspond to the anhydride (the latter overlaps 

with the minor peak of the imide), 1700 cm-1, which is the principal imide peak (which also overlaps with the diacid) 

and 1660 cm-1 which is the principal amide peak.   

 

5.4.2 Organophosphate Degradation Kinetics Measurements 

We adopted the procedure for testing organophosphate degradation kinetics from work by 

Mondloch [271]. Representative examples of UV/Vis spectra taken throughout a test run are 

shown in Figure 5-3. The data indicate that the concentration of DMNP gradually decreases upon 

its addition to the functional gel as visible from the continuous absorbance peak reduction at 275 

nm. Simultaneously, the peak associated with the degradation reaction product, 4-nitrophenol (4-

NP) (400 nm), rises, indicating an increase in 4-NP concentration. UV/Vis measurements can 
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monitor both the product and the reactant concentrations. The data analysis was performed 

exclusively for 4-NP, as it is challenging to prepare standard stable organophosphate solutions. 

Standard solutions of 4-NP were prepared and analyzed via UV/Vis to allow for the quantitative 

determination of reaction extent. The 4-NP molar absorptivity was calculated using a linear fitting 

of the standard calibration and was equal to 18.2 mM-1 cm-1, which is in good agreement with the 

published value [275]. This value was used in all calculations to obtain product conversion value 

from the total absorption at 400 nm. 

The degradation kinetics of the DMNP follows the pseudo-first-order behavior under the 

assumption that the hydroxamic acid concentration (proportional to the amount of gel) in each 

experiment remains constant, and it is in large excess relative to the amount of organophosphate 

added. This ensures that even if the sites were effectively reduced by conversion to a less active 

hydroxyimide form, or permanently inactivated by Lossen rearrangement, the relative 

concentration of active groups would not change significantly. One flaw with this assumption is 

that a fraction of the hydroxamic acid groups will exist in the less active hydroxyimide. One can 

safely assume that the concentration of hydroxamic acid residues exceeds the concentration of 

organophosphates significantly.  

The UV/Vis absorption, A, can be represented by the exponential decay using Equation 5-

1. By including the difference in molar absorptivity between DMNP and 4-nitrophenol in the 

constant C0, the functional form of the product appearance is given in Equation 5-2. As mentioned, 

only the product formation measurements follow the dependence described by Equation 5-2. This 

model assumes that the reactant and product concentrations in the liquid buffer surrounding the 

gel are representative of the entire system. A small offset value was used as a modeling parameter 
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to represent the gel's absorptivity, which was not included in the baseline measurement. It can also 

vary during the experiment due to the settling of the particulate.  

 

Figure 5-3: DMNP degradation kinetics at selected times monitored by UV/Vis. Neither the DMNP (270 nm) nor 4-

NP (400 nm) reached the predicted values corresponding to 100% product conversion. Experiments were performed 

in the NEM buffer solution (pH 10.29). 

 

ὃ ὸ ὅὩ          (5-1) 

ὃ ὸ ὃρ Ὡ ὕὪὪίὩὸ       (5-2) 

 

As a control experiment, we studied the degradation of DMNP in the buffer solution to establish 

its stability. In all studies, degradation activity was observed in the NEM buffer alone. This 

behavior is expected since the degradation of the organophosphates can occur in the presence of 

any nucleophile. While the hydroxamic acid group is the principal source, the basic buffer might 

also contribute to the effect. The half-life of DMNP in the buffer alone (at pH 10.29) was calculated 

to be ~11 hours by fitting the data to Equations 5-1 and 5-2. 
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Figure 5-4: DMNP degradation in a) the 0.45 M NEM buffer (pH 10.29) and b) 0.1 M carbonate buffer (pH 10.1) the 

presence of hydroxylamine (in equal concentration to hydroxamic acid residues in the polymer) (red), PMAMVE-HA 

polymer form (blue), and PMAMVE-HA gel (green).  Buffer solution (black) data are added for comparison. 

 

5.4.3 Degradation Performance of Functional Gels  

We performed a study in which we compared the hydroxylamine's degradation capacity 

alone, PMAMVE reacted with hydroxylamine, and hydroxylamine functionalized crosslinked 

PMAMVE gels. We used neat hydroxylamine as a benchmark, allowing for unambiguous 

performance assessment of polymer-bound hydroxamic acid both in the form of free chains and 

the gel. All comparative kinetic studies were performed on an equimolar basis. Following the 

procedure outlined by Mondloch et al., we evaluated the change in concentration of 4-NP as a 

function of the time the DMNP spent in contact with studied systems in NEM buffer. The results 

of these studies are shown in Figure 5-4a. The UV/Vis absorbance is converted into the relative 

product concentration using 4-NP molar absorptivity value obtained from the standard calibration 
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curve. To delineate the NEM buffer's effect on hydroxylamine-based systems' degradation 

performance, we performed DMNP degradation studies in buffer alone. The functionalized gels 

showed the best degradation performance in all experimental studies, with the maximum 

conversion factor ~70%. The performance of free hydroxylamine-modified polymer and free 

hydroxylamine molecules followed the gel degradation kinetics behavior with a small reduction 

in DMNP conversion of 65% and 62%, correspondingly. It is a very unexpected positive finding, 

considering that some of the anhydride functional groups were consumed (~15%) during the gel 

formation and cannot be used in further synthesis of the active hydroxamate groups, which should 

result in worse performance. Close inspection of the experimental degradation curve fits for 

unbound, and gel bound hydroxamic acids show that offset factors are similar to each other (cf. 

Table A5-1). This finding suggests that mass transport does not influence (or limit) the degradation 

reaction.  

Degradation studies were also performed in carbonate buffer to assess the hydroxylamine 

functionalized gel's performance when exposed to hard water, as it might encounter in common 

use. The experiment was performed to determine the hydrogel's effectiveness in a 0.1 M carbonate 

buffer at pH (10.1), similar to the NEM buffer conditions (at pH 10.29) used in other experiments. 

The performance of all tested systems was significantly improved compared to the NEM buffer, 

as shown in  Figure 5-4b. The degradation reaction proceeds at a comparable reaction rate (cf. 

Table A5-2), but the overall DMNP conversion is significantly higher and peaks at ~90% for all 

studied systems. The DMNP decomposition in the buffers proceeds to a different conversion, 

indicating that the degradation media's actual chemical composition plays a critical role in 

regulating the degradation kinetics of the active system beyond the simple adjustment of the pH 

value of the media alone.  
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Figure 5-5: Reaction kinetics as a function of initial organophosphate concentrations, both with gel (solid symbols) 

and in the NEM buffer (open symbols). The kinetics curves all collapse onto a single master curve when they are 

normalized for the input concentration. 

 

To further investigate the reaction kinetics and gain further insights into the mechanism of 

degradation, we adjusted the DMNP concentration (initially at 100 µM) to lower (50 µM) and 

higher (150 µM) values in the stock solution and performed studies in NEM buffer. The results of 

these experiments are shown in Figure 5-5. The DMNP degradation kinetics at different 

concentrations achieved in the buffer solution without polymer/gel are provided as guidelines. The 

results are plotted in the form of normalized absorbance. Scaling of the absorbance values matches 

the organophosphate's initial concentration, and the fitted half-lives are similar (cf. Table A5-3). 

Taken in conjunction with the quality of fit exhibited by the exponential decay function described 

above, these data confirm that the degradation reaction with the gel (and buffer) follows pseudo-

first-order kinetics over a wide range of concentrations, and by extension, loading ratios of 

polymer. 



147 

 

Figure 5-6: Kinetics of DMNP decomposition as a function of pH as measured in several buffer solutions: phosphate 

(pH = 6.5), 0.1 M Carbonate (pH = 9.0) and carbonate (pH =10.1) (open symbols) and in the presence of gel (solid 

symbols) using the same NEM buffers. 

 

5.4.4 Effect of Buffer pH and Concentration on the Degradation Performance of Gels 

The performance of hydroxylamine functionalized gels depends strongly on the buffer 

media chemical composition, in which the experiments are conducted (cf. Figure 5-6). To 

investigate this phenomenon further, we performed a series of tests, in which we changed the 

buffer solution pH. The mechanism of activation requires that the hydroxamic acid exists in its 

deprotonated state. The typical pKa values for commonly used nucleophiles range from pH 6.0 for 

the hydroxyimide to pH 9.0 for the hydroxamic acids used in this study, setting a lower bound on 

the buffer solution pH range.  

The hydroxyl ion itself also has a perceptible ability to hydrolyze the phosphoesters. As a 

result, the higher pH value would lead to more rapid degradation of DMNP by the buffer solutions 
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itself, which could even mask the gel performance. These effects have been thoroughly described 

in previous studies [276]. To investigate the impact of buffer pH on our system, we performed the 

DMNP degradation studies in four buffer solutions at pH 6.5 (phosphate), 7.4 (phosphate), 9.0 

(carbonate), and 10.1 (carbonate). Figure 5-6 plots the results of these studies showing the DMNP 

conversion for different pH buffer solutions. Like previous studies, we observed faster degradation 

kinetics (and higher final conversion) with increasing the pH buffer value. For the buffer solutions 

with a pH value below the pKa, the degradation of DMNP is not observed.  

A similar test performed in phosphate-buffered saline (pH 7.4) resulted in a similar reaction 

inhibition, but this may also be due to the non-catalytic mechanism (Lossen rearrangement), which 

has been observed at this pH [264].  Fitting experimental data to first-order kinetics (cf. Table 

A5-4) shows that the difference in rate constants (k) between the gel and buffer is larger at pH 9.0 

than at pH 10.1. We attribute this change to the relative difference in degradation efficiency of 

modified gel and the buffer solution alone.  

As the system pH value increases, the concentration of free hydroxyl ions ([OH]-) in the 

solution increases. It becomes a dominant factor in catalyzing DMNP degradation compared to 

conversion using the hydroxyimide group in the gel. Nevertheless, the gel DMNP reaction kinetics 

is still slightly higher at pH 10.1, and the overall conversion efficiency for the modified gel reaches 

~96%. Our initial studies (cf. Figure 5-4) indicate that both the pH of the buffer and its chemical 

composition play essential roles in regulating the degradation efficiency in our system. To test this, 

we performed DMNP degradation studies in NEM buffer at different concentrations. Therefore, 

we can attempt to elucidate the effects of the organic buffer composition on degradation reaction 

independently of the hydroxyl ion concentration. We prepared three solutions with similar pH 

values but a different concentration of NEM (0.05M, 0.15, and 0.45M). Figure 5-7a shows the 
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degradation kinetics of DMNP at varying levels of NEM (cf. Table A5-5), while Figure 5-7b 

displays the rate constants. The data show the substantial increase in activity associated with a 

large increase in buffer concentration while the variation of pH is small. This result suggests a 

direct effect of the buffer molecules on degradation processes on studied gel systems. 

 
Figure 5-7: (a) Reaction kinetics as a function of NEM buffer concentration for both PMAMVE-HA gels (solid 

symbols) and NEM buffer solutions (open symbols). (b) The observed rate constant of the fitted first-order kinetics 

plotted a). The buffers have pH 9.83 (0.05 M), 10.06 (0.15 M), and 10.29 (0.45 M). The error bars in b) correspond 

to the uncertainty in fitting k using Equation 5-2. 

 

5.4.5 Effect of the Ionic Strengths on the Degradation Kinetics 

The final experimental parameter to be investigated was the ionic strength in the buffer 

solutions. In the typical experiments using the NEM buffer at pH 10.29, the expected concentration 

of ions in the solution is low, at ~0.2 mM. However, in real conditions, one would need the system 

to handle streams with higher salt concentrations. The first test of such conditions involved adding 
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sodium chloride to the buffers in the amounts of 0.05 and 0.1 M. These experimental results are 

plotted in Figure 5-8 and clearly show that adding salt diminishes the gel effectiveness to a certain 

degree. During the tests, one crucial observation was that the gels did not swell to the same extent 

as in the salt-free case, though the extent was not measured directly. It indicates that the higher 

ionic strength provokes a collapse of the gel.  

 

Figure 5-8: Kinetics and fitted first-order kinetics for NEM buffer (open symbols) and PMAMVE-HA gels (solid 

symbols) as a function of NaCl salt concentration. 

