ABSTRACT

ZBORAY, STEVENJAMES. Modification of Maleic Anhydride Copolymers for Applications
IncludingWater Purification and Antifouling. (Under the direction of Jan Genzer).

ThisDissertatim combines thregpecificprojects based on the diverse chemistry of maleic
anhydride copolymers. The systems described allow for control over spréguaties and permit
extensive chemical modification. In this wélyese copolymers can act as a toolkit to functionalize
surfacesarbitrarily without the need for harsh chemical treatme@isapter 1 introduces the
relevant literature for the three apgations. Chapter 2 describes thechemistry of maleic
anhydride and its gmlymes. The firstapplication of this polymer system was to rembeavy
metals from water using amodified poly(octadecearalt-maleic anhydride) coating on
polypropylene nonwoven€hapter 3 covers the synthesis and characterization of the material
and the effects on fabric wettabilit€hapter 4 contains the test results for metal remowdde
system can remove 3.5 mg of cadmium per gram of;fiéenoval of other heauyetals was also
studied The system's performanaeas established in both static and flow testing under a variety
of conditions, including high ionic strengfhhe project described i@hapter 5 aimed todegrade
toxic nerve agents using a hydrogel chenhycalhe polymer chosen was maleic anhydride
methyl vinyl ether, which was chemically modified to contain the hydroxamic acid group. This
material could degrade a model nerve agent, DMNP, with difeatif approximately 6 hours at
the concentrations ad. Analysis of the secoratder rate constastransport effectsand swelling
suggested a degradation hi#é of as low as 21 minutes could be achievebapter 6 studies
zwitterionic polymer films madé&om several madic anhydridecopolymers and their ability to
repel fouling by proteinnamely BSA. These materials weeffective, particularly when a
hydrophilic comonomer was used and #xent of crosslinking was lavseveral sulfobetaine

chemistries were testedut the structuref the zwitterion group did not have a strong effect on



antifouling performancerl his materialwas intended to serve as a basis for coatings on ship hulls

to prevent attachment of marine organisms, which harms fuel ecoraidigional information

for eachof 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 oflemaanhydride
copolymers as a toolkit fazontrolling surface chemistry and imparting valuable functionality
through facilereactions. Theefore, the copolymer system described wdddf interest beyond

the environmental focus of this work.
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present in the experimental solution is determin€de procedure is
substantially the same for all instruments, but there were some variations
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Figure 4-2: Capture of silver ions (Ag+) by polypropylene nonwoven coated with
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Figure 4-5: SEM-EDX on a fabric exposed to silver, in which the POldysteamine

coating is visible as the fAwebbingo nea
regons correspond to silveich coating. The highlighted regions were
analyzed for elemental content, $8QUIE 4-6.............ccevvvviiiiiiiiiicccniiiieeeee, a3
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solution; the black symbols are a benchmark experiment showing cadmium
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Capture of silver in a competitive test with cadmium. This is the same
experiment as ifrigure 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 s¥ing the results when cadmium is present.
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Capture of cadmium in a competitive test with arsenic. The red markers
show the capture capacity relative to cadmium when arsenic is present in
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Capture of arsenic in a competitive testh cadmium. The red markers
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Sequential capture experiment resultsP@MA-cysteamine coated fabric
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Sequential capture experiment results. Comparable procedure to that
described irFigure 4-14, but with the order of the metals reversed. In this
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Cadmium capture kinetics in artificial seawater (red) compared with
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Cadmium capture as a function of time with and without (red and black
markers, respectively) a prewetting step for the PP fabric. The non
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Carberry rotating basket reactQr...............oooviiiiiicceiiii e 111

Cadmium capture capacities for several PP nonwovens supplied by the
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43 were selected for empirical SSA determination using the BET technique.

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 Figli®,4vhile

for the others, it was estimated by analyzing SEM images...................... 114

Differential refractive index data taken from amamyple pulse test on a filter

stack before use in a metal captu
CacCb solution with a concentration of 1000 ppm. The peak asymmetry, in
thiS CASE, WAS 1,90 . .. et e ere e e e e e e e e e eans 116

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
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Raw ToFSIMS data for a POMAysteamine 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 (Cd&nhd Cd%). The silicon anion appears
when the sputtering has gone through the polymer film and reached the
silicon wafer substraée this allows one to determine the etching rate........ 121

ToRSIMS depth profiles of three POMéysteamine films with different
ENICKNESSES. ..t 123

Cadmium capture in films as a function of time; The initial data points
should be ignored as not representative because no sacrificial layer was
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Ratio of thiol (HS) to imide (CNO) characteristic fragments in POMA
cysteamine film (shown iblack). The red and blue lines correspond to the
ratio of SH and CNOtoa characteristic ion from the base polymeg),C
respectively. The sample used was one of the thicker films exposed to a 2
ppm cadmium solution for 5 days.............covvuviiiiiiccce e 125

Cadmium capture as a function of sample depth and relative amounts of
cysteamine and ethanolamine. Time and concentration ¢wddtant.
Samples were immersed in a 2 ppm solution of cadmium for 17 haurs...126

a) Aqueous solution containing organoppbatei(e., dimethyl nitrophenyl
phosphate, DMNP) enters a swollen gel and reacts with the hydroxamic acid
residues in the gel (red). The degradation produets 4-nitrophenol and
dimethyl phosphate) diffuse out and can be evaluated. Blue lineseapre
diamine crosslinks. b) Reaction scheme to make the poly(maleic anhydride
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co-methyl vinyl ethenhydroxamic acid (PMAMVEHA) gel. The first step
involves crosslinking PMAMVE with ethylenediamine on a fraction of the
maleic anhydride reactive groups. ddmplete 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...........cccceeeveerrieeecinnennnnnnn. 134

FTIR spectra of PMAMVE, PMAMVE gels, and PMAMVHA 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
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with the minor peak of the imide), 1700 €nwhich is the principal imide
peak (which also overlaps with the diacid) and 1660" evhich is the
principal amide PEaK...........uuiiieii i i eeeecc e 141

DMNP degradation kinetics at selected times monitored by UV/Vis. Neither
the DMNP (270 nm) nor NP (400 nm) reached the predicted values
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in the NEM buffer solution (pH 10.29)......ccoiiiiiiiiiiiiiiiiieeee e, 143

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 PMAMVEA gel (green).
Buffer solution (black) data are added for comparison............cccccevvvvveenn. 144

Reaction kinetics as a function of initiafganophosphate 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 iNnput CONCENTratiON...........covviiiiiiiiiiiieeeeeeee 146

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)
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symbols) using the same NEM DUTfers..........ccocooiiiiiiieeee 147

(a) Reactiorkinetics 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 fitteddndr kinetics
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Kinetics and fitted firsorder kinetics for NEM buffer (open symbols) and
PMAMVE-HA gels (solid symbols) as a function of NaCl salt
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(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 acidyroups 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 Equati®-2. ...............ccccovviviiiieemniiiinne 152

a) Kinetics of DMNP decomposition for different PMAMMEA gel
particle sizes relative to NEM buffer (ptD.24). Coarse gel particles are
millimeter-scale, while the fine particles are micron size, as seen in the
histogram, fitting by pseudfrst-order kinetics. b) The plot of the fitted
first-order rate constant as a function of the particle radius, with fi
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 Equati®n.5....... 155

Oscillatory shear data collected for PMAMMHA gels made at various
polymer concentrations (or gel densities) and with diffeceasslinking
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Kinetics data for DMNP decomposition using PMAMMA gels
synthesized at various concentratioasd therefore having different
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PSMA betainization reaction scheme showing a reaction with
dimethylethylenediamine followed by betainization of the tertiary amine by
propane sultone. As discussedGhapter 2, the initial reaction with the
amine has an intermediate amic acid form whghdehydrated to give the
imide, shown here as the second StrucCtUre............c.eeevvvvvieeeiiiiiieeeieneennn. 169

PSMA betaine IR showing the two reactsieps: 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 CIML. oottt emma et e et e et e eteemnneeens 170

Partially quaternizedpartially betainized PSMA.............covviviiiiiiiceeeeeieees 173

FTIR of partially betainized PSMA before (d) and after (e) extraction in
PBS. Note the b sulfonate peak near 1220 gnindicating 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
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also included for reference. In the lattertbése, the many small peaks
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disappearance of these peaks is consistent with the betainization reaction
going to completion and consuming all the tertiary amine........................ 176

Stacked IR spectra of a thin film of PSMA undergoing the -post
polymerization reactions. After annealing, shows (a) PSMA film shows
strong anhydridgeaks at 1860 and 1780 @émReaction 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
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Thickness changes in a film throughout the functionalization reactions. The
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propane sultone (corresponds to the top left panéigare 6-16), but the
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FITC-BSA fluorescence at twprotein concentrations. Note the extensive
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Background fluorescence intensities (no HBSA). Note that there is no
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Fluorescent Intensity of FITBSA on four betainized copolymer surfaces.