 

Given the demonstrated effect of swelling and mass transport, it comes as no surprise that 

a collapsed hydrogel does not have as much activity. The higher salt concentration does not appear 

to have further decreased the rate constants (cf. Table A5-6).  

It implies that there is a critical concentration of salt beyond which the collapse plateaus. 

But the exact concentration was not determined in this work. Future work could investigate the 
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behavior in the salt of different valencies, or according to the Hofmeister series, which has a known 

effect on hydrogels [277]. 

5.4.6 Evaluation of the Degradation Reaction Kinetics Characteristics 

The amount of modified gel was kept at a constant loading of 10.0 mg in 3 mL of a buffer 

solution (14.8 mM) in all studies. The experiments were designed so that the hydroxamic acid 

groups were in large molar excess, ensuring that the kinetics appears as first-order overall. One 

would expect that the reaction will follow second-order kinetics ï reaction rate dependence on the 

concentration of both reactants). To verify this assumption, we performed studies in which the 

total amount of gel was varied over a range of concentrations (from 1.67 to 6.67 mg/ml). The 

results of these experiments are plotted in Figure 5-9a, where higher loading of gel increases the 

rate of reaction (cf. Table A5-7). Curiously, the final conversion is also slightly higher, as seen in 

other experiments ï the higher degradation rate always seems to result in higher final conversion.  

This observation might be associated with the change in the activity of gel-bound 

hydroxamic acid (e.g., deactivation or unavailability). This outcome is even more apparent when 

fitted reaction rate constants are plotted against the buffer-modified gel concentration (cf. Figure 

5-9b). The linear fit to this curve (in which the organophosphate concentration is constant) 

confirms that the reaction is second-order overall. The nonzero intercept of the fit reflects the 

organophosphate degradation in a buffer medium with no gel, while the slope gives the second-

order rate constant as 4.379 x 10-2 min-1ẗM-1.  
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Figure 5-9: (a) Reaction kinetics of DMNP decomposition as a function of PMAMVE gels loading compared with a 

NEM buffer only solution. Note that the total solution volume is 3 mL and that the calculated concentration of 

hydroxamic acid groups ignores those unavailable as crosslinks. (b) Kinetic rate constant linear fit as a function of gel 

concentration, including (as a zero point) the reaction in buffer alone. The error bars in b) correspond to the uncertainty 

in fitting k using Equation 5-2. 

 

The second-order rate constant for the succinic dihydroxamate is 0.44 min-1ẗM-1 (at a pH 

of 10.5) [52]. This is ~10 times higher than found in the modified gels in our studies (at pH 10.29). 

The lower reactivity can be explained as follows. There may only be a single equivalent of the 

hydroxamate group per every anhydride, and by dehydration of the active group to form the less 

effective n-hydroxyimide. The heating of the gel shown in Figure 5-2f confirms that only ~15% 

of the groups are in the active form when the degree of crosslinking is also considered. The gel's 

effective rate constant is 77% of the expected conversion value based on the reactant's input 

quantities. The discrepancy implies either substantial mass transport limitation or reduced 

availability of hydroxamate sites at high concentrations. Similar experiments performed by 
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reducing the buffer volume, which increases both gel and substrate concentration, confirm that the 

kinetics proceeds faster when the gel is more concentrated. Assuming swelling of ~40 times of the 

initial PMAMVE gels volume (cf. Table 5-1), a typical gel is calculated to have a minimum 

reaction half-life of 120.3 minutes. By applying the second-order rate constant data above, a denser 

gel should exhibit a degradation half-life (in pseudo-first-order terms) of ~21.1 minutes.  

 

Table 5-1: Swelling ratios of functionalized PMAMVE-HA gels in water as determined by optical 

microscopy. 

Gel density (mg/mL) 50 75 100 

Initial length (mm) 153 466 268 

Final length (mm) 467 1773 512 

Swelling ratio  28.5 55.0 6.9 

 

5.4.7 Particle Size Effects and Transport Limitation of the System 

To assess the effect of transport limitation on the overall degradation kinetics, we prepared 

the modified PMAMVE gels in the form of particles of various sizes. All studies were performed 

on particles originating from the material prepared by direct precipitation of the hydroxamate gel 

into chloroform. These solvent-free particles did not require a freezing step before grinding and 

were easier to handle. As a crude means of controlling the particle size, the particles were ground 

using a mortar and pestle, with a small portion removed at given time intervals. These portions of 

particles were imaged using an optical microscope, and the micrographs were processed using 

ImageJ to evaluate their apparent size, an approach that has advantages over using sieves [278]. 

Example images for each portion of the particles and particle size histograms as given in the 

supporting information (cf. Figure A5-1 and Figure A5-2) Early theoretical work on particle size 

distributions of particles established that such processes would tend to follow a log-normal 

distribution [279]. The Weibull distribution (not shown) can also be used and has a theoretical 

basis, although it returns particle size estimates similar to the log-normal fit in this case. [280]. 
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The empirical distributions (in a cumulative form) for all tested particles are presented in the SI 

document (Figure A5-3a). Fitted log-normal distributions (in probability density form) are also 

given in the SI document (Figure A5-3b). Grinding the particles reduced the mean size from 173 

to 16 mm. Additional parameters such as the fitting and standard deviations are given in the 

supporting information in Table A5-8. Kinetics data on selected particle sizes are plotted in Figure 

5-10. The fitted pseudo-first-order kinetic parameters are given in Table A5-9. 

For comparison purposes, we also used larger particles with sizes in the millimeter scale in 

this experiment. These were prepared by vacuum drying MAMVE-hydroxamate hydrogel into a 

solid mass, broken easily into large flakes. This procedure leads to a broad flat geometry with a 

typical length scale of ~800 mm. Simultaneously, the finely ground particles are roughly spherical, 

with a much smaller overall size (as given above).  These particles' kinetics was slower and proved 

that mass transport limitations could exist for some particle sizes. However, the finely ground 

particles were all sufficiently small that there were no significant changes in the reaction kinetics, 

as shown in Figure 5-10. 
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Figure 5-10: a) Kinetics of DMNP decomposition for different PMAMVE-HA gel particle sizes relative to NEM 

buffer (pH 10.24). Coarse gel particles are millimeter-scale, while the fine particles are micron size, as seen in the 

histogram, fitting by pseudo-first-order kinetics. b) The plot of the fitted first-order rate constant as a function of the 

particle radius, with fit according to the Thiele modulus. The line shows the effective rate constant, as determined by 

the Thiele modulus equations fitted to the data. The error bars in b) correspond to the uncertainty in fitting k using 

Equation 5-2. 

 

The parameters taken from this fit can be used to estimate the effective reaction rates of 

the two systems. The well-known Thiele modulus (cf. Equation 5-3) is a dimensionless group that 

relates the relative rates of reaction and diffusion in a catalyst particle and determines the particle 

system effectiveness compared with no mass transport limitations. Equation 5-4 details the 

relationship between the Thiele modulus and the effectiveness factor for the example of a spherical 

particle. This approach is appropriate for three-dimensional diffusion into the hydroxamic acid 

gels (although they may be irregularly shaped) [281]. Both parameters can also be calculated for 

non-spherical and polydisperse particles [282,283].  
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‰           (5-3) 

– ‰ὧέὸὬ‰ ρ        (5-4) 

 

The physical significance of the effectiveness factor is the ratio between an ideal catalyst 

particle, in which all sites are equally available (no mass transport limitation), and an actual 

particle. Equations 5-3 and 5-4 were used to fit the data presented in Figure 5-10a (cf. Table A5-9) 

using the diffusion and reaction rate constants as input parameters. The "true reaction rate 

constant" is 0.001840 min-1 (which gives a half-life of 376 min) compared with the unground 

powder, which has a rate constant of 0.00155 min-1 (a half-life of 447 minutes). Thus, the 

effectiveness factor of the particles used in a typical experiment is ~86%. The fitted diffusion 

constant is 4.096 x 10-8 cm2/s, which is about an order of magnitude lower than the diffusion 

coefficient of water found in maleic acid-acrylamide hydrogels [284]. 

The finely ground particles have consistently higher product concentrations at short times, 

consistent with faster product diffusion. This behavior is not captured in the above analysis, which 

only pertains to the system total reaction rate and does not model product diffusion into the bulk. 

The observed rate constant is in this analysis, defined as the actual reaction rate that would occur 

without transport effects multiplied by the effectiveness factor (cf. Equation 5-4), which is a 

function of the Thiele modulus, and therefore the particle radius. Thus, it is possible to use the 

datasets from experiments with particles of different radii to determine the effectiveness factor as 

a function of the particle radius, which provides the actual reaction and diffusion rates. The values 

obtained by this method are 3.98 x 10-3 min-1 for the pseudo-first-order reaction rate and 5.989 x 

10-8 cm2/ min for the diffusion constant.  
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5.4.8 The Effect of Gel Morphology on Degradation Kinetics 

The mechanical properties of PMAMVE-HA gels can play an essential role in regulating 

the organophosphate degradation reaction kinetics when swollen in water. Gel swelling is 

controlled by the hydrophilic hydroxamic acid group propensity to absorb water and increase the 

gel's overall volume and gel density. The gel swelling leads to the network's opening, which allows 

for higher reactant diffusion into the bulk of gel and more efficient access to the hydroxamate 

groups. Overall, it might significantly improve the reaction kinetics and efficiency of the 

conversion. The network crosslink density is vital to control because it governs the c degradation 

capability (better at low network density) and overall gel mechanical integrity (better at high 

network density).  

It is challenging to determine the exact crosslink density in the randomly crosslinked gel. 

The most common and straightforward method to determine the extent of crosslinking is to 

measure the gel swelling ratio in a good solvent (i.e., water). Two experimental approaches have 

been used to determine the swelling ratio. The gravimetric swelling ratio was calculated by 

measuring the mass of the wet gel (after filtering off excess water) and dividing by the initial dry 

mass. This approach typically gave mass changes on the order of 40-80 times. Alternatively, we 

used optical microscopy to measure the linear dimensions of the dry gel particulate. We added 

water and monitored the size of the particle as it swelled. The typical amount of time it took for 

the gels to reach the fully swollen state was on the order of minutes.  At this point, we made the 

final measurement of the particle diameter. The volumetric change in particle size is simply this 

length ratio cubed. We report the swelling ratios for three different crosslink densities in Table 

5-1. We adjusted the crosslink density by changing the concentration of PMAMVE in the stock 

solution while keeping the diamine amount constant.  
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The studies show an interesting trend in swelling values for different concentrations of gel 

in the solution. As seen in Table 5-1, the swelling ratio reaches a maximum when the gel 

concentration is equal to 75 mg/ml and rapidly decreases to 6.9 for 100 mg/ml concentration. The 

reduction in swelling is consistent with the hypothesis that at higher concentrations of gel in 

solution, the intermolecular crosslinking becomes a dominant factor that controls overall gel 

mechanical properties. Contrary to this observation, we hypothesize that the low swelling at 50 

mg/ml occurs because intramolecular crosslinking reactions dominate intermolecular ones.  

The gels with different crosslink densities were studied using mechanical testing using an 

oscillatory shear experiment in water. These gels were handled in the aqueous state after the 

reaction with hydroxylamine and never precipitated into chloroform or ground into powder. 

Despite this, they broke apart when swollen with water - the propensity toward water absorption 

exceeded the gel mechanical strength. The relative independence of the loss and storage modulus 

curves on the frequency and the storage modulus being consistently higher than the loss modulus 

confirms that the materials form gels (cf. Figure 5-11).  

 Given that transport has an appreciable effect on the observed reaction rates, we studied 

how the gel density affects the reaction kinetics. The results presented in Figure 5-12 show that 

gels prepared at the lowest concentration in solution (50 mg/mL and 75mg/ml) show similar very 

fast product degradation performance. The data were fitted using the pseudo-first-order kinetics 

model for the degradation of DMNP, and the parameters are given in Table A5-10.  
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Figure 5-11: Oscillatory shear data collected for PMAMVE-HA gels made at various polymer concentrations (or gel 

densities) and with different crosslinking ratios. 

 

The PMAMVE-HA gels made at a higher gel solution concentration (100 mg/ml) exhibit 

slower degradation kinetics, consistent with the lower swelling ratios (cf. Figure 5-12, Table 

A5-10). Overall, this effect is reminiscent of the faster kinetics seen in the comparison experiment 

between the freely soluble polymer and the gel (the densest of those tested). The spatial 

confinement of the hydroxamic acid groups inside the gel appears to increase the organophosphate 

decomposition reaction's effectiveness compared to the bulk polymer. Similar observations were 

reported in a recent review of catalytic hydrogels, which discussed how confinement could 

improve substrate-catalyst interactions and lead to higher selectivity [285].  
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Figure 5-12: Kinetics data for DMNP decomposition using PMAMVE-HA gels synthesized at various concentrations 

and therefore having different mechanical properties. 

 

5.1 Conclusions 

Maleic anhydride copolymers form gels that can be further modified to bear the hydroxamic 

acid moiety. These gels effectively degrade organophosphate pesticides and achieve half-lives on 

the order of 4-6 hours under the conditions studied herein. The reaction follows overall second-

order kinetics with a rate constant of 4.379 x 10-2 min-1ẗM-1, which implies that a degradation half-

life as low as 21.1 minutes can be achieved (as calculated from the swelling ratio of the gel, which 

limits the maximum concentration of the reactive moieties). The gels exhibit enhanced activity 

compared to both free hydroxylamine and the non-crosslinked polymer. 

This behavior compares favorably with the half-lives exhibited by MOFs, ranging from 

~10 minutes up to several hours. One drawback of the system is the need for a pH of at least 9 to 

allow the reaction to proceed, with higher pH resulting in faster kinetics. Gel particle size was 
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found to have a noticeable effect on the kinetics, confirming that mass transport limitations are a 

factor. This limitation can be avoided by using particles smaller than ~100 microns. We applied 

analysis based on the Thiele modulus for spherical particles to estimate the actual reaction rate 

constant and the diffusion coefficient. The polymer concentration used to make the gel influences 

the mechanical properties of the system. Although most tests were performed using buffers with 

low ionic strength, the reaction still proceeds in solutions containing high amounts of NaCl and 

carbonate, which is essential in adapting the system for use in real conditions.  

This work demonstrates that hydroxamic acid anchored to gels decomposes 

organophosphates more effectively than the same amount of hydroxamic acid dissolved in the 

solution. We attribute this behavior to the local increase in hydroxamic acid concentration inside 

the gel. Additionally, anchoring hydroxamic acid units to the gel enables facile separation from 

the reaction mixture. Future work can establish the exact parameters to maximize gel effectiveness. 

Another potential avenue for improvement would be the inclusion of strongly basic moieties into 

the gel to decrease the local pH and enhance the reactivity, an approach that has been applied to 

other catalytic systems and polymers [286,287]. Yet another avenue may explore the use of more 

efficient decomposition agents, such as enzymes [288,289,290].  
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Chapter 6: Zwitterionic Antifouling Copolymer Coatings  
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6.1 Abstract 

 Maleic anhydride was polymerized with a variety of comonomers to create alternating 

copolymers. These were subsequently reacted to create sulfobetaines both in the bulk phase and 

on surfaces. These materials were tested for their effectiveness as antifouling coatings against the 

model protein FITC-BSA, with adsorption quantified using fluorescence microscopy. The 

comonomers were chosen to systematically vary the balance of hydrophilic and hydrophobic 

character of the polymer; several different sulfobetaine chemistries were also examined to 

determine the effects of spacing in the zwitterion. It was found that the hydrophilic comonomers 

had better performance as antifouling coatings and that comparatively, the zwitterion structure was 

less important. However, the shorter spacing between the charged groups offered some 

improvement. Furthermore, approaches to crosslink the thin films for greater stability were tried. 

It was found that while some crosslinking was necessary to prevent delamination, it led to greater 

protein adhesion by degree. 
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6.2 Introduction  

 As described in Chapter 1, antifouling has become a topic of interest as environmental 

concerns have deprived the world of what was once a practical solutionðtributyl tinðalbeit one 

that had a negative consequence. As these materials were being phased out, research on the topic 

began to phase in. One way to mitigate the toxicity of metal-containing paints would be to use a 

less toxic material such as copper or zinc. Another approach described in the literature is to reduce 

the total metal content by using nanoparticles to improve antifouling performance on a mass basis, 

but this was found to offer no benefit [291]. There have been several research efforts to find 

suitable alternatives to tin-based antifoulants, and there are multiple reviews of these initial efforts 

[292,293]. For a summary of more recent directions in the field, see Buskens [294].  

One promising approach extensively explored in recent research has been creating 

specialized polymer coatings which prevent potential foulants from interacting with the substrate. 

This halts the fouling process in the initial stage before the more intractable organisms have had 

the opportunity to settle on the surface. It is this avenue that the current work pursues. An added 

benefit of this approach is that lower adhesion forces would mean that accumulated fouling could 

be removed more easily; this attribute is sometimes referred to as foul-release and studied as a 

separate concept from antifouling [295,296]. Some foul release systems are impregnated with 

silicone oil which is slowly released into the environment like the metal-based biocides [297]. 

However, a truly effective coating (i.e., one that is antifouling because of its surface properties and 

not by releasing anything into the environment) can be made with certain types of surface 

chemistry. The most familiar of these is poly(ethylene glycol) (PEG), but this too has been found 

to degrade over time.  

This chapter focuses on creating an inert hydrophilic surface using zwitterions. In keeping 

with the overall theme of this Dissertation, this was to be done using maleic anhydride. Fortunately, 
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such a copolymer had already been reported in the literature and investigated for its rather peculiar 

cloud point behavior. [298] This chapter builds on this concept and applies lessons learned in 

making metal capturing coatings chiefly described in Chapter 3. Furthermore, combining multiple 

methods such as antibacterial quaternary ammonium groups, chemically inert surfaces, or other 

chemistries can achieve synergistic antifouling performance is facilitated by the versatility of 

maleic anhydride copolymers [299]. 

6.3 Materials and Methods 

6.3.1 Chemicals 

Propane sultone, N,N-dimethylethylenediamine (DMEN), ethylenediamine, 

trifluoroethanol, aminopropyltriethoxysilane (APTES), poly(octadecene-alt-maleic anhydride) 

(POMA) and poly(maleic anhydride-co-methyl vinyl ether) (PMAMVE), styrene, t-butyl 

methacrylate (Sigma-Aldrich), vinyl acetate (Sigma-Aldrich) (with hydroquinone as an inhibitor), 

AIBN (Sigma-Aldrich) was recrystallized from ethanol before use. Ethanol (Fisher Scientific) and 

basic alumina toluene, butane sultone, dimethylacetamide, 3-dimethylaminopropylamine, and 

fluorescein isocyanate conjugated bovine serum albumin (FITC-BSA) were purchased from Fisher 

Scientific. The silicon wafers used in this study were all doped with boron and obtained from 

Silicon Valley Microelectronics. This type of wafer is transparent to infrared light allowing the 

use of transmission spectroscopy. Methyl methacrylate and methyl ethyl ketone were obtained 

from Alfa Aesar. Monomers were passed through the basic alumina to remove inhibitors as 

needed, and solvents were dried using molecular sieves (Sigma Aldrich) before use in spin-

coating; all other chemicals were used as received. Polymers were synthesized according to the 

general procedure described in Chapter 2. To briefly reiterate, 0.1 mol of maleic anhydride and 

0.1 mol of the comonomer were combined with ~50 mL of solvent, typically 2-butanone. (When 

synthesizing a copolymer with styrene, other solvents such as methyl ethyl ketone (MEK) are 
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preferred as the newly polymerized PSMA will precipitate from toluene at low molecular weight 

at an early stage of the polymerization, which is considered undesirable). Oxygen was removed by 

three freeze-pump-thaw cycles, then the solution was heated to 80 °C, and 0.005 equivalents of 

AIBN were added to initiate the reaction, which was then allowed to run for 16 hours. Polymers 

were then reprecipitated to ensure purity.  

6.3.2 Characterization Methods 

Infrared spectroscopy was the principal means of characterizing the polymers at all stages 

of modification as it shows a clear distinction between the various chemical states. A Thermo 

Nicolet model 3700 FTIR was used in both transmission and ATR modes. Because contact with 

the germanium ATR crystal can deform the polymer film; the samples tested using this method 

were not used in subsequent protein testing. Changes in the thickness of the film were monitored 

using a J. A. Woollam variable angle spectroscopic ellipsometer (VASE) and processed using 

WVASE32 software. 

6.3.3 Film Casting and Modification 

Wafers were cleaned before use by rinsing with methanol followed by 10 minutes of UV-

ozone (UVO) treatment to remove any organic contaminants on the surface. In cases where a silane 

layer was desired, the wafers were then immersed in a 1% (v/v) solution of APTES in deionized 

water for 30 minutes, rinsed, dried with compressed nitrogen, then heated to 130 °C for 1 hour to 

cure the silane layer. In cases involving an APTES-treated wafer, the quality of the monolayer was 

assessed by VASE. The expected thickness of a self-assembled monolayer of APTES is 

approximately 7 Angstroms [300], but typically observed thicknesses were on the order of 10 

Angstroms, indicating that there was some multilayer formation. This method is known to result 

in electrostatically bound APTES and does not give a true monolayer [301]. Although precise 



167 

methods for controlling APTES layer thickness exist, such control is unnecessary for this work as 

it is only needed to bind the polymer layer to the substrate [302]. 

All polymer films were made via spin-coating from solutions in an appropriate solvent: 

trifluoroethanol for the PSMA-betaine, toluene for POMA, and methyl ethyl ketone (MEK) for all 

others. Before use, these solutions were passed through 0.2 micron polytetrafluoroethylene (PTFE) 

filters twice to remove any particulates. All films were cast at a speed of 1500 rpm and gave similar 

thicknesses of ~50 nanometers. Due to the tendency of the maleic anhydride copolymers to 

hydrolyze over time in moist air, the films were generally heated to 130 °C for an hour to dehydrate 

them. In the case of the poly(t-butyl methacrylate-alt-maleic anhydride) (PtBMAMA) this step 

would result in a substantial decrease in thickness as the polymer tertiary butyl group was removed, 

leaving the alcohol (see Figure A6-6). 

6.3.4 Fouling Tests 

The ability of the films to resist fouling was tested by immersion into a solution of FITC-

BSA. The pH was fixed at 7.4 in all experiments with 0.01 M phosphate-buffered saline (PBS). It 

is important to note that at this pH the FITC-BSA, which has an isoelectric point of 4.7, would be 

negatively charged [303]. Likewise, a typical silicon wafer has a thin layer (measured to be 

approximately 15 Angstroms for the wafers used) of silicon dioxide which will present hydroxyl 

moieties to the solution. The overall point of zero charge is between a pH of 2.6 and 3.2, which 

means that the bare surface will also have a negative charge [304]. The typical protein 

concentration used in the experiments was 0.1 mg/mL, but some experiments did vary the 

concentration. The films were incubated in the FITC-BSA solution for 24 hours, rinsed, and 

sonicated in PBS buffer, then dried before analysis.  

The FITC-BSA was quantified on the polymer surfaces using an Olympus BX61 

fluorescent microscope with a fluorescein isocyanate (FITC) filter. The fluorescence of the films 
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was measured using a consistent 20x magnification and an exposure time of 5 seconds to ensure 

an equal basis of comparison for all samples. Intensities were averaged from three images for each 

sample. Image processing was done using ImageJ. 

6.4 Results and Discussion 

6.4.1 Betaine Bulk Synthesis 

 The basic material is the maleic anhydride copolymer, which was selected because this 

type of copolymer offers precisely controlled alternating structure while being a platform for post-

polymerization modification through the anhydride group. This copolymer system also affords the 

ability to tune the hydrophobic versus the hydrophilic character of the surface by changing the 

comonomer. In particular, styrene as the second component ensures that the unmodified surface 

will be strongly hydrophobic and thus easily susceptible to foulingða strong positive control that 

can provide the best contrast to the protein repellency of the betaine. Another aspect that became 

relevant in the studies on thin films is that this polymer is not soluble in water even in its betainized 

form.  