All were prepared usingimethylethylenediamine (DMEN) and propane
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FITR spectrum of POMACysteamine 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..............ovvvviiiiiieeeeeieienn 231

Image of contaminated fabric after filtration, taken with the NicoleOiN1
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Chapter 1: Introduction to Challenges in Water Contamination and Marine Biofouling



1.1 Overview
Controlling surface chemistrg one of the mainstays of chemical resealcls essential

for many technologies rangirayer 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 coatirtbs, Dissertatiod $undamenta serveas a
toolkit for diverse future work in the chemical and material sciences. This basic understanding
emerges from applicatioriecused workwhich can be dividednto three parts. The firgtart
involves removindheavy metal contamination from wateith a filter by transforming lowcost
chemically inert nonwoven textiles into materials that selectively bind these.td#iile keeping
with the theme of eliminating dangerous substances and improving the environment, the next
portion focugson the degrada@n of organophosphasd potent neurotoxinghat find their way
into the environment as runoff from agriculturehe final portion of the Dissertationcovers
creating a polymer coating that can repel protelie ultimate goal is to find a simple way of
protecting surfaces from biofouling that does not rely on togd@asing paints thatre harmful to
the environmentThese material§ind a broader application in various technological areas that
deal withcontrollingbiomolecule adsorption

We achievehesegoalsby creatingeadily functionalized polymer coatings and gels made
from maleic anhydridéMA) basedcopolymers MA copolymerizes téorm alternating structuse
with many other monomers. By choosing the comonomers appropr@telgan tune the surface
properties of coatings made from such polymers. Yet this is not theertilyng aspect oMA
chemistry the anhydride itself can also undergo many chemicaliogsctHowever this work
focuses mainly ospecies bearingrimaryaminesdeliveringvariousotherfunctional groupsThe
kinetics ofthesereactions with amineare rapidand heavilyfavor the productwhich allows for

facile and completgostpolymerizaton modification.Similar polymer systems accomplish the



three different applications described in this Dissertatiarthe appropriatechoice of chemical
modification thiols for metal capturenydroxamic acids for organophosphate degradaaod
sulfobetaine for proteirepellency. This work demonstrates a powerful new toolkit for developing

high valueadded polymeric materiateat enable ultimate control over thigrface chemistry.

1.2 Chapter Synopses
Chapter 2 covers the fundamental aspects of maleic anhydridéspdlymersBeginning with

abrief overiew ofthe chemistry of the monomer itself, which was relevant for some of the initial
work with small moleculesit then proceeds to covehd polymerization mechanismand its
implications for copolymer structure. Finallf;hapter 2 covers the chemistry of the anhydride
groups in these copolymeissith particular attention to the reaction with primary amines.

Chapter 3 is the first of two that deal with the most expansive undertaking in this
Dissertatiod removing heavy metals from wastewatelt only covers the study of the
polypropylene nonwoverustrates, the application of maleic anhydride copolymer coatings, and
some work on reactions with amines to impart meggiture functionality and hydrophilicity. This
chapteralsoincludescharacterization of these materials, mainly with IR spectros@msome
procedures commonly seen in the textile industry.

Chapter 4 covers the primary aim of the projdcthe capture of heavy metals by the
nonwovensupported modified polymer. Several experiments were performed, chiefly relying on
guantification usinginductively coupled plasma mass spectrometGP{MS) to thoroughly
analyze thana t e rpérfarindnse undestatic and dynamic conditions. Other variables such as
sequential and competitive adsorption, solution salinity, counterion effects, and specific surface
area were also studietlVe confirm the ability to reduce effluent metal concentrations below

regulatay limits. An additional section deals with efforts to increase capture capacity with thicker



and more hydrophilic coatings, which were examined twige-of-flight secondary ion mass
spectrometry To~SIMS) to understand metal diffusion into the polymsreia

Chapter 5describes the developmentagfetbasednaleic anhydride copolymeel made
by crosslinkingpoly(maleic anhydrideo-methyl vinyl ether) PMAMVE). The system isapable
of chemically destroying nerve agent$e monitorthe degradation of the model compound used
throughout(DMNP) via UV-VIS spectroscopy undesariousconditions, which allowed for the
determination of the secorwdder rate constagtevaluation of rass transport limitations, the
effects of salinity, buffer choic&and concentratiarMechanical 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 zwiitteic surfaces to
repel fouling by proteins. The intended application is ship hulls capable dfrrggmarnacles, but
the work was performed usirtuyorescently labeledovine serum albuminF(TC-BSA) as a
model compound. The films were characterized usaripble angle spectroscopic ellipsometry
(VASE), and the protein foulingvas monitored using fluorescent microscopy. The chemical
modification was variedto combine six maleic anhydride copolymersné four possible
sulfobetainesWe also studied thele of crosslinkingof the polymer layers

Chapter 7 concludes the work and briefly describes several incomplete lines|aify
into other modifications of maleic anhydride copolymersich were nosufficiently 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 gamotivation and challenges described in the literature for

the three topics of thiBissertatiod heavy metals, organophosphates, and biofodliwgh a

more detailed review of the relevant literatatethe beginning of each chapter detailing the



application.We review the motivation for creating a system to address eachpyoahrily in

economic and environment&irms

1.3.1CapturingHeavy MetalContamination of Water
Contamination ofthe worbdd scarcewater supplies is a major environmental issue,

especially in developing countrigd]. Heavy metals are particularly troublesome pollutants
because they are persistent and bioaccumulate. One point of concern is thdvénsglyimpact
health even at l@ concentration§2], which means it is necessary to reduce the amount present in
water supplies to low levels, oftémparts per billion (ppb)Chromium|[3], arsenid4], cadmium
[5], mercury[6], and lead 7] are examples of toxic heavy mettiatcan cause various maladies
such as neurological symptoms, kidney damage, and even cancers; more peyata@ceisheir
environmental and developmental effef@s Consequentlythere is great interest in deveilog
technologiesusable forthe industry to remove these compounds from waste streamsoand
consumers to remove the contaminants at the point oueeembodiment wouldvolve a small
water filtration cartridge attached to a faucetatargersystem attached to the main water supply
of a dwelling

This work details a novelvay of removing heavy metals from water using a copolymer
coating on a nonwoven polypropylefabric. It is an example of a facile means for creating
functional surfaces withoutaltering the substrate witlcomplex chemistres. The means of
arbitrarily modifying a given surfaces developedfurther into a new approach for preventing
biofouling andapplicationto removing pesticides from groundwateisubsequent @pters in this
Dissertation

The primary goal is to take a contaminated stream in environmental applicatidns
remove thepollutantsleavinga pure effluent. However, the same technology can ralsover

valuable materials from Iongrade sources. One prominent example is the natural level of uranium



found in seawater. Although a concentration of only a few parts per billion may seem insignificant,
calculations show that the ocearmtain far morairaniumthan terrestriaeposits Due to the

high energy content of nuclear fuéietotal amount of energis sufficientto coverworld energy

need for manyyeas. Some have already begun to investigate the use of floating mats of absorbent
polymers toextract this fuel sourgechiefly focusing on the affinity of the amidoxime group
towards uranium. These efforts have already demonstrated the ability to produce ua#reitm
thecost is not currently competitive with terrestrial min[8gL0].

Current remediation technologies for heavy metals can be grouped into three main
categories: chemical, physical, and biologiddl]. The most popular methdd treat industrial
waste streams with a high concentration of heavy metals (sometimes in thpgratiousand)
involves precipitaing the metals with concentrated hydroxides then usingedimentation or
flocculation toremovemetalsphysically Problems can occur when multiple metals are present in
the same stream or when other species foomplexes that remain solubie water [12].
Precipitation can also be performed with chelating agesiish typically rely on sulfur chemistry
Some examples of these compounds ameotassium/sodium thiocarbonatesodium
dimethyldithiocarbamateand 2,4,6trimercaptotiazindrisodium salt nonahydratil3]. Amine
groups are another choice for metal adsorption or precipittiéd5]. However,the typical
approach for water purificatiols based purely oion-exchange ressywhich are expensivand
requirehigh-pressure drops to operafis].

Sorbentsare also finding use, with activated carbon being expensive but widely used.
These high costs have prompted the investigation of severallotheostalternativematerials
as sorbents, which naachieve metal capture capacities on the order of fd]g Other such

methods includezerovalent iron nanoparticles[18] and various biomaterials Low-cost



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 highhtaminated sludge that remains

after precipitation. One approach is to produce a material with ion exchange properties by
modifying existing higksurfacearea substrase An example would be aminobenzoic acid on
poly(styrenealt-maleic anhydride)22).

The postpolymerization modification of anhydride residues in copwys such as
POMA, provides an avenue for many functional materials, as exemplified by the click chemistry
employed byGuo [23]. The researcherseactedpoly(styrenealt-maleic anhydride) RSMA)
polymerbrushe with cysteamine (which is reminiscent@hapters 3and4 of this Dissertatioi
to allow subsequent modificatiana the thiolene mechanisnThis work focuses on a different
application of thiol chemistrywhich canbind with metals stronglyThe chemistry in this work
has the advantage of allowing for multiple different groups to be included apart from the active
thiol moiety. Thisability was used to allow for crosslinking of the polymirprovidemechanical
strengthandstability.

From a chemical engineering standpodl@yelopingan effective system to remove metals
from a stream flowing through a filter cartridgjenultaneouly involvesfluid flow, mass transpaort
and surface chemistry. Th€arberry type rotating bed reactor and plug flow affinity
chromatography columns are the most comparable systems in currgfjuSkecapturemethod
is based on a chemicadaction with the metal§hecommonly used activated carbon filters are
not similar in their dynamic to the proposed systamisioned as a column of the functional

nonwoven fabric filter



1.3.2Coatings To Preventdaling of Ships
Biofouling of marine vessels issagnificantproblemglobally, imposing annual costsf

over $60 billion every yearf25]. Various marine organismean colonize the hull surface

dramatically increasing the hydrodynamic drag, corrosionfuiéxpenditureThe noredetailed
studies of this proce$sdto the understanding thatarine surfacéouling is amulti-stageprocess
starting with the surfaceonditioning by formingatightly adhered protetenrichedouling layer
[26].