 The initial effort was to synthesize the betaine in bulk, and then apply the functionalized 

polymer to a surface directly without the need for subsequent reactions, which would complicate 

commercial use. The synthesis was performed according to the reaction scheme shown in Figure 

6-1. The procedure for this synthesis is given in detail in Lee and Lee [298]. It can be briefly 

summarized as follows: the PSMA is dissolved in DMA, reacted with the dimethylamine, heated 

under vacuum to remove water and drive the formation of the imide, and finally reacted with the 

sultone. The polymer will precipitate upon this last step, which is performed using acetone as the 

solvent. One variation from the established procedure was that the DMA was largely removed by 

evaporation to concentrate the polymer solution before the PSMA-imide was precipitated.  
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Figure 6-1: PSMA betainization reaction scheme showing a reaction with dimethylethylenediamine followed by 

betainization of the tertiary amine by propane sultone. As discussed in Chapter 2, the initial reaction with the amine 

has an intermediate amic acid form which is dehydrated to give the imide, shown here as the second structure. 

 

One drawback of this is that the reaction may not go to completion as the solid polymer 

particles that form may have unreacted tertiary amines that are inaccessible to the sultone solution. 

Another issue is the high temperatures reached during the imidization step (and removal of the 

DMA, with its boiling point of 165 °C) can lead to degradation of the DMA to form 

dimethylamine, which can also react with the anhydride copolymer; this adds to typical concerns 

of polymer degradation that can occur at high temperatures.  

The betaine polymer synthesized in this manner was characterized using IR spectroscopy, 

an example of which can be seen in Figure 6-2. The carbonyl region of the spectrum does not 

show any anhydride or amide bands but does have a strong imide stretch at 1700 cm-1, indicating 

that the first reaction (as shown in Figure 6-1) went to completion, as did the subsequent 

dehydration step to convert the polar amic-acid form of the polymer to the thermodynamically 

preferred imide (this reaction is not shown in the scheme). However, it is apparent that there are 

some tertiary amine stretches still visible in the region of 2800 cm-1, which implies that the 

betainization reaction did not proceed to completion.  
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Figure 6-2: PSMA betaine IR showing the two reaction steps: reaction with the tertiary amine in red (here 

dimethylethylenediamine, DMEN), followed by betainization in blue (in this case with propane sultone). The amic 

acid intermediate was not isolated during the synthesis of the betainized polymer in solution. The characteristic peaks 

of the tertiary amine can be seen at ~2800 cm-1.  

 

As a comparison, PSMA with 90% betainization was also prepared by reacting the polymer 

with a limited amount of diamine. The spectrum of this material, shown in Figure A6-1 shows 

that some of the anhydride residues remain unreacted. One possible application of such a material 

would be to deposit the partially betainized copolymer containing unreacted anhydride groups then 

perform subsequent reactions to confer additional functionality. One clear choice of additional 

reaction would be crosslinking, possibly even via vapor-phase reaction with ethylenediamine. This 

could be done after spray coating a substrate with a polymer to increase coating stability. This 

simple application method would have economic benefits, but the possibility of creating a 

conformal coating on a substrate with a complex shape is of greater use. Such surfaces have been 

found to possess antifouling attributes of their own, and control of surface chemistry can enhance 

this effect [305]. As with the fully reacted polymer, there is still noticeable tertiary amine content, 

indicating that the reaction with the sultone did not go to completion.  
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One limitation on the usefulness of this approach to making a durable coating is solubility. 

Betainized PSMA has poor solubility in commonly used solvents, necessitating more toxic (and 

expensive) fluorinated substances such as trifluoroethanol. As with all primary alcohols, it can 

react with any anhydride residuesðwhich must always be extensive when using a partial reaction 

schemeðand the fluorination makes it more reactive. This inevitably results in a partially 

fluorinated polymer, even when the exposure to the solvent is brief. Creating a hydrophilic 

zwitterionic copolymer with partial fluorination is a possible avenue for creating a potent 

antifouling coating.  The concept has already been explored in the literature and is beyond the 

scope of this work [306]. Alternatively, superhydrophobic surfaces can also prevent the adhesion 

of foulants [307]. 

6.4.1.1 Partially Betainized Polymers 

 The system versatility also extends to controlling the modification process and synthesizing 

polymers with multiple functional groups attached through the anhydride. The intended 

application of these partially betainized polymers was to create polymers with a net charge by 

performing a second quaternization reaction. This net charge would enable electrostatic attachment 

to a surface while still having a preponderance of zwitterionic groups to provide a measure of 

fouling protection. The intended substrate for this copolymer was PS microspheres with partial 

sulfonation on the surface. Given an estimate of the surface charge density of these PS particles, it 

is possible to determine the maximum amount of physically attached PSMA-betaine to compensate 

for the charge fully. This condition can also be evaluated as a function of the extent of 

quaternization (as opposed to betainization). Since a balance of layer thickness and betaine surface 

density is desirable, a target degree of quaternization of 25% was chosen, which would be expected 

to result in a coating layer of approximately 100 nm. 
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The reactivity of the anhydride moiety with amines is so high that it only takes minutes to 

go to completion, which makes kinetic control of the reaction extent difficult. It is still possible to 

determine the extent of amidation stoichiometrically, but this adds complexity to the reaction 

scheme. In this manner, the 25% quaternized-75% betainized PSMA was produced, see Figure 

6-3. The synthesis procedure is as follows: first, the PSMA was reacted with 0.25 equivalents of 

the diamine in DMA solvent, followed by heating to imidize polymer, which was then precipitated. 

The isolated partially reacted polymer was dissolved in ethanol and completely reacted with an 

excess of methyl iodide. This reaction scheme is determined by the greater reactivity of the iodide, 

which allows for a faster intermediate step, but which cannot be used with DMA solvent. One 

potential drawback of this approach is that the quaternization reaction, while rapid, does not 

necessarily go to completion (as seen in cases where other amine-containing polymers were 

similarly modified). This may lead to lower-than-expected levels of net charge, impairing the 

attachment to the substrate. After the quaternization reaction, the polymer was precipitated, 

washed, and redissolved in ethanol. The subsequent reaction with propane sultone was performed 

with approximately threefold excess to ensure complete betainization of all remaining tertiary 

amines.  
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Figure 6-3: Partially quaternized, partially betainized PSMA. 

 

The resulting polymer was more soluble than the purely betainized PSMA, which made 

isolation by precipitation difficult. When the solution of the polymer in ethanol was added to the 

charged PS microparticles and allowed to dry, no observable difference in the IR spectrum could 

be seen. FTIR is too limited in sensitivity to detect the thin coating of betainized copolymer on the 

surface of the PS particles. This coating is predicted to be ~100 nanometers based on the relative 

charge. Future work could detect a change in the particles using standard methods to measure their 

net surface charge, such as zeta potential measurement.  

Aside from electrostatic attachment, this type of polymer may have antibacterial properties 

typically shown by quaternary amines. This type of polymer has been found to have robust 

antifouling performance in a medical context [308]. However, the surface charge would be 

expected to have a negative effect on antifouling performance against negatively charged proteins, 

such as was seen when fully quaternized surfaces were exposed to FITC-BSA at pH 7.4,   
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6.4.2 Film Morphology 

Some of the spin-cast films of PSMA were observed to have noticeable variations in 

thickness. It was found that these variations did not appear when PSMA with lower molecular 

weight was used to make the films, suggesting that the effect is related to the viscosity of the 

polymer, which changes substantially with increases in molecular weight. The spin-coating 

process requires stability of the layer; the polymer concentration rapidly increases as the final 

portion of the solvent is removed. A high polymer molecular weight would result in very higher 

viscosity, which would prevent the solidifying film from evening-out any inhomogeneities. In the 

literature, this effect is commonly seen in thicker films or when the behavior of the solution is 

strongly non-Newtonian, as would occur with a high molecular weight polymer [309].  

 An example of this nonuniformity can be seen in Figure A6-7, which shows an optical 

micrograph of one such film. An attempt was made to determine the extent of the thickness 

variation using optical profilometry. The resulting three-dimensional map of the surface of a 

representative PSMA film is also given in Figure A6-8. However, the results of this test indicate 

a much larger thickness variationðon the order of micronsðthan would be reasonably expected. 

Based on the color variation of the film, one would expect that the actual thickness varies from 60 

to 120 nanometers. Despite the nonuniformity of the films, it is possible to measure their thickness 

using VASE, which gives a typical thickness of 110 nanometers. The Cauchy model used to fit 

this thickness can also be adapted to estimate the nonuniformity. It typically returns a value of 

20%, which corresponds to 20 nanometersða more reasonable result than given by the optical 

profilometry, but still not in accord with the visible appearance of the sample. Future work may 

use imagining ellipsometry to ascertain the true three-dimensional structure of these films. 

However, such exactitude is not necessary for this study. During some preliminary antifouling 

tests (with fluorescent proteins), the thickness variations in the film were also apparent in the 
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fluorescent images. This occurs even though autofluorescence was ruled out. It suggests that film 

thickness changes on the order of tens of nanometers can influence the extent to which the surface 

resists fouling. 

6.4.3 Film-Based Synthesis 

Performing the reactions to modify the copolymer into betaine in bulk is potentially more 

useful for future industrial application of the technology. Still, for research purposes, it is in many 

ways more straightforward to deposit the film first and betainize in situ. The main benefit is the 

ease at which the purification steps can be done on the film at the multiple stages of the reaction. 

The films are also more amenable to analysis using FTIR and XPS. Furthermore, VASE can be 

used to monitor the reactions indirectly by observing changes in film thickness and the swelling 

of the layer in water. This final type of experiment is important as it is necessary to establish the 

stability of the coating, which is a requirement for usable material. Fortuitously, the betainized 

PSMA has poor enough solubility in deionized water that the films were found to remain on the 

surfaces even under shear testing. As described by Lee and Lee, the cloud point of these polymers 

is sensitive to the valency and concentration of dissolved salts [298]. This implies that the polymers 

can be salted into a solution. Still, the extraction in 0.1 M PBS did not desorb the polymer films, 

which were observed to remain stable in solutions with approximately 0.1 M ionic strength. 

6.4.3.1 Partially Betainized Films 

This finding could not be confirmed by subsequent studies of the films cast from this bulk-

synthesized material using XPS, which shows that the atomic ratios of nitrogen to sulfur are greater 

than the expected value of 2:1. The explanation for this discrepancy is the continued presence of 

contaminants such as the fully hydrolyzed sultone in the film after casting. The extraction of the 

films in PBS buffer would result in a sharp decrease in thickness as seen using VASE, and the 

disappearance of some spectral lines associated with the sulfonate group. The latter would be 
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expected from the hydrolysis product of the sultones used that were apparent in FTIR-ATR spectra 

of the films. It can be seen in Figure 6-4, which shows the disappearance of the broad hydrated 

sulfonic acid peak at 1200 cm-1 in a PSMA betaine film in which the final extent of betainization 

was 50%. 
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Figure 6-4: FTIR of partially betainized PSMA before (d) and after (e) extraction in PBS. Note the broad sulfonate 

peak near 1220 cm-1, indicating additional sulfonate removed by the extraction process. The unreacted polymer (a) 

dried polymer (b) and product of the first reaction with the amine (c) are also included for reference. In the latter of 

these, the many small peaks around 2800 cm-1 indicate the presence of a tertiary amine. The disappearance of these 

peaks is consistent with the betainization reaction going to completion and consuming all the tertiary amine. 
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6.4.3.2 Fully Betainized Films 

The IR spectrum of a PSMA film after the first reaction with the amine (DMEN in the 

example) is shown in Figure 6-5b, with the subsequent dehydration to the closed-form imide 

shown in Figure 6-5c, and subsequent reaction (with propane sultone in this case) to form the 

betaine in Figure 6-5d. Finally, the betainized film was extracted with PBS to remove any 

impurities, but little change can be seen in the spectrum Figure 6-5e. These spectra confirm the 

reaction of the anhydride with the amine in each case. Yet, the characteristic peaks of the tertiary 

amine remain, indicating an incomplete reaction with methyl iodide and propane sultone. 
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Figure 6-5: Stacked IR spectra of a thin film of PSMA undergoing the post-polymerization reactions. After annealing, 

shows (a) PSMA film shows strong anhydride peaks at 1860 and 1780 cm-1. Reaction with a tertiary amine to give (b) 

the amide, which was then heated to form (c) the imide. Finally, the betainization reaction with the sultone (d) followed 

by extraction in PBS buffer (e) to remove impurities.  

 

6.4.3.3 Film Characterization with VASE 

Figure 6-6 shows the changes in film thickness for a representative sample (specifically 

POMA reacted with the two smallest betaine componentsðDMEN, and propane sultone) at each 
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step of the modification process. The series starts from the initial film layer, which was annealed, 

followed by reaction with the chosen amine performed as two steps over successive 1 minute time 

intervals. Measurements were taken at each of these intervals to confirm the progress of the 

reaction, which was found to go to completion rapidly. Both the initial film annealing process, 

which converts any hydrolyzed residues back to the anhydride form, and the imidization of the 

amine-treated film, decrease the film thickness through chemical reactions without any loss of 

material (except perhaps some loosely bound water in the hydrophilic acid and amide). However, 

the final extraction step in buffer solution does remove some of the film (or perhaps some loosely 

bound sulfonic acid byproducts of the betainization process). Multiple steps of the amine reaction 

are presented to demonstrate that the reaction is substantially complete even after a short 

immersion into a dilution solution, which speaks to the completeness of the reaction.  
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Figure 6-6: Thickness changes in a film throughout the functionalization reactions. The example specimen is PSMA 

reacted with dimethylethylendiame and propane sultone (corresponds to the top left panel in Figure 6-16), but the 

same broad trends were observed in all samples except the few that delaminated in the final step. Data for all samples 

is given in Table A6-1. 

 

Furthermore, in Table A6-1, which contains the corresponding data for all samples tested 

in the protein adhesion experiments, one can see that there are exceptions to these trends.  Some 

of the more hydrophilic-type copolymers were seen to delaminate entirely. Conversely, a few of 

the methyl methacrylate-based copolymers had more pronounced increases in thickness during the 

subsequent reactions. This indicates that these polymer films have slower reaction kinetics with 

the amines used. However, the many reaction steps ensure that the amount of unreacted anhydride 

residues would be low at the end of the process. Nevertheless, these films may have had a larger 

proportion of available sites for crosslinking with the later diamine reaction step, which could alter 
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the mechanical properties of these films and potentially the antifouling capabilities. Based on the 

results with more extensively crosslinked films, this would likely lead to more extensive 

biofouling. Some results in the literature show the opposite for certain systems, namely that 

increased fouling as a function of crosslinking is characteristic of brush-like coatings which repel 

proteins entropically [310]. 

Tests of the antifouling performance were made on films following their complete 

characterization. In many cases, the wafer substrates used were cut to allow characterization and 

evaluation of the same material on separate physical samples to prevent any influence of the 

measurement techniques on the film morphology. The samples used in the characterization 

experiments were not subsequently studied by IR or other characterization techniques after 

exposure to protein. 

6.4.4 Antifouling Test Results 

 The antifouling effect of the PSMA-betaine was immediately apparent during these 

experiments, as can be seen by comparing the micrographs of a PSMA film with and without 

betainization, e.g., in Figure 6-7 and Figure 6-8, respectively. The intense fluorescent signal 

conforms to the polymer layer in the PSMA film, as the protein can settle on the hydrophobic 

surface. Although it is difficult to see in the images of PSMA-betaine (as in Figure 6-7), some 

detectable fluorescence can be quantified by analyzing the image using an automated computer 

process.  
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Figure 6-7: Example fluorescence microscopy image of a fouled PSMA film. 

 

 

 

Figure 6-8: Example fluorescence microscopy image of a non-fouling PSMA-Betaine film, compare Figure 6-7. 

 

The experiments were all conducted in PBS with a pH of 7.4, implying that the FITC-BSA, 

with its isoelectric point of 4.7, was negatively charged [311]. This allows electrostatic effects to 

control the adhesion of the protein to surfaces that have an overall charge. These effects would not 

be a factor for a betainized film that is electrically neutral. Therefore, the fouling must be controlled 

by other interactions such as hydrophobicity and group mobilityðthe intended area of study for 
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this work. This distinction naturally suggests appropriate benchmark substratesðwith positive and 

negative surface charges.  

The simplest means of creating a negatively charged surface within the context of the film 

synthesis procedure described would be to use the bare silicon dioxide surface of the wafer 

substrates. These would tend to have a negative charge density of ~2000 µC/µm2 as a consequence 

of their treatment with ultraviolet/ozone (UVO) [312]. Creating a positively charged surface is 

more involved but can be accomplished by reacting the PSMA film with tertiary amine followed 

by a reaction with methyl iodide to give complete (or nearly complete) coverage with quaternary 

ammonium groups. This is similar to the typical process and does not require modification other 

than the quaternization reagent. 

Table 6-1: Data corresponding to Figure 6-9 and Figure 6-10 (and benchmarks from the same 

experiment) 

Surface
Protein Concentration

(mg/L)

Average

Intensity

Red

Intensity

Green

Intensity

Blue

Intensity

Betaine 0.01 15.7 6.9 39.7 0.5

Betaine 0.1 21.9 10.0 55.0 0.6

PSMA 0.01 83.5 54.3 191.7 4.6

PSMA 0.1 64.1 34.9 156.7 0.8

PSMA 0 16.1 7.3 40.4 0.6

Quaternized PSMA 0.01 50.9 25.7 126.4 0.7

Quaternized PSMA 0.1 73.5 43.0 176.5 1.1

Quaternized PSMA 0 12.4 5.9 30.7 0.7

SiO2 0.01 34.1 15.9 85.8 0.6

SiO2 0.1 42.6 20.5 106.7 0.7 

An example of the quantitative protein fouling data can be seen in Table 6-1, which details 

the average image brightness of its red, green, and blue components. The detection equipment 

imposes a constraint on the values observedðall are encoded in an 8-bit format (maximum is 

255)ðand there is a minimum amount of material needed to be detectable (which is not known). 

A constant exposure time of 20 seconds was used in every experiment to ensure that the results 
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could be compared across samples. Another issue with imaging for detection is that the exact 

values also depend on the detector used and are therefore not comparable from one instrument to 

the next without standardization. To wit, some additional experiments were performed using a 

confocal fluorescence microscope, but the results are not presented here due to difficulties 

comparing the data. The quaternized PSMA samples, which were used as positive controls, all had 

brightness values high enough to imply the possibility of detector saturation. This means the 

settings used did not allow for linear detection response over the whole range of conditions tested.  

The nonzero fluorescence measurements of films, which should resist fouling, and even of 

films that were never exposed to FITC-BSA can be attributed to various sources of error inherent 

to the instrument. These include noise in the photodetector, dust or other contamination on the 

surface scattering the incident light (which can be seen in some of the micrographs), and 

autofluorescence of the substrate material. This last possibility has been previously reported in the 

literature on biological testing and seen under similar circumstances as a confounding variable 

[313]. Furthermore, polystyrene is well known for the complex dynamics of its autofluorescent 

behavior, as are parylenes, a similar class of conjugated polymers [314]. In practice, there is always 

some signal detected even if the amount of actual fluorescent material is zero, which makes 

benchmarks samples important.  

 The standard test procedure of immersion in FITC-BSA solution overnight was intended 

to ensure that the proteins fouling had the time needed to reach the final level of coverage. In the 

case of the quaternized polymers, this would be expected to occur when the charges were balanced. 

Still, for the betaine and control samples, the thickness of the protein layer is determined by the 

strength of adhesion of the initial layer, which then grows due to favorable self-interaction of the 

protein.  
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6.4.4.1 Protein Concentration 

 The concentration of FITC-BSA was generally maintained at 0.1 mg/mL in most 

experiments. A brief test was conducted to determine what effect this parameter had on fouling 

behavior. It is known from other experimental studies that sufficiently high concentrations of 

protein can foul even surfaces generally considered to have acceptable resistance to biofilm 

deposition. Fouling at very high concentrations is not a negative result concerning the antifouling 

of the film. Indeed FITC-BSA has been found to saturate PDMS at 2 mg/mL [315]. Conversely, 

one would expect that low protein concentration might not result in substantial fouling even of 

materials that are ordinarily considered favorable for protein adhesion. This behavior can be 

modeled using a Langmuir isotherm for FITC-BSA [316]. There is also an interplay between these 

considerations and the limitations on fluorescent detection, which can be saturated by high protein 

levels and has enough noise to obscure the effects at the lower end of typical fouling. Figure 6-9 

shows fouling (in quantitative terms) of PSMA-betaine films at three different concentrations, as 

well as a control with no protein. The fluorescence intensity values of these control experiments 

are shown in Figure 6-10. Notably, there is still some signal for all possible surfaces even though 

the protein exhibits minimal fouling (or no FITC-BSA present at all).  
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Figure 6-9: FITC-BSA fluorescence at two protein concentrations. Note the extensive fouling of both PSMA and 

quaternized PSMA (which would electrostatically attract the negatively charged BSA) compared with the betaine.  
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Figure 6-10: Background fluorescence intensities (no FITC-BSA). Note that there is no appreciable autofluorescence 

in the PSMA compared with the other materials. 

 

The results of this experiment were somewhat counterintuitive, showing that higher 

amounts of protein did not always have higher fluorescence, despite not being at an initial level 
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where saturation effects could change the observations. Nevertheless, the instances in which the 

higher protein level had a lower observed fluorescence were also those samples that were expected 

to have the highest level of fouling and were found to produce signals close to the maximum value 

measurable by the detector. These facts jointly suggest that while notionally below the detector 

saturation level, the values are somewhat distorted and represent high surface protein levels. Under 

this analysis, the expected behavior of more significant fouling with higher concentration seen on 

the less-fouled PSMA-betaine and bare silica surfaces represents the underlying phenomena.  

 Even more unexpected is the lower observed fouling of the quaternized surface, which 

directly contradicts previous experimentsðthis discrepancy indicates that the detector saturation 

leading to nonmeaningful results can occur well below the maximum illumination value. 

Furthermore, there was still noticeable deposition on the bare silica surface, which would be 

expected to have some protein resistance due to negative charges (repelling the protein) at the 

tested pH.  

However, the betaine had the best performance at all protein concentrations, confirming its 

efficacy as an antifouling surface. This is particularly significant as it outperformed the negatively 

charged silica surface, which electrostatically repels the negatively charged BSA protein. This 

demonstrates the magnitude of the effect of the zwitterion in preventing macromolecules from 

interacting with the otherwise hydrophobic and easily fouled PSMA. 

6.4.4.2 Linker Type 

 With the efficacy of the PSMA betaine established, the next logical step in the study was 

to explore the effect of zwitterion structure on the antifouling ability of the films. Lee and Lee 

[298] found that the intramolecular association of the sulfonate and alkylammonium groups was 

sufficiently strong to prevent the ions from dissolving in water. However, adding salt to the 

solutions could screen these interactions and allow the polymer to dissolve. A depiction of this 
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effect is shown in Figure A6-9. The paper explored how the concentration and type of ions 

changed the observed cloud point concentration of the PSMA betaine. Other variables investigated 

include the molecular weight of the samples, but this would not be as applicable to solid films as 

is the case in this work. 

 There are two segments of the betaine groups that can be adjusted during the synthesis 

procedure: the linker between the polymer backbone (specifically the cyclic imide) and the 

quaternary ammonium and the linker between the two charged groups of the zwitterion. The 

reactions proceeded just as with dimethylethylenediamine and propane sultone as confirmed by 

FTIR (see Figure A6-1.) While the former can be selected freely from a wide variety of diamines, 

choices in the latter case are limited by the reactivity of the cyclic sultone needed to perform the 

reaction. Only propane and butane sultones would be expected to undergo the relevant reaction 

due to ring strain, and they are the only such reagents available. A structural representation of all 

the variations on the betaine can be seen in Figure 6-11. These were incorporated into the synthetic 

scheme previously described by simple substitution and do not require any modification of the 

overall procedure. The prior work with PSMA-betaines found that they were less soluble in pure 

water than expected due to the self-association of the charged groups, which would be affected by 

the length of the linker between them. As to the length of the linker between the zwitterion and the 

polymer backbone, the effect would not be expected to be as pronounced, but the additional carbon 

could affect the chain conformation and the mobility (and surface availability) of the betaine group. 

This is important as the mobility in the attached hydration layer is an important factor in the 

strength of the antifouling properties of the material [317]. 
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Figure 6-11: Reactions of the anhydride copolymer with various diamines and sultones to produce 4 types of 

sulfobetaine. 