Historically, the most effectiveandwidely usedantifouling coatings relied on the gradual
release of tributyltin biocidesThesespecial paintseffectively kill organismsresponsible for
fouling. By their very nature, thegontaminate the environment with heavy metals and have a
limited lifetime before the leaching process depletes the active compamtishey must be
periodically reapplied. Theadverg environmental effects of these composiiwiere already
causingnoticeableenvironmental degradatiaf oyster beds 1975[27]. Since thenthe pollution
of the oceanhas come under increasing scrutinjhere are effortto reduce or eliminatieiocidal
coatinguse, which already resulted in iact by the Marine Environmental Protection Committee
which entered effect in 200R8]. A further effort to ban tributyl tin paints by international
conventionwent into force in 200&nd complementary efforts by the European Unjag,30].
There is expected to be a great need to provide a more environmentally benign means of preventing
fouling.

In addition tothe toxicity of tin-basedantifouling coatings, sh§ can act as a vector
trangorting invasive specieganotherenvironmentabspect of marine foulindt mears that an
adequat replacement for the toxic compoundan reducedirect pollution andcombat the
introduction of invasive species along international shipping [EBi#sAntifouling coatings thus

have anessentialrole in preserving the environmef82]. Furthermore there is considerable



overlap betweetechnology to prevent fouling by marine organisand the medicdield, where
antimicrobial surfacesre a topic of great interesto there may be more applications for the

technology developed herein in the health f[@8.

1.3.3Chemical Degradation @rganophosphase
Organophosphatesme an importantanmercial chemical clasdue to their application in

the agricultural sector as active pesticide agents. The positive impact of pesticides on increased
harvests leads to massivgrigultural overuse, particularly in the developing wpHdwever the
contaminationof the groundwater by pesticides has led to significant health risks to the human
population B4]. The nonspecific action of these compounds on living organisms cotestitu
substantial threat to society because of their potential use as warfare 3ge#tsifle from their
immediate lethalityprganophosphates can also have more subtle health effects, particularly on
children, even in trace amount36[37]. The organophosphate compourtegrade in soil and
groundwater over time, but the decomposition reaction rates ar88hw-pr this reason, effective
means of removing these compounds from the environment using engineered decontamination
chemistriesare reeded.

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 syha@sdshe enzyme inhibition
allows accumulation of the neurotransmitter acetylcholine, which eaignteads to paralysis and
death, making these compounds effective poisédls Therestoration ofotd enzymatic activity
is complexdue to thevariability of chemical structures associated with various organophosphate
substituents and the lack of one universal antidote for a broad range of toxddi4[3]. The
first effectiveorganophosphate poisoning treatment was agpking oximes with pralidoxime

being the most commonly used and studied antidatd%]. Another prominent oximbased class



of compounds capable of this action is the pyridinibased conjugated oximes capable of
overcoming the firspass effects in the human body ansteéng enzymatic activity by targeting

the negatively charged cleft of acetylcholinesterdégly]. In addition to oximebased antidotes,
hydroxamate anions have shown high capacity and selectivity in organophosphate decomposition
[48,49,50,51,52]. Of particular relevance isdentifying n-hydroxy succinimideand the
hydroxamic acidyroupasactivedegradation catalys{53].

Aside from smaHlmolecule nucleophiles (ideal for usevivo), severabiologically 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 withhydroxamate endroups alsalecompose organophosphatg¥| [

Another possibility is then vivo use of biological catalysts to provide a form of prophylactic
protection which is accomplished by PEGylation of scavenger enzyb@&sd. It is conceptually

similar to using a hydrogel containiagtivesites as described @hapter 5. The culminatio of
biotechnology approaches is genetic engineering to create organisms immune to the effects of
organophosphate toxins, as has been achieved disetted evolutiondQ].

A feasible approach to reduce or eliminate organophosphates' negative impact on human
life is to create specific water filtration systems capable of removing toxingpiotablesources.
Supported catalysts and synthetic macr@tules have gained significant interest because of their
potential application for largscale decontamination. Dendrimers that bear a terminal oxime group
at each branch were suggested as a possible replacement for the biortbalsedlapproacie]].

One needs to consider the financial burden when designing the inline filtration systeras
alternative lowcost approach is based on the utilization of readily available bentonite sorbent

[62,63]. Another exampl@&volves the application aonvenional linearpolyacrylamide modified

10



to bear the amidoxime group. Using this system, the degradatichvialiof chemical warfare
agents range from 5 minutes to several hotds Small molecule pyridiniunantidotes which

also present the oxime functional groumave proven effective when introduced as a part of
hydrogetbound systems. They can effectively hydrolyze various organophosphdtesistard
agents §5]. Metalorganic frameworks (MOFs) have garnered muderest as catalysts for
multiple reactions in recent yearSeveral studies have shown that these compounds can rapidly
degrade organophosphat&®,67]. Nonwoven fabrics also gained considerable attention due to

theirhigh surface areand low cost$8].
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Chapter 2: Overview of Maleic Anhydride Chemistry and Applications
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2.1 Overview
Maleic anhydridg 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 flalictadion
Maleic anhydride combines the reactivity of the acid anhydride group with a C=C Dead
chaptercanonly give a limited survey of the voluminous literature on its Gssthe monograph

by Trivedi dedicated to all aspects of maleic anhydridaastry[69)].

Figure 2-1: Maleic anhydride

2.2 Maleic Anhydride Monomer
Maleic anhydride itself haa myriad of industrial applicationfts utility stems from the many

types of reactiom 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 the DielsAlder reaction, for whih the eponymous authors won a Nobel
Prize, which was developed initialljusng maleic anhydride as its dienophi[@(]. It is
manufactured industrially via the oxidation of butand.

The conjugated system of MA also allows fiinotochemical reactions, such as those with
benzene and tetrahydrofuran (THRR2[/3]. Though the doubkpond is consumed in radical
polymerization, what remains of tikenjugated system in these copolymers also leads to unusual
optical properties some dsplay solvatochromism due to associations between clusters of

anhydride residues in adjacent chairs.can give rise to the related phenomenon of
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chemiluminescencg74]. Some of these electronic transitions in these conjugated groups can
produce fluoresg# behavior[75]. There are also reports in the literaturentdleic anhydride
adducts with amines thatin produe conjugated fluorescent dygg6]. The colors produced by
the conjugated system were noted in the synthegislgfstyrenealt-maleic anhydde) (PSMA)
as described i€hapter 6) and the gels (i€hapter 5. Further work with the electronic aspects
of maleic anhydride as contemplated but is beyonea tcope of thiBissertation

As a feedstock for other chemical reactions, MA has many usethebmain ones are as
follows. Over half of the global production makassaturatedolyesterresins (UPR). Other
significant applications arasfumaric acidor lubricant oil additives77]. Yet anotheruse is in
agricultural chemicalgnost notablyas the synthesis of the pesticide malathion, which acsount
for most of its agricultural usandthe controversial pesticide algf8]. Coincidentally,someof
the preliminary efforts toward organophosphate edradationdescribed inChapter 5, were
conducted using malathioA derivative, maleic hydrazide, is also used in agriculture as it can
control plant growth and sprouting without the environmental drawbacks exhibited by

chlorprophamthe currentmainstay in this applicatior7§].

2.1 Copolymerization Chemistry
This work focuses on twaspectsof its chemistrythat allow for the development of

macromolecules with tunable propertigeen used in combinatiohe first is the tendency of
maleic anhydde to form charge transfer complexes with electioln moleculeslt 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 copolyi@@r A pictorial representation of this

is shown inFigure 2-2. These complexes have been directly observed through the vivid colors
they produce ithesolution It is taken asn indicatiorof this polymerization mechanisf@1] by

fluorescence spectragoy [82], and moreadirect methodsof probing the electronic state of the
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reaction mixture such as electron paramagnetic resonance (EP$ectroscopy. The
polymerizatiormechanismhas been of interest to industry for decadlesstudy of its particulars
continues to this dayA penultimate unit model caomprehendhe chain growth more precisely

it alsoopens u@ pathway to create more complex periodic polysterctures $3,84].

n

Figure 2-2: Schematic of an alternating copolymer composed of two monoimeé&kd a.nadd A B

The result is polymergith an exactl:1 mole ratio of the two comonomets addition,
the reaction complexes also have a prefeatedeochemistry85]. Differences in the relative
position of the anhydride ring and the vinyl comonomer in these systemdéavikened to
syndic and isadacticity; they represent an even greai@mplexity inpolymer structur¢86]. Such
control over the polymesequenceas unusual for uncontrolled radical polymerizatioraking
maleic anhydride uniqueThis condition is mewhen the polymerization is performed at low
temperatures The charge transfer complexes have higher reactsvititen the individual
monomersbut highreaction rates can overcome this prefererfadbelmole ratios of the reactants
arenotequal, the resulting polymer will not haa@recisdy alternating sequencBlA is difficult
to polymerize on its ownnless lhe polymerizations performedat high temperatures (and even
then the rate is relatively low])87]. It allows for preferential formation of alternating structures
over homopolymeunder typicatemperatures of around &0 [88]. Any comonomerhowever,
may be able toorm a homopolymer at the same timeslight excess of maleic anhydrideuised
to ensure that the charggansfer complexes prepondetai@ere is never a time during reaction

when there are high concentrasaf comonomer.
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Onelimitation of this approach to synthesizing maleic anhydride copolyisettsat the
charge transfer complexes only form when the comonaaedonate electrons to the maleic
anhydride Some common functional groups, such as nitriles, are too elesitbdrawing for this
to occur It not only means that the resulting polymer is not altern§88Qg 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 alteteathere is no preference for which of the two (or more)
charge transfer complexes will react, meaning that the comonomer distributiorbéseihes
statistical For these reasons, the polymerizations described herein were performe&Dat &hd
with suitable monomersCopious scientific and patent literature descrithesreactivity ratios of
various terpolymers (aneven copolymers with four or more compongntse monograph by
Trivedi collects them for easy referenf@)]. Finally, thisuniquepolymerization mechanismns
not equally effective with all comonomers, with some having higher reactivity/yield than others.