 

All four modifications were performed on wafers cut from a single spin-cast film of the 

polymer to ensure uniformity between samples. The protein exposure tests were performed 

simultaneously using a single stock solution. The results of this experiment are arranged in the 

same manner in Figure 6-17 for several copolymers. The choice of comonomer is more important 

in determining the properties of the film than the exact type of betaine used. Trends were not 

consistent across all samples, but substantial differences in the fouling are only discernable for 

those samples expected to see more protein adsorptionðthe more hydrophobic PSMA film. These 
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show that the shorter amine linkage performs better and that the longer linkage between the two 

charged groups of the zwitterion performs worse. 

6.4.4.3 Comonomer Effects 

 The versatility of the maleic anhydride polymer system lies in the ability to create exact 

alternating sequences with a wide variety of comonomers-essentially any common vinylic 

monomer that is not electron deficient can be used. The protein fouling of surfaces is highly 

dependent on the packing of the hydration layer, which chooses between hydrophilic and 

hydrophobic comonomers relevant to the performance of the coating. Indeed, the classic approach 

to repelling proteins with polymer interfaces is to use polyethylene glycol. This has also been 

found effective against marine biofouling [318]. However, there can also be a trade-off when a 

more hydrophobic character is needed to promote the adhesion of the polymer layer itself to a 

more hydrophobic substrate. Thus, while only silicon wafers were used in the testing, it is also 

important to investigate the utility of more hydrophobic maleic anhydride copolymers such as 

POMA. Though they would not be expected to perform as well as more hydrophilic comonomers 

in an absolute sense, one would likewise expect that the unmodified hydrophobic polymers would 

be especially susceptible to fouling which would allow exploration of the strength of the betaine 

effect.  

 Figure 6-12 shows a comparison of antifouling thin films with identical betaine structure 

(specifically, the two shorter linkers) but different comonomers and how they perform in the 

typical FITC-BSA fouling test. Some benchmark substrates are also included for comparison. As 

one would expect, the more hydrophobic polymers were observed to undergo more significant 

fouling by the proteins, but with the more hydrophilic polymers, similar values were seen in all 

cases. Figure A6-5 compares fouling of the same polymers without betaine functionalization, 

which exhibits the same overall trend, albeit with generally higher fouling. 
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Figure 6-12: Fluorescent Intensity of FITC-BSA on four betainized copolymer surfaces. All were prepared using 

dimethylethylenediamine (DMEN) and propane sultone. Note that this data was collected using a different instrument 

(a Leica TCS SP8) than the other experiments reported in this chapter, and the fluorescent intensities are therefore not 

directly comparable. 

 

Thus, the hydrophilic  copolymers are better at repelling biomolecules due to the hydration 

shell effect. They were also better at forming layers on the surface of the silicon wafer substrate, 

which contains numerous hydroxyl groups, simply because of the stronger physical interactions, 

which precede the chemical attachment to the APTES layer. In some cases, the more hydrophobic 

polymers were observed to dewet from the silicon substrate during the annealing process, as can 

be seen in supporting information describing the thickness changes of PtBMAMA films. 

Conversely, during some of the protein tests, the more hydrophilic copolymers were found to lose 

a substantial amount of material throughout the immersion in PBS buffer. This can be explained 

as the solubility of the betainized polymer in salt solutions, which would be expected to be greater 

with more hydrophilic comonomers. Table A6-1 shows some examples of material loss as 

recorded using VASE. The APTES layer on the surface of the silica substrate can covalently bind 

a single layer of the polymer to the surface. Still, the remainder of the film is held together by 
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physical self-interaction, which can be overcome if the solubility is high enough. This process 

spoils the test results with gradual exfoliation of the polymer. While this process is potentially 

useful as an antifouling strategy in its own right (as a form of the self-polishing copolymer, which 

has been studied in the literature for antifouling performance), it is beyond the scope of this inquiry 

into the antifouling capabilities of betaines. [319]  

6.4.4.4 Crosslinking Effects and Time-dependence 

Such material loss necessitated crosslinking in the film to ensure that the layer remained 

intact. This improved stability allowed the test to be free of the effects of decreasing film thickness, 

exfoliation of attached protein with the soluble polymer, and the influence of the underlying silica 

substrate (which has mild resistance to FTIC-BSA under test conditions). The crosslinking, which 

was performed using ethylenediamine, occurs rapidly enough that kinetic control is difficult. The 

reaction speed can be seen in Figure A6-10, which shows the conversion of PSMA in a 0.02% 

ethylenediamine solution occurring in only two minutes.  

Despite the difficulties in minimizing the crosslinking needed in these circumstances, 

kinetic control was one of the three main approaches used. In the second approach, films were 

crosslinked to a lower extent by a mixture of amines. Simultaneously exposing the film to the 

dimethyl diamine (for later reaction with the sultone to make the betaine) and the crosslinker 

allowed the extent of crosslinking to be controlled by relative reactivity. For small molecules, one 

would expect that the reactivities of the primary amine groups would be roughly equal, which 

allows the crosslinking ratio to be determined by the molar ratio of the two amines. The third 

method was to react the film with the dimethylamine first and then add the crosslinker in a second 

step. This relies on the first reaction not reaching 100% conversion of the anhydride groups, 

leaving a small fraction to react with the ethylenediamine. There is also the possibility of 

transamidation. Although there were no anhydride groups detectable on FTIR, the second reaction 
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step was still observed to decrease film material loss, indicating that some crosslinking occurred, 

perhaps at the limit of what is needed to have a percolated network with a low soluble fraction.  

The differences in antifouling performance between these three methods of crosslinking 

are shown in Figure 6-13 for PSMA-betaine as a function of time; note that the type of betaine 

used was the same in all cases (2 carbon linkage to the polymer, 3 carbons between the ammonium 

and sulfonate groups). Increased crosslinking led to more significant fouling in all cases. However, 

there were no consistent trends concerning exposure time. There can be multiple reasons why this 

effect is observed, all of which can be understood as restrictions on the antifouling action of the 

bound hydration layer of the polymer film. By conducting the crosslinking through the maleic 

anhydride residue, the reaction competes with the betainizationðthe denser the network, the lower 

the surface concentration of betaine groups. Overall, the trends are sensible in that the fouling 

consistently decreases as the expected extent of crosslinking is reduced. The effect of lower 

molecular weight between crosslinks on the mechanical and antifouling performance of surfaces 

is well established in the literature and shows similar trends. However, the opposite trend has been 

observed in some surface-attached hydrogels composed of zwitterions [320]. This can be 

compared with the data for fouling of unmodified POMA, PSMA, and polystyrene (PS) shown in 

Figure 6-14. 
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Figure 6-13: PSMA-betaine fouling as a function of time and crosslinking method. Note that the least crosslinked 

films made by kinetically controlled reaction with the diamine would sometimes delaminate entirely. There is also a 

clear effect of increasing crosslinking leading to more fouling. 
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Figure 6-14: Fouling of unmodified polymers as a function of time. Polystyrene (PS) is included for comparison with 

the maleic anhydride copolymers. Compare with the results for PSMA and POMA in Figure 6-13 and Figure 6-15, 

respectively. 

 



195 

Although this was the procedure used in most experiments, the actual effect of exposure 

time was investigated. Figure 6-15 shows the fouling of POMA-betaine as a function of exposure 

time and crosslinking method. The two types of crosslinking used in this experiment would be 

expected to result in higher crosslink density than the method of adding the ethylenediamine after 

the reaction with the tertiary amine (marked as ñafter amineò in the figure). The data below show 

that this higher level of crosslinking resulted in more fouling than even the unmodified copolymer. 

This is a more pronounced example of the behavior exhibited by PSMA, which became more 

fouled when highly crosslinked.  
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Figure 6-15: Fluorescent microscopy data showing POMA-betaine fouling as a function of time and crosslinking 

method. This experiment also studied the time-dependence of FITC-BSA accumulation on the surface and shows a 

slight increase over time for the unmodified POMA. Note that the data here marked as with crosslinking treatment 

ñnoneò is the same data as in Figure 6-14 for POMA. 

 

Regarding time dependence, the data for POMA have more variability, but the clear 

increase in the fluorescent signal (though well below saturation) seen in the unmodified polymer 

can only be attributed to the protein layer tending toward an equilibrium thickness, a thickness 

reached by the betainized polymers. Because the fouling on the unmodified polymer was observed 
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to increase consistently even over 48 hours of exposure, the copolymer may ultimately become 

more fouled than the crosslinked and betainized films. The fact that the betainized polymers do 

not show this trend implies that they reach equilibrium well before the 24-hour duration of the 

typical experiment. This means that the timespan of the standard test protocol is more than 

sufficient to exclude deposition dynamics. In this case, maleic anhydride copolymers are less 

susceptible to fouling than the polystyrene homopolymer, presumably due to the more 

hydrophobic nature of PS. Future work can examine the time-dependence in greater depth, 

focusing on finding the minimum time at which fouling becomes apparent and at what point the 

plateau is reached. 

One instance of the crosslinked polymer film delaminating from the surface was also 

observed, but this only occurred when crosslinking was expected to have the lowest extent (the 

post-betainization process). In the case of POMA-based films, no delamination was observed, the 

effect of the crosslinking was less pronounced, and the total fouling was greater. All these 

differences are consistent with the theory that the comonomer plays a large role in limiting the 

betaine group effectiveness.  

6.4.4.5 Variation of Comonomer and Betaine 

Finally, an experiment was performed to systematically study the effects of comonomer 

and betaine functionality on coating antifouling performance., Five different copolymers were 

each functionalized with the four possible betaines. (This is comparable to the results reported 

above in Figure 6-13, but also includes POMA as a more hydrophobic copolymer tested under the 

same conditions). Lower crosslinking improved antifouling performance. We used the same 

crosslink method of adding the diamine after the reaction with the tertiary amine (called ñafter 

amineò in Figure 6-13, above). This would be expected to result in the lowest crosslink density as 

only a small amount of the maleic anhydride residues would remain unreacted after the two 
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minutes of immersion in the tertiary amine solution. The results of this test are given in Figure 

6-16. The films resisted fouling by the FITC-BSA well. Alternatively, the data can also be seen as 

a function of the betaine linker types in Figure 6-17. 
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Figure 6-16: Fluorescent intensity of five maleic anhydride copolymers and each with four betainization schemes. 

The fluorescent intensity shows the degree of fouling by FITC-BSA. 
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Figure 6-17: Fluorescent intensity of each betainization type for five copolymers. 

 

Due to the lack of crosslinking in the unmodified polymer, the PSMA, PMAMVE, and 

PtBMAMA films delaminated from the wafer. However, the PMAMMA and POMA films 

remained intact. From these cases, the antifouling benefit of the modified films relative to the plain 

polymer is made clear. The PtBMAMA films modified with DMAPA also delaminated, which 

explains why they have the same apparent level of fouling as the bare wafer. Although this 

behavior undermines the experiment, it suggests creating a self-polishing copolymer surface based 

on these materials. This class of compounds has been made both with and without integrated 

biocidal compounds. The latter have had some success at preventing fouling [321,322]. 

Contrary to the case in which the films were more hydrophobic, the linker lengths did not 

impact the results as much as the choice of comonomer. This is consistent with work on 

hydrophobic copolymer brushes, which were susceptible to fouling regardless of chain mobility 

[323].  
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6.5 Conclusions 

 Post-polymerization modification of maleic anhydride copolymers was performed to create 

zwitterionic moieties as an avenue to prevent the adhesion of proteins regardless of surface charge 

characteristics. The combination of chemical reactivity and the option to tune properties through 

judicious selection of the comonomer makes this system a powerful toolbox for surface chemistry. 

The nature of the reaction scheme used also simplifies characterization. These sulfobetaine-based 

polymeric antifouling surfaces have been shown to repel fouling by an important model protein, 

FITC-BSA. The coatings were covalently anchored to the substrates and crosslinked to ensure 

stability while using only a small portion of the anhydride residues, with the majority remaining 

available for other reactions. Multiple crosslinking methods and combinations of amine and 

sultones were used to study the determining factors on antifouling performance. The linker lengths 

in the zwitterionic groups were found to have a little consistent effect on the efficacy of the 

coatings. The choice of comonomer has a large roleðmore hydrophilic groups in the polymer 

chain had significantly lower fouling. This is consistent with the idea that the antifouling 

capabilities of zwitterions do not come from the structure of the sulfobetaine itself but rather from 

the uptake of water these groups cause. The cooperation of hydrophilic comonomers enhances this 

effect.  
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Chapter 7: Summary and Outlook 
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7.1 Summary 

 This Dissertation combines three projects with the one common theme of chemical 

modification of reactive copolymers. Chapter 2 reviews maleic anhydride, focusing on its peculiar 

property of forming alternating structures with a wide variety of comonomers. It presents the 

chemical modifications used throughout this work, which can be seen succinctly in the visual map 

of the post-polymerization modification schemes (Figure 2-4).  