At one point research was undertaken to investigate the possibilityrthlgtic anhydride
covinyl acetate(marketed as theoil amendmenkrilium) couldincrease agricultural yiesdby
dramatically enhancing water retention in sf@18, 91]. The basis of this is itsighly hydrophilic
character, which is alsghy it was investigated in the antifouling studyGhapter 6. Ultimately,
this optimism proved unjustified; while the yieluereasedthe effect was insufficient to justify

the c0s{92,93,94].

2.3 Alternating Copolymer Synthesis
Although most of the copolymers used in thissertation are available commercially, for

the work inChapter 6, it was necessary to vary the comonomer to control the hydrophilic nature
of the surfaces. The synthesis pragedior PSMA was adapted from the work of Lee with

betainized materialfutis atypical for copolymers of this tyd85]. As an example @y(maleic
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anhydridealt-methyl methacrylate) (PMAMMAJ)eaction scheme is shownkigure 2-3, and the

procedure is detailed below.

8 0] o]
o (o]
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MEK 80 °C
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Figure 2-3: Synthesis of poly(Maleic Anhydridalt-Methyl Methacrylate) (PMAMMA)

2.3.1 Materials
Maleic anhydridein large pellets ¢btained from AlfaAesa) was ground into a fine

powder before use. Methyl methacrylate monomer and the initiator AIBN were obtained from
SigmaAldrich. Theinitiator was purified by recrystallization from ethanol. To o themethyl
ether of hydroquinoneMEHQ), added as anhibitor, the monomer was passed through a column

of basic alumina (Fisher Scientific).

2.3.2 Method
The typical procedurdor making the polymer is to measure out 0.1 mol of maleic

anhydride and 0.1 maf methyl methacrylate into @und bottom flask. To thjd50 mL of 2
butanone was addgaind the mixture stirred until alhemaleic anhydride had dissolvetbluene

can be used as the solvent to give equimolar copolymers of MA and various methacrylate
monomers, most typically methyl methacrylate (MMAF]. This was followed by three freeze
pumpthaw cycles to remove trace oxygen. The solution was heated tpaf@fCQ.005 equivalents

of AIBN were added to initiate the polymerization. The reactionnwagor 16 hours under argon

atmospherelhe solvent volume was decreased by distillation before precipitation into taéuene
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recover the polymeihe poduct was filteredyielding afine white powder, rinsed with toluene,
and dried under vacuuto give an overall ield of 59.6% Reprecipitation was important to
improve the purity of the polymer, especially in the case of PSMA and@ip(ityl methacrylate

co maleic anhydride) (PMBAMA), which was also studied i@hapter 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 determindxy 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 liter&treNuclear
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
Althoughoutside the scope of this worgrafting of maleic anhydride and its copolrs

is a fruitful field of inquiry itselfand is the basis of many applicatio®8][ Suchpolymers 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 througla reactivamelt extrusionWork inthis 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 describe@hapter 3, but substantial work

has focused on irg) extrusion to melt graft maleic anhydride to a polyolefidding acid groups

to otherwise hgirophobic polymers allows theompatibilization of commodity polymers with

more hydrophilic substances. Consequently, the grafting mechanism hasuzbed tcoptimize

the amount ofcarboxylic acid groups on the surfa@9,100101,102. The harsh conditionsf
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reactive melt extrusiocan lead to homopolymerization of the maleic anhydvidech means that
the surfacavill present MAoligomers[103. One applicatia of surfacebound anhydride groups
discussed in the literature is the capture of organic molecules and heavy metals by adsorption to a
cellulose substratgl04]. The metal capturingpehavior seen in this case was-gépendent and
followed a Langmuir isotherm Removing mercury ions is conceptually similar to the work
detailed inChapters 3and4.

Alternatively, using a polystyrene comonomer in stoichiometric ratio can lead to grafted
polymer chains at lower temperatures, much like the camditused in thiBissertation[105.
Natural rubber is another candidate for these grafting reactions to improve hydrophilicity and other
properties[106107]. Free radicabased grafting can be done in solution or on a suftbeg.
Radiationinduced graftig to create surfaeattached maleic anhydride copolymers can also be
performed[10911(. These grafting processes aepracticalmeansof altering the surface
characteristics and improvingompatibility between the polymer and other materitsiny
maleic anhydride grafted polymergnhance adhesion in composite systems[11]].
Compatibilization is one of the main goals of the industrial use of maleic anhydride, most typically
to improve the adhesion of polymers to glass fiddrs2] These composites are commonly found

in automobilesand made from MAbased polyesterd13.

2.5 Reacion Chemistry and PostPolymerization Modification
Another criticalaspect of maleic anhydride is its chemical reactivity. While the double

bond is the source of some applicatiotitese areconsumed during the typical free radical
polymerization reactianin contrast the anhydride residue retained in the polymer remains
available for pospolymerization modification. The reverse is true if the polymerization is done
throughthe anhydride group insteaflmakinga polyestef114]. Because of the cyclic stin, this

group is even more reactivEhe moiety can be compareddccinicor phthalic anhydridewith
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strong UV absorbanc@&he most prominent are the reactions with amines to form acids and
imides The MA-amine combination displays the vauntedhglicity of the secalled click

reactiond115. An example is shown iRigure 2-4.

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

An overview of postpolymerization reactions with anhydride appearing in this
Dissertation isshown inFigure 2-5. The reaction with amineontaining silanes is essential for
the surface binding approaches used throughout this work; crosslinking with ethylenediamine is
also generally necessdiyr 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.morespecificexample ighe reaction with cysteamine to impart
metatbinding, which is the focus dhapter 4. Another is the reactiowith hydroxylamine to
create a material that can degrade certain nerve agénthis describedn Chapter 5. Several
literature examples have foundmdications of this reactivity to control the chemistry of surfaces
and their interactions with biomexdtules [116,117,118119120121]. These works are similar to

this Dissertation and atbeinspiration for several techniques found elsewhere.
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Figure 2-5: Overview of posfpolymerization 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 siNyshsitn

reaction with a tertiary amine and altene to produce a zwitterion, the focus @hapter 6; crosslinking with
ethylenediamine; reaction with hydroxylamine to give the hydroxamic acid, used to degrade organophosphates as
detailed inChapter 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
polymerbound thermal initiator.

The most important ide idea of hydrophobic interactions with a polymer substrate, as discussed
in Pompe 116. This is most relevant tBhapter 6, dealing with zwitteriaic surfaces. Yethese
effectsalso affecimetal binding, as described @hapter 4.

Some of the reactions described in this Dissertation were also tested on these compounds
and were monitored using FTIR. Small molecules are also amenableMSGBaraterization,

which could confirm the creation of the desired product by comparison with a mass spectra

21



database. An example is the reaction of phthalic anhydride with ethanolamine, shown in the

scheme irFigure 2-6.

o] o]

OH
N N H,0 J—OH
o EEE— N

l

OH

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 fie[d21]. Hydrogels can also be made from maleic anhydride
copolymers directlyandthe correct choice of comonomer and crosslinking conditions can produce
tough material$122. When in a hydrogethe hydrolysis reaction would result in each anhydride
furnishing two equivalents of carboxylic acithere are examples in the literatdhat capture
cationic substancg423. One of these involves the sulfonation of PSMA, which is reminiscent
of the sulfobetaine work i@hapter 6[124].

Maleic anhydride copolymers can atseatea wide variety of materials with antimicrobial
properties as discussed in literature reviews2§5126. A simple method involves binding
known antimicrobial compound to the polymer using a hydrolyzable bond, slowly degrading and
releasinghe active substance into the surroundings. The ease of tuning the pptgppmtiesy

varying comonomers showise versatility of this class of polymers as a chemical tofl&{].