Chapter 2 is followed by the first project: to create a nonwoven filter stack that could 

efficiently remove heavy metals from water. Due to the length and complexity of this undertaking, 

the work is divided into Chapters 3 and 4. The first portion details the fundamental studies of 

polymer adhesion to the PP nonwoven, the chemistry needed to impart this material with metal-

capturing moieties, and most fundamental chemical characterization. Chapter 4 demonstrates 

system effectiveness in its intended applicationðreducing heavy metal concentrations in the 

effluent from a filter stack to acceptable levels. Experiments were performed to evaluate the 

breakthrough curve quantifying the capacity and performance of the filter. Some additional 

inquiries into a hydrophilic modification to improve performance are also included.  

Chapter 5 details efforts to remove another class of substancesðorganophosphates which 

are potent nerve toxins, and likewise a major environmental concern. This goal was accomplished 

using a stoichiometric reaction on a polymer gel between the organophosphates and hydroxamic 

acid groups. In contrast to the other chapters, this work involved a free-standing hydrogel instead 

of a coating. 

Finally, Chapter 6 marked a departure from reacting copolymers with dissolved 

compounds and turned toward repelling them; it also returned to the flat film morphology used for 

the sake of convenience in initial work on metal capture. The surface was made protein repellent 

by adding sulfobetaine functionality to the maleic anhydride polymer films. This is useful in its 
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own right for some biotechnology and medical applications. Still, it is also crucial as the first line 

of defense against marine biofouling, which was the intended application.  

In these efforts, the rapid kinetics of the reaction of amines and the anhydride groups in the 

copolymers and the ease with which FTIR could be used to monitor reaction progress 

demonstrated the capabilities of maleic anhydride copolymers in creating diverse functional 

materials. The success of systems to purify water from heavy metals and pesticides and repel 

protein fouling shows its utility as an applied polymer technology. The following sections will 

show the many other possibilities these copolymers afford. 

7.2 Outlook 

Though the research presented in this Dissertation has been application-focused, we 

addressed several aspects of fundamental chemical engineering and polymer science along the 

way. During the work with the nonwovens, concerns of water flow through a porous, somewhat 

hydrophobic filter material became important. The relationship between crosslink density and the 

mechanical properties of gels became important when trying to find a means of chemically 

degrading organophosphates in Chapter 5. That project also saw an interesting instance of the 

classic reaction-diffusion problem. When the gels were initially synthesized, a second amine could 

be added to the solid mass, and a noticeable color change could be seen to propagate through the 

vial slowly. By noting when the reaction front progressed to a certain distance and the width of the 

apparent interfacial region, this reaction-diffusion behavior could be compared to a MATLAB 

model to estimate the reaction rate and diffusion coefficient.  

7.2.1 Additional comonomers 

 The most straightforward extension of the research presented in this Dissertation would be 

to include additional comonomers for the maleic anhydride to get an even broader understanding 

of their effects on the properties of the materials. More hydrophobic groups, such as aliphatic 
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chains of various lengths, could be used to rigorously identify the optimum amount of hydrophobic 

character needed to coat polypropylene (or similar commodity nonwovens) as seen in the chapters 

on metal capture. Conversely, more hydrophilic comonomers could adjust gel swelling and effects 

on the organophosphate degradation rate. However, tuning the balance of hydrophilic and 

hydrophobic forces is most relevant to the study of protein repellency by betainized copolymers, 

as seen in the chapter on antifouling applications in which several different polymers were tested 

concurrently, and differences in performance were observed.  

 The much broader parameter space of terpolymers remains to be explored. There is ample 

literature on maleic anhydride terpolymers, but not all have been studied due to many potential 

combinations. Some of these have been designed for applications similar to those discussed in the 

preceding chapters. One example involves a copolymer with styrene and methyl methacrylate, 

modified with amines to capture uranyl ions [324]. While the maleic anhydride units will still 

alternate and comprise almost half the polymer fraction, the other comonomers will be distributed 

statistically if free radical polymerization is used. Thus, while there may be an enormous number 

of potential terpolymers, in practical terms, the synthesis of such materials will only offer more 

precise tuning of interactions than is available with the two-component system.  

Terpolymers have also been studied to achieve controlled variation in physical properties, 

such as a glass transition temperature [325]. More controlled polymerization methods would allow 

for greater control of the composition. They can open up more complex architectures such as block 

polymers, in which there is already some interest for the creation of nanostructured materials such 

as micelles. Many of these systems are based on poly(styrene-alt-maleic anhydride) (PSMA), with 

the second block being a non-maleic anhydride containing polymer, such as polystyrene itself.  
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7.2.2 Combination Technology 

In a similar vein, one can combine the antifouling aspect with the metal capture or 

organophosphate degradation systems to create a material that could resist fouling while 

performing its role. Filtration technologies must cope with fouling which can dramatically reduce 

the effectiveness by increasing pressure drop. Studies have been conducted to prevent filtration 

mats from fouling by adding hydrophilic polyethylene glycol to the surface [326]. Likewise, 

polyvinyl alcohol (PVA) has been used to create surfaces that resist fouling [327]. These polymers 

effectively prevent the adsorption of organic molecules because of the hydration layer they 

possess. Antifouling material can also be applied to the other projects in this Dissertation. Consider 

some material used for surface chemical reactions or adsorption as with organophosphate 

degradation and metal capture. In that case, the fouling will also proportionally decrease the active 

surface area (and not just increase the pressure drop across the device), making the antifouling 

betaine technology even more critical to the system performance. The versatility of the maleic 

anhydride copolymer systems, specifically the tunability of its hydrophobic and hydrophilic 

interactions, can also be used in these contexts by extending the antifouling behavior to non-

biological contamination, which is driven by the interplay of these forces [328]. 

7.2.3 Surface-bound Initiators 

 The inherent reactivity of the anhydride residues in the copolymers can be used to attach 

many different functionalities. Still, if an initiator is used, it can also serve as the base for further 

polymerization. When part of a coating, the macroinitiator could be used as the base of further 

modification. Careful control of the polymerization rate is needed through atom transfer radical 

polymerization (ATRP) [329]. These can then undergo a second polymerization reaction to make 

a comb polymer [330]. An example explored was the initiator V-50 (2,2ǋ-Azobis(2-

methylpropionamidine) dihydrochloride), with two amidine groups on either end of the 
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molecule. This molecule is used as a water-soluble initiator for free radical polymerization. As 

these groups have similar reactivity to primary amine, they were expected to react quickly with 

maleic anhydride residues. Because there are two per molecule of V-50, they could react with 

separate chains to form chemical crosslinks. This can be used to create a material that would lose 

chemical crosslinks upon heating in a controlled manner, which could be of interest apart from the 

radical initiation. Unfortunately, the disappearance of the crosslinks can destabilize a surface-

attached network of the polymeric initiator, which could, in turn, delaminate as the reaction 

progresses. It may be desirable to use an additional crosslinking agent, such as ethylenediamine, 

in low amounts to ensure that the polymer-V50 film remains attached even if the initiator is wholly 

consumed. Work in the previous chapters proves that only a small degree of such crosslinking is 

necessary.  

An FTIR spectrum of a PSMA film reacted with V-50 in an aqueous solution is shown in 

Figure 7-1 and confirms complete consumption of the anhydride. This reaction was performed at 

a relatively high concentration of amidine. This approach might allow the reaction with the soluble 

material (which is concentration-dependent) to proceed faster than the intramolecular crosslinking 

reaction. This would result in some primary amidine being present and leaving a lower 

crosslinking. Evidence for this being the case was observed: the film noticeably thickened in a 

humid environment due to water absorption by the now-hydrophilic polymer. This would not occur 

if the film was highly crosslinkedðif the reaction with the bis-amidine went to completion, the 

film would behave as a thermoset and could not swell appreciably. 
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Figure 7-1: Detail of the carbonyl region of the FTIR spectra of PSMA (with partial hydrolysis) and after reaction 

with the initiator. Because of the temperature sensitivity of the added pendant group, the film could not be annealed 

after the amine reaction, which leaves the polymer in the amic acid form, as is visible by the peaks at 1680, 1570, and 

1520 cm-1.  

 

When in an aqueous solution, the V-50 has a 10-hour reaction half-life at a temperature of 

56 °C. This period is lower than some other initiators, such as the azobisisobutyronitrile (AIBN) 

used in the free radical polymerization to make the PSMA itself. A similarly fast reaction rate 

would be expected in the polymer, which means that the number of crosslinks would rapidly 

decrease during the reaction. 

7.2.4 Grafting and Macromolecule Design 

In recent years, the polymer physics community has become increasingly interested in the 

effects of various molecular architectures that go beyond the typical chain seen in the majority of 

both synthetic and naturally occurring macromolecules. There are some exceptions, such as highly 

branched polyethylene, or unusual polypeptides with multiple linked chains such as certain 

mycotoxins. The reactivity of the anhydride residues and the click chemistry of the amine reaction 

presents a facile way to create these architectures by either grafting an initiator (as discussed 

above) or by attaching a polymer. One intriguing possibility would be to combine these two forms 
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of grafting, as has already been explored in the literature [331]. Polymers with a high-density side 

chain may be achieved by reacting the anhydride residues and then using the dissolved polymer as 

a macroinitiator. 

 Similar results can also be obtained more directly by reacting one amine-containing 

polymer with a maleic anhydride copolymer. Some polydimethylsiloxane (PDMS) with primary 

amine groups on each end of the polymer chain was mixed with a solution of PSMA. This mixture 

remained as a single phase and visibly thickened and gelled within ~2 minutes. This behavior is 

similar to the gelation of poly(maleic anhydride-co-methyl vinyl ether) (PMAMVE) in DMSO 

solution upon the addition of ethylenediamine, as discussed in Chapter 6. The difference is that 

the chains are linked by siloxane polymers, which are a well-studied system for understanding the 

behavior of polymer crosslinking, and are used widely in many applications [332,333]. Another 

such combination was the reaction of PSMA and polyethyleneimine (PEI) ða polymer with an 

unusual distribution of primary, secondary, and tertiary amines. As expected, this material gelled 

almost immediately as the amide bonds formed, and upon heating became a thermoset network. 

Figure 7-2 shows the FTIR spectrum and confirms the formation of stable imide bonds. This 

contrasts with a similar undertaking in the literature in which a macro-complex between PEI and 

a copolymer of maleic anhydride and n vinyl 2 pyrrolidone was formed in aqueous solution 

similar polymer was found to have antimicrobial properties [334]. 
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Figure 7-2: FTIR spectrum of a PSMA crosslinked with polyethyleneimine. This spectrum was taken after the gel 

was heated to drive the imidization reaction. 

 

7.2.5 Siloxane Networks 

Using aminopropyltriethoxysilane (APTES) as a surface modification agent to allow the 

anhydride residues of the copolymers to covalently attach to the silicon wafer substrates through 

the amine group was a mainstay of the thin film research conducted in all parts of this work. 

However, this molecule has uses beyond surface functionalization and was also used in bulk 

polymer modification. This results in ethoxy silicate-containing polymer chains that can then self-

condense, as occurs in APTES exposed to water. This phenomenon was observed upon heating of 

APTES modified poly(octadecene-alt-maleic anhydride) POMA, which gelled (due to a change in 

the solubility in the original solvent, toluene) after the reaction with the amine, then hardened upon 

heating. IR spectra confirming the complete reaction of the anhydride groups are shown in Figure 

7-3. Because the material was heated, the reaction to form the imide has also gone to completion, 

which is also apparent in the spectrum; the broad peaks around 3400 cm-1 could be due to hydroxyl 

groups present after the hydrolysis of APTES. Though the crosslinking of this material is 

interesting and has already been explored for the delayed curing of polyurethanes, other uses are 
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also possible [335]. APTES (and other siloxanes) can be used as binding agents to effectively 

attach polymers to other substrates, such as PSMA and urethanes [336]. 