2.6 Photocrosslinking of Copolymers
Thesereactionsare the basis for all the following chapters of fissertation Yet, there

are also a few such syntheses thairgezesting to metia brief discussion here. The first of these

is the reaction between maleic anhydride aradmnobenzophenone. This a facile method to
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incorporatebenzophenonea widely used photocrosslinkemto maleic anhydride copolymer
systems Polymers containing photoinitiator moieties can create networks with precisely
controlled propertieslP8129. Benzophenone has even been incorporated into maleic anhydride
copolymers as a curing agedt3). Figure 2-7 shows the results of this reaction in which the
telltale indicatorsf complete reaction to form the imide are evident. This is an encouraging sign
asdiffusion of 4aminobenzophenormuld be an issiwhen working with solid filmsThe other
reactants used in this Dissertation (B&gire 2-5) havemuch lower molecular weigsand would

be expected to diffuse into the polymer layer and react more redilynstancefilms made of
PSMA treated withd-aminobenzophenone exposed to a typical dosage of UV light provoke the
photocrosslinking reactiomhey could still be removed by washing with a good sol&HiF).
However, when poly(octadecenalt-maleic anhydride) POMA treated with 4-
aminobenzophenone warocessed the same way, the film remained intact after washing.

This peculiarityin which the crosslinking will only work with certain comonomenskes
sense whenonsideringhe mechanisnBenzophenone forms radicals when exposed to UV, light
abstractindhydrogen from surrounding polymer chaifghen 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 thecpre$¢he long aliphatic

chains of POMA than the resonance stabilized styrene.
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Figure 2-7: FTIR of poly(isobutytalt-maleic anhydride) (iBUMA) reacted withaminobenzophenone. Collected
using the KBr pellet technique.

24



Chapter 3: Chemical Functionalization of Maleic Anhydride Copolymer Coatings or
Functional Nonwovers
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3.1 Abstract
A benign method for imparting chemical functionality to chemically inert polypropylene

was developed and applied twnwoventextiles. Poly(octadecerat-maleic anhydride) was
demonstrated to adhere to PP surfaces through hydrophobic interactiongasnged in
subsequent modifications with various amines to control surface chenxstay.photoelectron
spectroscopy, infrared spectroscopy, and {oflight secondary ion mass spectrometry
confirmedthat the coatingis conformalandthat the anhydride groupseacted completelyThe
swelling behavior of coatings on silicon wafers waglied using ellipsometryhis system was
investigated to control wetting behavior and add thiol groups for later work on metal capture but

can be used astoolbox to modify surfaces without recourse to harsh treatments.
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3.2 Introduction
With the generanature 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 modelesifygira amenable

to certain characterization methods needed to gain a more fundamental undersiaieng
physical and chemical properties of the polymer coatings. The following chapter gives additional
details on the actual performance of these mdgematheir intended application: heavy metal
removal from contaminated watdfigure 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 filmtamgubstrate. 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 (cévi¢e)that annealing can reorient these
polymer chains on the surfgaghich 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 performandenwovenfabrics attracted significant interest as a-oog
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 appliewtvovers [132133. Similar coatings have

also been applied to athletic and other garments to control ddafs pecause this is effectively
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a matter of controlling bacterial population growi3f. The advanced antimicrobial technology
is used to achieve the mundane purpose of preventing foul odors.

Thenonwovers used in this study were made tha meltblowing process, whictreates
nonwovenfabric mats with various fabric porosities and fiber ditare 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 diametedtflown fabrics
(therebyincreaingtheir surface areahile leavingbasis weightonstant also improves pressure
drop [1L36.

3.3 Experimental Methods

3.3.1Thin Polypropylend-ilms
Thin films of PP on silicon wafers were prepatedstudy the interactions between the

maleic anhydride copolymers angalyolefin. The procedure for doing so was adapted from Song
et al [137]. In brief, PP pellets were dissolved in boiling xylenes at a concentratit®o dfy
weight, and this solution was spiast onto wafers (cleaned by UVO treatment). These films were

characterized using VASE and AFM.

3.3.2NonwovenFabrics
The nonwovenfabrics used in these studies wprevided by the Nonwovens Institute at

NC State University andsed as receive@lt became apparent during testing with XPS disahall
amount of siliconeoil was present on the surface as a residue from procesdihgy were
produced vianeltblowingprocess under conditions detailedrable 3-1 below. Thefabricswere

characterized with SEM, BE&nd standard methods for evaluating fiber strength and porosity.
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Table 3-1; Details of Nonwoven PP Fabrics

Nonwoven Fabric Production Specifications
Sample ID|Throughput |DCD (mm)|Air (nt/hr/m) |Basis Weight (g/f)
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

3.3.3PolymerDeposition
Fabrics were cut to a size of2Zlcm for typical tests, then immersed into a solution of

poly(maleic anhydridalt-1-octadecenelPOMA) in THF. Concentrations were most commonly
0.51% by weight and solutions were sonicated to promtte complete dissolution of the
polymer particlesimmersion timevaskept at 5 minutes for standardization despite the expected
fast adhesion ahe polymer to the substrate. The fabric piecesewemoved 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.

3.3.4Generalized Poslteposition Modification Procedure
For reactions with amines, a piece of fabric &f &¢m 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 theaeittioroughy 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 sufficietatgive the rapid kinetics of the reactions. For some amines which
were received as the hydrochloride sé 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 compldta less reactive amingthe samples would be left for
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longerperiods to ensure the reaction went to completion. Afterviaedfabric samples would be
removed and rinsed with DI water, then dried with compressed nitr&genples characterized
with XPSweredried in a vacuum overnighthese samples could be heated 20°C for about

two hoursto drive the dehydration of the amic acid to the imide fdonger times or higher

temperatures could begin to damage the PP fabric.

3.4 Results andDiscussion

3.4.1Morphology
The thickness of the films was characterized usuagiable 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 models to understand coatingshonwovers, which cannot
be tested in this mannérhe optical properties dPPand POMAlayers(with and without further
modification) were modeled according to th€auchy equation (see Equation-13, which
empiricallydescribes the refractive index as a function of wavelength

€ o — — (3-1)

Both optical and atomic force microscopy (AFM) were used to examine the morphology
of the PP layerFigure 3-2 shows theaypical PP film topologyneasurd by AFM. Boundaries
between domains are visible and within each is a region much highghésurroundingsThe
same morphology can also be seen in optical microgr@ales-igure A3-1). This is consistent
with the PRdewetting from the silica surfa¢&38. Optical micrographs of the thinner 11 nm films
show a different morphology, as seerkigure 3-3, which indicaes the formation of holes in the
PP laye® which could bea different mode of dewettingr simpl the presence ahinor defects

in the film.
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Figure 3-2: AFM Height retrace of 11 nm PP film onsiicon 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 apfmresmall
holes are still visible, which may also be due to simple defects in the film.

The procedure for preparir®gP films was taken from previous literature on the subject
Briefly, the PP pellets were dissolved in refluxing xylenes andagstonto silicon wafers under
a heat lamp137]. Once characterizethe next step was the addition of the POMA layer to create
a flat model of polymercoating on a hydrophobiosonwoven It was necessary to develop a
repeatable protocol for creatirfgms with various thicknesses of POMAJsing an optical
microscope toinspect films created from several solvents and spin conditions, that toluene
solutiors span ai400 rpm spining speed (1000 rpm/s ramp) resulted in uniform films with few

macroscopic defect&n example micrograph can be seefrigure 3-4.
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Figure 3-4. Optical Micrograph ofwafter with PP (11nm and POMA coating(compare withFigure 3-3 abovs.
There is slight graininess associated with the dewetting of PP and a few larger defects.

Films were cast fromHF solutions atlifferent concentration® establish the dependence
of thickness on the concentration of POMA in the solutigariable Angle Spectroscopic
Ellipsometry (VASE) measured the final film thicknesSdsere is a linear dependence of the film

thickness on the POMA concentration, whislplottedin 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
thespin-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 inFigure 3-6 and in the optical image of a méidd 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 inthe PP layer translate into the POMA filtinis film mustbe as uniform as
possible. Later AFM testingsedpolymer filmscast onaminopropyltriethoxysilan€APTES-
coated silicon wafers instead of rougher PP laghmved a high degree of uniformity antbe
RMS roughnesdt indicates that the spicoating 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 dral’e a smooth surface.
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Figure 3-6: AFM height retrace of a POMA film on PP (36 nm). Compare the morphologigtome 3-2.
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Figure 3-7: Optical micrograph of a POMA film (on 36 nm PP coating silicon wafer, see Figuflefé&3comparison)
after modification with an amine. Thelor changeis due to thethin-film interference effegtcorrespondingo
increasedhickness.

3.4.2Swelling
The main objectives of these studies were to create a stable, functional Ri2&&d

surface capable of resisting lopgriods ofwater immersionTo investigate the POMA stability
in waterVASE was performed using a liquid ce#tup Schmidtet al. reportedhat POMA films
swell in water after several hoJrs39. The delay is attributed tihe hydrolysis of the anhydride
group.

To replicate the results of Schmidt et al.22.5 nm film of POMA was spioast onto a
wafer with a thin layer of P already applied. This sample was then immersed in deionized water

and the thicknessasmonitored by VASE as a function of time. The thickness of the POMA layer,
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using the Cauchy model, is shown kigure 3-8. The immediate rise in the thickness i
inconsistent with the literature, where there was a long delay in swelling during which the chemical
hydrolysis of the layer proceeded. This behawar beunderstoodby consideringhe equilibrium
between the anhydride and diacid forms that will be establishedfermarhumidity inthe air

during storagel-TIR confirms the existence of the open fogeeFigure 3-9. The final swelling

in thewater of POMA was-17-20%. Immersion of POMA films with a range of thicknesses was
also performegdtheir wet thickmesses are plotted against the dncknessin Figure 3-10.
Regression through this data shows that the swelling factt8+4%, areasonableralue for a
polymerwith primarily hydrophobic character, and it undergoes hydralyie best modeling of
these layers requiremodifying the Cauchy layer to include mixingith water (the optical

properties described by the Pribibdel)[140.
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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 spectrunof SFPRPOMA film, showing detail of the carbonyl region. Carboxylic acid appears as
a broad peak around 1720 ¢épand the anhydride itself appears as two peaks at 1780 and 1870 cm
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Figure 3-10: In situ VASE measurements of several POMA thin films swelling as a function of initial thickness. The
slope of a linearegression gives the swelling ratio as 19%.
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Similar experiments wengerformed with a mixture of deionized water and THood
solventfor POMA (the pure liquid will instantly dissolve a POMA film). This showed that
including 1% THF by volume would increase the swelling factori%. One other important
observation which held true over all the POMA film swelling experiments is thainisaeturned
to their original thickness (within a few percent) upon drying. This shows that POMA films are
indeed stable in watefAnothercritical point is that POMA films cast directly onésilicon wafer
(without PP) tended to delaminate when imradrén water, indicating that the hydrophobic
interactions between the octadecyl groups and the Pésseatiato the adhesion of the coating
Subsequent experimentisedAPTES on the silicon wafer to improve adhesiby creating a
covalent attachment between the silicon substrate and the polymésdiRigure 2-5, which
shows the reaction of APTES with the copolymer)

The experiments on flat model interfaces were then repeated on PP fiber sifitersted
PP fabrics were supplied bthe Nornwoven Institute (NWI) at NC State Universitidlowever,
further work (.e., metal capture testing detailed @hapter 4) was generally performed on the
nonwovenfabric designated PR43 (se€Table 3-6) unless otherwise noted.

It is first necessary to attach the polymer to the suttaaehieve the desired functionalization
of the materialsurface with the polymer. In finding an appropriate mettsgieral important
criteria were considered: 1he economic aspestof the approach, 2) accessibilitgnd 3)
compatibility of the methods and materiated Polypropylene (PP) fibers were selected as target
materials for posproduction functionalization with POMA due tioeir low price and wide use in
various filtration applications. PP fibers provide excellent platform for filtration applications
due to mechanical toughness, low ¢astd simplicity of processing et, there is an outstanding

issue with the chemical inertnesstbé PP surface, which cannot be modified straightforwardl
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using standad chemical postmodification methods. Numerous reportsthe literature indicate
that the surface of polyolefins can be activated by oxidative modificagdther physical (e.g.,
plasma treatment) or chemical. Since they necessarily entail chemicalategraf the surface,
these modification routes might lead to surface structural weakening and chemieal non
homogeneity of the fibers. Additionally, the modification step using polymeric grafts often
requires deposition of the initiator molecules, whidusa extra complexity to the fabrication
processThe MA alternating copolymer system offers advantames other polymer systenis
terms of more precise control ovie structure Jower cost of materiaJsand simpledeposition
from common organic solvén

The POMA deposition studiesere also conductedlsingvarious solvents to establish a
protocol that allows forming a uniform conformal coating while remaining cognizant of
environmental impactBecause the deposition is a matter of drying the solutioleave the
polymer on the fiberghe deposition was hypothesized to be a strong function of the vapor pressure
of the solventJust as in dip coating, tifi@ster the solvent evaporatghd this is sped by nitrogen
gas flow over the wet fabrichemore polymer would be depositbdfore the remaining solution
was removedThe amount of polymetteposited on the fabriwas quantified by comparing the
ratio of the characteristic infrared peak (théiGtretch at 2900 crrand the main anhydride stretch
at 1780cm?). This method was used tcompae the amount of polymedeposited byseveral
solvents.

Figure 3-11 shows tle peakratio, and thus th@amount of POMA deposited onto the test
fabric as a function of the solvent vapor pressuree amount of polymedepositedcan be
described bya linear relationship withsolvent vapor pressurévhile diethyl ether has the best

performance because of itgghivapor 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 theyotvould n
be the preferred option. Similar concerns for toxicity are also applicable to chlorofdmite.tié
deposition method was standardized with THF, less toxic acetone is equally effective and could

be substituted in an industrial process$ was avoided ifab tests because it can react with amines

0.45 T T T T T T T
[ Ether_

I m Acetone
010 F 'Tﬁghloroform .

Peak Ratio (Anhydride/C-H)

m Xylenes

OOO ] ] ] ] ] ] ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Vapor Pressure (bar)

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
seenin anelectron micrgraphin Figure 3-12. For electrospun nanofiber substrates (discussed in
more detail later in this work), this issue is even more acute, resulting in pore ocelusioat

polymer concentratiorsuitablefor the larger meltblown fabrics, as seerrigure 3-13.
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Figure 3-13 SEM image of electrospun nylon nanofiber clogged with POMA

As expected, the depositionPOMA on fibers follows the same trends as those observed
with flat surfaces As previ ousl y descr i bcande necess&yeftrthe dt 6 s
POMA chains to reach their equilibrium conformation on a hydrophobic surface, so there was
some question about thedhesion strengtlivhen a coating was deposited rapidly without

subsequent treatment. We depositedpolymenntoPP fibershy dip-coating intoTHF and DMA
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polymer solutions for various timescéumulation of POMA on the fiber surface is observed even
for short deposition times <5 minuteBhis is consistent with a drying mechanism whereby
polymer solution becomes pped in the pores of the fabric and rapidly dries to leave behind a
conformal coating, as seen abové&igure 3-12. Because nitrogen gas flow was used to speed the
drying, solvents with high vapor pressure would leave behind more material, as Séguren
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 backgrbuhdan 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 regidhis corresponds to the boformation between
carbon and electronegative oxygen in the ankgdor acid)moiety. A comparisorscanof the
base PP materiaffter POMA depositiofis shown inFigure A3-3.

This behavior can be explained in terms of the affinity of the polymer (particularly the
octadecene residues) for the hydrophobic PP sui@auee the polymer has settled on the surface,
evaporation of the solvent leaves behind a physically adhered layer of polymer conformally
coating the fibers of theonwoven If the polymer concentration in the solution is high (>10%),
the deposited film of BMA has dimensions large enough to block the pores of the mat and reduce
surface area. This undesirable outcome is readily apparent in the micrograghguseg-13).

The effect of polymer concentration in the coating solution was also stidiede 3-14
shows theFTIR absorptionratios of anhydrid€1780 cm') to C-H (2900 cm') stretchesas a
function of POMAconcentrations of POMA in THF. One would expect that as the film of POMA
on the fikers grew thickerthis ratio would approach a limiting value: POMA contains a long

hydrocarbon chain in a definite ratio with the anhydride grasigan be seen in the FTIR spectrum
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of the neat polymefThus a higher ratiof the anhydride to hydrocarbon peagsjualitdively
indicative of a thicker coatingd mass increase of roughf:5-1% would occurunder typical
conditions By dividing this mass change by tbstimate specific surface area of the fabrics (see
Table 3-6), taking intoaccount thedensity of the polymer, the thickness of the coating can be
approximated as being ~100 nthis assumes an even distribution of the polymwaich 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 ther®®ven The

peak heights for the characteristic anhydride peak were divided by those ofHtar€iching 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 dued dramatically increased POMA filling of pores ($egure3-13 for an example).

3.4.3FabricProperties
One of the main advantages$ the proposed systenver more conventional means of

modifying PP fabrics is that it avoids usihgrsh treatments and the concomitant degradation of
thematerial. It is desirable goreventchemical or physical damage to the fabrics as this will lower
thar mechanicaktrengthandresult in the filteés decreased operational lifé/hile the physically

adsorbing polymer would presumably avoid this issue, for completeness puitpeassecessary
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to conduct tests to ensure that no decrease in faleahanical integrityoccurred during the
deposition procesdt entails the use of solvents and drying (typically wiés flow) which would

present the possibility of altering the substrate in sughyaas to degrade the performance.

3.4.3.1Burst 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 stafidétid Briefly, the
sample is secured over a diaphragm which is then inflated by air prabsuiestrument detects

when the fabric ruptures under strand this value is recorded as the burst pressure.

Table 3-2: Burst pressures afonwovenPP 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) 29.2(
POMA-CA on Polypropylene (THF 5min 1%, N2 dried) 29.271

The Base PPonwovenfabric was tested in this manner, as wdre samples following
POMA deposition and the later modification stgfh cysteamineTable 3-2 summarizes the
results, indicatinghat there was no statistically significant decrease in the mechanical strength of

the fabric following either of the modification steps.
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3.4.3.2HydrostaticHead
Table 3-3: Hydrostatic head testing of seveRIP nonwovers with and without POMA
functionalization.