5001000150020002500300035004000

A
b

s
o

rb
a
n

c
e

Wavenumber (cm-1)

 
Figure 7-3: FTIR spectrum of POMA-APTES. Because this material is bulk solid, it was pulverized with a mortar 

and pestle and pressed into a pellet with KBr. Note strong hydroxyl peak around 3400 cm-1.  This broad O-H stretch 

indicates hydrogen bonding, either from the large number of hydrolyzed APTES molecules attached or water content. 

 

7.2.6 Metal Chelators 

 Chapters 3 and 4 discuss the cysteamine-based metal removal mechanism because it is 

easy to prepare and uses widely available reagents. The thiol linkage it creates is robust in binding 

to many different heavy metals and is well-characterized. However, it has the disadvantage of only 

removing the metals stoichiometrically. In the case of metals with higher oxidations states, this is 

on unfavorable terms, limiting the material capacity. Furthermore, unlike the ion exchange resins, 

which are the most directly comparable competing technology, these interactions are not easily 

reversed, meaning that, while low cost, the material is limited to a single-use.  

 One way of achieving a lower cost per total amount of metal removed, and therefore 

compete with activated carbon filtration on economic terms, would be to use a more chemically 

complex capture moiety that can be cycled. The metal is rejected in a concentrated stream from 
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the filtration device during a cleaning cycle for easy disposal, avoiding the fate of the toxic metal-

laden filtration medium. One chemistry that might allow for this approach is sulfur-nitrogen 

interactions as synthesized by Srogl, as seen in Figure 7-4. These compounds have been found to 

bind metals under typical operating conditions for the filter. They can release them in a controlled 

means under acidic conditions.  

 

Figure 7-4: Structure of a pincer compound that can bind metals reversibly. 

 

7.2.7 Partially Betainized Polymer for Electrostatic Adhesion to Particles 

As discussed in Chapter 6, it is possible to apply the betainization scheme in such a way 

as to leave part of the maleic anhydride residues unused by the reaction and available for further 

chemical modification. In particular, the possibility of converting some of these residues into 

quaternized groupsðwhich have interesting antimicrobial properties in their own rightðwas 

investigated. Another possible use of this approach is to bind a betainized material onto a charged 

surface using electrostatic interactions with the partially charged polymer. This is conceptually 

similar to theoretical work on polyelectrolyte interaction with charged surfaces, which is an aspect 

of colloid science with applications to DNA adsorption and creation of multilayers [337,338]. One 

example was prepared with charged polystyrene spheres, as shown schematically in Figure 7-5. 

These particles were made by emulsion polymerization in the presence of potassium sulfate to give 

a negative surface charge, typically with a density of 8 µC/cm2. The original intended application 

was a latex suspension sprayed into a wind tunnel to trace streamlines [339]. To these polystyrene 
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particles, zwitterionic moieties were added through PSMA modified to have 25% quaternary 

ammonium and 75% sulfobetaine from trifluoroethanol via drop-casting onto the particles.  

 

Figure 7-5: Schematic representation of a PS latex particle with surface sulfonate groups imparting a negative charge. 

 

Figure 7-6 shows an FTIR spectrum of this material. However, the characteristic peaks of 

the coating are not apparent, as the total amount is not anticipated to be significant. By assuming 

complete charge compensation, the thickness of the attached betainized polymer layer can be 

estimated at ~110 nm, which is far smaller than the 0.9 mm diameter of the PS spheres. Future 

work could confirm the presence of the betaine on particles through more surface-sensitive 

characterization methods, such as Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) 

or X-ray Photoelectron Spectroscopy (XPS). There are also techniques specific to microspheres 

that could be used, namely chemical force microscopy (CFM), or zeta potential measurement, 

which would reveal a change in the surface chemistry or electrostatic properties but could not 

directly identify the betaine [340,341]. Though the need to use trifluoroethanol is a drawback, this 

technique could be combined with crosslinking using diamines to create functional particles, which 
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could have many applications. These would be similar to core-shell microparticles, which are more 

typically made by growing polymer chains on a seed particle, often in an emulsion. [342]  The 

concept of electrostatic adhesion followed by further chemical modification could also be pursued 

by leaving some of the anhydride residues after the quaternization.  
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Figure 7-6: FITR-ATR spectrum of PS latex with dried on PSMA coating adhered by partial quaternization and partial 

betainization. 

 

7.2.8 Sulfobetaine Alternative for Antifouling 

Although this work focused on sulfobetaines and their properties as a function of spacer 

length between the charged groups and the polymer backbone, these are not the only zwitterions 

that can be used for antifouling. Carboxybetaine groups are more widely studied, as seen in Jiang's 

voluminous work on the subject [343,344]. They also have the additional advantage of facilitating 

the immobilization of biomolecules [345,346]. Preliminary work toward the synthesis of similar 

betaines was also done to explore the breadth of reactions that the proposed maleic anhydride 

copolymer synthesis system can accommodate. By substituting chloroacetic acid instead of 

sultone, the same reaction scheme as the sulfobetaine will produce the equivalent carboxybetaine, 

as can be seen in Figure 7-7. 
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Figure 7-7: FTIR spectra of PMAMVE reacted to form the carboxybetaine, taken using the KBr pellet method. The 

tertiary amine is the PMAMVE reacted with DMEN and heated to form the imide. The appearance of a carboxylate 

peak around 1550 cm-1 and the disappearance of the characteristic tertiary amine methyl stretches at 2800 cm-1 confirm 

that the reaction has gone to completion. Also, note the more prominent hydroxyl band, indicating greater water 

content. 

 

This modified procedure can be generalized with other halogenated carboxylic acids to 

arbitrary linker lengths more readily than the cyclic sultones, which are only available with 3 and 

4 carbons. When this material was tested against fluorescein isothiocyanate conjugated bovine 

serum albumin (FITC-BSA) fouling, it performed better than the comparable sulfobetaine, as can 

be seen in Figure 7-8. Though only from a single experiment, this result indicates that 

carboxybetaines may be a preferable means of creating antifouling surfaces from maleic anhydride 

copolymers. The greater diversity of possible modifications could extend the work in Chapter 6, 

which focused on 4 varieties of sulfobetaine. 



214 

 

Ethyl Carboxybetaine Propyl Sulfobetaine Butyl Sulfobetaine

0

20

40

60

80

100

120

F
lu

o
re

sc
e
n
t 
In

te
n
si

ty

Betaine Type

 
Figure 7-8: Fluorescent intensity of FITC-BSA fouling on various betainized polymer surfaces. Although similar to 

the work in Chapter 6, these data were collected using a different instrumentða Leica TCS SP8 confocal 

microscopeðand are therefore not directly comparable. All samples were P(MAMVE) with dimethylethylenediamine 

(DMEN) as the tertiary amine, reacted with propane sultone (red), butane sultone (red hatched), and chloroacetic acid 

(green). The intensity was averaged over three exposures to give error bars. 

 

Charged groups such as the quaternary ammonium will have the same capacity to create a 

hydration shell and prevent the settlement of protein as zwitterions. However, the electrostatic 

effects mean that this is only true of proteins with the same charge, and indeed such effects will 

dominate the entropic shielding. Additionally, quaternary ammonium is well known for its 

antibacterial properties and is therefore found in numerous productsðincorporating them into 

polymers holds promise for various medical applications [347]. An example of this class was 

synthesized in Chapter 6 as a benchmark for maximum fouling by a charged protein, but future 

work could use such a coating. Antibacterial properties have even been observed in hydrophilic 

maleic anhydride copolymers functionalized with tertiary amines, which offers a simplified 

synthetic pathway [348]. 
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7.2.9 Amidoxime Chemistry  

Oximes are well known as effective reagents for organophosphate degradation. They can 

be used to cleave the phosphate groups from acetylcholinesterase enzymes in cases of poisoning, 

as described in the introductory material on chemical warfare agents. Amidoximes have also been 

found to have similar activity. Yet, they are not studied as much, though they do feature more 

prominently in some of the earlier literature, as discussed in the introduction. Another interesting 

feature of amidoximes is a strong affinity to binding uranium. This has already been investigated 

as it pertains to the extraction of uranium from seawater [349]. A straightforward way of 

incorporating the amidoxime group into polymers involves the reaction of hydroxylamine with 

nitriles. Indeed, this is the strategy employed to make the uranium scavenger from 

polyacrylonitrile. The reaction of hydroxylamine with the nitrile group in a polymer, similar to the 

small-molecule amidoxime-based antidotes to organophosphate poisoning, has also been studied 

[350]. In this way, the amidoxime group neatly combines two disparate aspects of this Dissertation. 

It is, however, challenging to include nitrile groups in a maleic anhydride copolymer 

directly, as they are too electron-deficient to allow the normal charge transfer complex to form and 

create an alternating material. Synthesis of a copolymer featuring maleic anhydride and 

acrylonitrile produced low yields (~8%). The reactivity of the maleic anhydride group itself allows 

for the incorporation of nitriles in the form of beta-aminopropionitrile. The completed reaction 

with the telltale nitrile peak can be seen in Figure 7-9. This material found additional use as a 

reference for surface plasmon resonance measurements conducted in the same region of the IR 

spectrum as the nitrile peak [351]. 
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Figure 7-9: FTIR spectrum of poly(acrylonitrile-co-maleic anhydride). Note the sharp nitrile peak at around 2200 cm-

1. 

 

7.3 Final Remarks 

This Dissertation has covered the application of maleic anhydride copolymers to solve 

pressing industrial and environmental concerns. The diverse ways these polymers were 

synthesized, modified, and applied to solve pressing problems demonstrates the system's 

versatility as a powerful toolbox to control surface physical and chemical properties.  
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Chapter 3: Appendix 

 

 

Figure A3-1: Optical Micrograph of PP film (~36 nm). 
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Figure A3-2: Optical Micrograph of PP (11 nm) with POMA coating. 
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Figure A3-3: XPS survey scan of POMA-coated nonwoven. 
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Figure A3-4: XPS survey scan of POMA-coated PP nonwoven modified with cysteamine. 
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Figure A3-5: High-resolution scan of the carbon on PP-POMA fabric. 
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Figure A3-6: High-resolution scan of carbon on PP-POMA-cysteamine fabric. 
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Figure A3-7: High-resolution XPS scan of sulfur on a fabric modified with POMA-cysteamine. 
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Figure A3-8: Pincer compound XPS, high-resolution sulfur scan. 
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Figure A3-9: ToF-SIMS of PP. The structure of the fabric can only be clearly seen from the total ion counts as none 

of the peaks characteristic of POMA or POMA-cysteamine are present. Compare with Figure 3-19 and Figure 3-33. 

 

 

 

Figure A3-10: Si-PP-POMA film. 
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Figure A3-11: Si-PP-POMA film modified with cysteamine only. 

 

 

Figure A3-12: Si-PP-POMA film modified 10:90 with ethylenediamine and cysteamine. 
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Figure A3-13: Si-PP-POMA film modified 20:80 with ethylenediamine and cysteamine. 

 

 

Figure A3-14: Si-PP-POMA film modified 50:50 with ethylenediamine and cysteamine. 
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Figure A3-15: Si-PP-POMA film modified with ethylenediamine only. 
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Figure A3-16: Survey Spectrum of a PP-POMA-Cysteamine Film. 
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Chapter 4: Appendix 
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Figure A4-1: FITR spectrum of POMA-Cysteamine functionalize PP nonwovens taken before and after a stability 

test with the Carberry rotating bed reactor. The flow rate during this test was 4.45 L/min. 

 

Table A4-1: Capture capacity of flow-exposed fabric showing that the fabric still has active 

cysteamine sites after exposure to flow for several weeks. The total capacity is lower than seen in 

non-contaminated cases, typically ~3500 µg/g. 

Time

Initial

Concentration

(ppm)

Final

Concentration

(ppm)

Total

Capture

(µg metal/g fiber)

Fraction

Captured (%)

Week 1 1 0.63 736.71 37%

Week 2 1 0.71 561.27 29%

Week 3 1 0.49 1004.63 51% 
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Figure A4-2: Image of contaminated fabric after filtration, taken with the Nicolet iN10 IR microscope built-in camera. 

The small yellow particles in the fabric mesh are the main form of visible contamination. 

 

 

 
Figure A4-3: Dynamic binding test of model industrial waste (2 ppm cadmium) for different filter sizes. One previous 

run at a higher concentration was included for scale. Note that values are reported as a fraction of the feed 

concentration. 








