Neat PP fiber With POMA

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 0.884 24 0.348
PP-1-43 26.5 0.384

PP-1-45 42.5 0.614

PP-1-47 44 0.634 43 0.624

Hydrostatic head testing is another means of characterizing the wetting properties of the
fabric; thetesting method is standardized by the AAT@Z. It relies on thénydrophobicity of
the PP to prevent water from flowing through the fiber nBg¢gsause water cannot easily wet the
surface of the fibers, it cannot displace the air within the mat without a substantial drivirdg force
pressure. This testing method showedearéase in the hydrophobic character of fabric coated
with POMA, but only for those fabrics that had high hydrostatic head in their unmodified state.
Testing orvariousfabrics with and without POMA coatings is givenTiable 3-3. This technique
is importantas abasis of comparison with the results of dynamic contact angle tedtiiagric

wettingas described below

3.4.3.3Bubble Point
The porosity of thdabrics was determined directly using the bubble point measurement

method. This entails immersing the fabrics in liquwr hydrophobic PP fabri¢cs proprietary
silicone oil Galwick was used, but water for hydrophilic sampléisdamughlywet the sampland
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 Equation3-2, which relates the pore diaree{(d) to the surface tensioh) contact angle, and
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the pressure at which air begins to fibwihe eponymous bubble point (BPyvhich corresponds
with the largest througpore in the tested sample. These analyses were performed using a Bubble

Point Analyzemade by Porous Materials Inc.

Q — (3-2)

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

. Mean Mean Pore | Bubble Point| Bubble Point
Fabric ID Pressure .
(psi) (um) Pressure (psi Pore (um)

PP-I-5 0.481 13.7 0.225 29.3
PP-I-7 0.622 10.6 0.307 21.9
PP-I1-9 0.668 9.9 0.346 19.1
PP-I-23 0.362 18.2 0.109 60.9
PP-1-25 0.518 12.7] 0.215 30.7
PP-1-29 0.578 11.4 0.337 19.4
PP-1-43 0.488 13.5 0.264 25.4
PP-1-45 0.489 13.5 0.179 36.9

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

. Mean Mean Pore | Bubble Point| Bubble Point
Fabric ID Pressure )
(psi) (um) Pressure (psi Pore (pm)

PP-I-7 0.622 10.6 0.293 22.4
PP-1-9 0.711] 9.3 0.315 20.9
PP-1-23 0.329 20.0 0.131 50.5
PP-1-25 0.471] 14.0 0.175 37.7
PP-1-29 0.492 13.4 0.213 31.d

Values of the bubble point pore size for seva@hwovenfabrics are given before and
after POMA deposition ifable 3-4 andTable 3-5, respectively This shows that while there are
some changes, the pores dawt been occluded. Furthermore, by monitoring the airflow, the
number of pores of a given diameter can be determined, ultinpaieligdinga distribution of pore

sizes for the fabric. An exampleshownin Figure 3-15.
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Figure 3-15: Flowrate of gas through a sample of the unmodifiech®®Rvoven(specifically PPI-43) as a function
of pressure. Curves before and after immersion in the Galwick silicoaee@dhownthe difference is the amount of
force needed to displace the liquidrh the poresThe instrument software calculates the mean pore and bubble point

pore from this information

3.4.3.4SurfaceArea
Specific surface area (SSA)tise critical parameter of the support materi@ne would

expect that higher surface area matemaisld have better overall performance in capturing heavy
metals However this would comet the cost oincreasegressure drop across a packed bed due
to the higher porosityseveral different PlRonwovers were usetb test various surface areas. All
tested fabrickiad the same basis weight of @M. The primary variable affecting tloeapacity of
given yardages the fiber diameter (or the fiber diameter distribution). This was controlled by
varying the throughput ahair flow rate during themdtblowing process The meltblowing

technique guarantees thagisen throughputwill deposit the sampolymer mass
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Table 3-6: Process details for polypropylenenwovers meltblowing The variables that control
fiber diameter are throughput and airfloste. Lower throughput and higher airflow would create
finer fibers with higher SSA.

Fabric 10 Throughput DCD Air Basis Weigh{Specific Surfagq
(mm) (m*hr/m) (g/m?) Area (ni/g)
PP-1-5 0.3 225 500 20 0.964
PP-1-7 0.3 225 800 20 1.389
PP-1-9 0.3 225 1100 20 1.5771
PP-1-23 0.6 225 500 20 0.719
PP-1-25 0.6 225 800 20 1.10d
PP-1-29 0.6 225 1100 20 0.874
PP-1-43 0.9 225 500 20 0.494
PP-1-45 0.9 225 800 20 0.874
PP-1-47 0.9 225 1100 20 0.98(

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 kryfabie 3-6 shows
the predicted SSA of various PBnwovers 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 inFigure 3-16.
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Figure 3-16: Example of a BET isotherm of a Pl@Bnwoven Because of the low SSA (<1%g), krypton was used.
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The wiformity of the fiber mats and the coatingggs measured by using a Nicolet iIN10
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 chemicamposition. Example mapf the signal intensity
for plain and coated PRonwovers are given inFigure 3-17 and Figure 3-18, respectively
Statistical analyses were performed to determine if the variation in a Péslitdd sample was
greater than in unmodified substrate fabfibe range of optical densities seen in the fabric mat
made this process difficiliecause the saating of the FTIR beam was so great that the data were
not useableThe variability of POMAcharacteristic signals in the coated fabric wastlegsthat
of the base material, which suggests that the deposition procedure resuhiganracoatingover
macroscopic length scalésn the order of mm)Likewise, the variability of the reaction with
cysteamine was also investigated in this manfeese results were even more consistent, which

indicates that amine reactions go to completionl gtoénts on the fabric.
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Figure 3-17: Mapping the chemical composition of a Rehwovenusing FTIR microscopy. Theaxis values are
the peak height of the-8 stretcl® the strongest peak of the polymer.eTépparent nonuniformity is attributable to

the variation in scattering by the fiber mat.
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Figure 3-18 Mapping the chemical composition of a Réhwovencoated 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 ofhe nonwovenfabric. Time-of-flight secondaryion massspectroscopy (ToF
SIMS) was used to image the chemical composition of the fabric before and after depo#iton of
polymerto examine the uniformity of the film and chemistry on a shorter length. $aglere
3-19 showschemical imaging of a single PP fabric sample wfPOMA coating. The shape of
the fibers can be best sdarthe panel showing the total intensity, and the same shape is visible in
the other panels showing tleharacteristic fragmesitof the maleic anhydride copolymeAs
expected, fragments corresponditagthe subsequent amine modification were not seen. This
demonstrates that the POMA chemissrgistributeduniformly onthe PP substrat¢SeeFigure
A3-9for imaging the bare fabric, which lacks theHgO," andC3H3O fragments characteristic of
the maleic anhydride residues in POM#t bsent in plain PPYhis data shows that the coating

and reaction processes are uniform at the microscopic scale.
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Figure 3-19: ToF-SIMS of PRPOMA, 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 belo& their absence here is as expected.

3.4.4Modification

3.4.4.1FlatFilms
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 sameehniquesnd with additional methods particular to flat filngsich

as VASE. One of the most important questionshisw the amidation reaction iaffectedby
diffusion into the polymer layeiln the case of crosslinkingy diamines, which restricts the
mobility of the chainsvhen swollen with solvents to improve the physical stability of the films
but also runs the risthat the amine molecules would not be able to diffuse into the POMA layer
to modify all anhydride groups presenthis could, in turn,lead toan incomplete sslinking

reaction and inadequate coating stabilythough notdirectly relevant to the surfadeased
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capture of heavy metal contamingrttse possibility that metal ionsould alsodiffuse into the
swollen POMAlayer was considered. This would allothie 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 irChapter 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 fotfthe aminds a hydrochlorid salt, freebase amines do not
require the use of an additional bgseaucial with hydrochloride salts)This reaction can occur
with extreme rapidityi-igure 3-20below is a micrograph @ film gradually dipped into a solution
of ethylenediaminghe crosslinking agent of choifer the polymer. The shagmblor edge that is
apparent is due to a morpbgical changehatdemarks the extent of the film immersion in the
solutiord the edge having been exposedly 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 buckljrthe color changes due tothe effect of thickness

increase®n thin-film interference
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Figure 3-20: Si-PRPOMA film partially exposed (left side) to 1% ethylenediamine aqueous solution.

Figure 3-21 shows an example IR spectrum in which complete disappearance of the
characteristicanhydride peaksis apparent concurrentwith the appearance of the two peaks
associated with the amidé& was not always the case that the anhydride peaks disadpear
comgetely, indicating incomplete reaction throughout a film. Unfortunately, it is not
straightforward to differentiate between the acid and imide fasthey appeat ~1720 cm'.
Contact angles for amidated films are substantially lower than POMA it€8\lARethanolamine
has a contact angle of 74.0° which has implications for the wetting behavior of the modified fabric.
The workof Schmidtalso describes how the contact angle of POMA can change as a result of
annealing, which alloweorientation 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 segtra ofa silicon wafer withPPandPOMA coating The film

wasmodified witha mixture ofcysteamineand ethylenediame (equimolar with respect to amin€game sample as
shown in Figure 3-22.

Table 3-7: Amidation and thickness

Crosslink RatigcPOMA (nm)Amidated (nm
0% 141 16
194 141 159
10% 145 163
2094 144 169
509 139 166
100%4 145 164

Several films were reacted with varying amounts of cysteamine and the crosslinker
ethylenediamineto study the effects of the amidation process using multiple amines
simultaneouslya capability which it isvital to develop to minimize process steps. Thauiits of

this experiment are presentedTiable 3-7, which shows that competitive reaction by two amines
results in indistinguishable changes in total thickn€ks overall change 6f15% occurs for all
samplesIf one assumes that the densifjthe material is constarttje addition of cysteamine or

ethylenediamine W result in a thickness increase of 8.6% and 16.9%, respediiNedg that this
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calculation does not take into accothe effect of water absorption by the charged aawid hat

produced by the reaction.)

Table 3-8: Amidated films with varying degrees of crosslinking before and after washing with
THF (good solvent)

Crosslink RatipAmidated (nm)Washed (nm
0% 161.3 158.6

194 159.3 164.2

109 163.3 157.4

209 168.4 164.7%

509 166.1 152.1

1009 163.9 159.5

An additional experiment was designed to determine the minimum extent of crosslinking
required to create a film that would not delaminate when exposadjood solveniThe mixed
amine reacted films were immersed in THF for 5 minutes to test stalbidible 3-8 shows the
film thicknesses before and after this treatment. The most significant findingt ihe film can
be stable in a good solvent even without crosslinkifiyys means that it may be possible to
eliminate the need teet asidenhydrideresiduedor reactiongroups that are not actiwe 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
cysteamineluring stoage meaning that it was effectively a diamine when the reaction was carried
out, alternatively,it may occur as the free thiol groups of POMysteamine oxidize ithe air
over time.Another explanation is that the reaction to form the polymer changesoliality,
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 ankidevever these
are speculativé@ theexact cause of thisehavior was not determined.

However, another interesting phenomenon was also observed by conducting this

experiment: the films becanmoticeablyhazy after exposure to THBptical micrographs taken
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of the films show morphological changes as a functibrthe extent of crosslinking with
ethylenediamingeseeFigure 3-22 as an example. The complete set can be fseenFigure A3-

10 to Figure A3-15. At the lowest levels of ethylenediamine, thesee no significant
morphological changes, but at 108tere 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 ab®tes issimilarto the buckling

observed in the reaction with pure ethylenediamasedesdbed previously. The literature has

reported the creation of complex morphologies in gels with egattiients in crosslink density

[143.

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

3.4.4.2Fabrics
With the depositiorand reactiorof the POMA layer confirmetbr flat films, the next step

wasa modificationof POMA on PPnonwovers with various amines. The same procedure was
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followed with the films dilute agueous solutions were us&tis approach is as effective on the
fabric as the flat films. Also, by exposing samples for limitiete periods, it was possible to
establish the kinetics of étreaction, which in generadasrapid The kinetics of the reaction with

and withouta prewettingstep to ensure complete accessibility of the aqueous solution to the
hydrophobic fabri@re plotted irFigure 3-23. These results confirm that the hydrophobic fabric
must be rinsed with an appropriate solveset (isopropanol) to drive out air pockets and allow the
agueous solution to access the entifage arealmportantly, the anhydridassociated IR peaks
completely disappearedndicating that the POMA film (as accessible by, Isee the above

comments on the limitations of the technijisecompletely modified by the amines.

1.0 e e y—r—r—r—rrrr
0.9 - N ° A A -
| v v 3 X 4 3
0.8 - -
1 [ ]
0.7 = ° -
5] 1
T 0.6 - .
nd
% 054 ¢ 4 -
0.5+ -
O]
a "
0.4 - A ] -
E |
0.3 - ®  Cysteamine -
; ® Cysteamine (Prewet)
0.2 - A Ethylenediamine -
1 . v Ethylenediamine (Prewet
0.1 T T T
0.1 1 10 100
Time (min)

Figure 3-23: Reaction kinetics of two amines wittonwovenPRPOMA. The samples marked were prewetted with
isopropanol to improve the accessibility of the hydrophamowovento the agueous amines. The values are
calculated by measuring the heights of characteristic peaks of the reactant and product (gtigilae ®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 fromenabling metal capture, modification of the fabrics atgorovesstability and
wetting characteristidsy usingappropriate amines. For the former purpose, ethylenediamine can
ensure stable chemical crosslinkifiggure 3-24 showsFTIR spectra ofabric with POMA, its
modification with ethylenediaminendboth sampledollowing immersion in THFIn the former
case, the anhydride peaks disappear, indicating tiAPikas been washed away. However, as
with the thin films, crosslinkingvith ethylenediaminereventanaterial remoal from the surface
and the amide characteristic peaks remtims effect may belue to the crosslinks or the change
in solubility as the mide form of the polymer will not dissolve in nonpolar organic solvents.
Experiments with 1%aqueousthylenediaminappliedfor 30 secondslso producedhis effect.
Thecontinued presenaa the crosslinked®OMA on the surface despite exposure to solvers

also confirmedrisually via SEM, agan be seem Figure 3-25 andFigure 3-26.
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Figure 3-24: Detail of the carbonyl region afverlayedFTIR spectra afa) nonwovenPRPOMA deposited from

THF, b) the same washed with THF to remove POMAPRPOMA crosslinked with ethylenediaminandd) the
same washed with THRhich cannot remove the crosslinked polymer coating

60



Figure 3-25. SEM of PP with crosslinked POMA coating

Figure 3-26: Same a&igure 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 Xd28 determinghe number of different

chemical states present in a material and quantify their relative abundaic@éso asurface
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sensitivetechnique The penetratiordepth is only the tof0 nmof a sampld144. With a tilting

stage or sputteringit is even possible to conduct depth profiling studie$y. This technique
appliesto the POMA films because it can quénelemental composition (of which sulfur and
nitrogen content are particularly relevantydadetect changes in the chemical states. By
guantifying the areas of the sulfur and nitrogen peaks, it was possible to show that the two elements
are present in aearly 1:1 ratioasexpecedfrom the structure of cysteamine.

By performing XPS analysis athe fabrics before and after chemical modificatibns
possible tajuantify the extent of reaction with amine direchHigure 3-27 shows a highresolution
nitrogen edgescan performed om PP nonwovencoated with POMA then modified with
cysteamineTheoretically one would expect the more electronegative environmentedhitile
to result in anore significanshift (peak located further to the left as plotted). The area ratios of
the fitted peaks indicate that the material exists as approximately 2:3-amide. A high
resolution spectrum of carbasgiven inFigure 3-28. Unfortunately, it is difficult tostatewith
certaintythe relative amounts of amine and imidased on this data. The given fit indicdtes
they exist in a near 1:1 ratiNote thatcomplete imidization of the material can be achieved by

heating to 120C for 1 hour)
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E Name Pos. FWHM L.Sh. Area  %Area
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Figure 3-27: High-resolution XPS scan of N 1s peak in PONIAsteamine showing two chemical species
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Name Pos. FWHM L.Sh. Area %Area
CH2 282.55 1.144 GL(50) 10594.67 72.52
Tet. C& AmineC  283.54 1.500 GL(30) 2472.46 16.92
Amide 286.57 1.387 GL(30) 780.58 5.34
Imide 285.44 1.500 GL(30) 76151 5.21

CPS

T
296 292 288 284 280

Binding Energy (eV)
Figure 3-28 High-resolution XPS scan of C 1s peakionwovenPP with POMACysteamine analyzed to separate
broad peak (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 andFigure A3-4 show survey scans of POMéoated fabrics before and after
reaction with cysteamine, with the appearance of nitrogen readily app@igurte 3-29 and
Figure 3-30 show the corresponding highsolution scans of the C 1s petile chemical change
is less noticeablebut still apparent in the smaller peak associated with the carboxylic carbons

attached to either trenhydrideor imide (or the acid and amide, if hydrolyzed).
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Figure 3-29: High-resolutionXPSscan of the carboadgeperformedon PRPOMA fabric.
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Figure 3-30: High-resolutionXPSscan ofthe carbonedgeperformedon PRPOMA-cysteamine fabric
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Another critical part of the XPS studies of POMéysteamine on fabrics is the high
resolution scan of sulfur given Figure A3-7. Sulfur has two adjacent lines for every chemical
state, and it ishallengingo use sulfur spectra to compare the amounts of thiol and disiilfiée
Based on the literature, these two lines are 1 eV ,aguadtthe thiol group is shifted 0155 eV
from the disulfide in cysteingl47]. One camot distinguishtwo chemical states in the samples.
This implies thatittle if any sulfur existan thedisulfide form.

It is also desirable to demonstrate the abilitydéhydratethe diacid form of POMA on
fabric to return it to the reactive anhydride farfollowing the same procedure, POMAated
fabrics were heated for several hours up to 12Bflre 3-31 shows the IR spectra taken before
and after this proces$he disappearance of the acid grdegvingonly anhydride indicates that
the reaction went to completiofihe same protocol applied aminetreated POMA produced the
same resultsFigure 3-32 confirms that the amidation reaction goes to completiand no
unreactechcid groups willremain anddecrease the number of available binding sites for metal

capture.
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Figure 3-31: Detail of the carbonyl region of FTIR spectra ofPBMA nonwoverbefore and after heating 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-P@MA nonwovenmodified with amine and then
heated to 120C overnight to form the imide. Compafeure 3-31.
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Although XPS and IR spectroscopy can confirm that the reactions have takerthmace,
spectra are integrated over an area and cannot describe spatial variations in chiessigsible
to use imaging XPS on flat films, but the geometry ofrtbewovenfabric precludes this as the
beam can only focus on a narrow deptlso, the mhimum spot size of approximately 10 um are
not small enough to image the individual fibef® demonstratePOMA deposition and
modification uniformity To~SIMSwas used in imaging mode. The data collected on the modified
fabric prove the distributionof theions characteristic of the desired chemistrgtcheghe fabric
structure; thiglirectly confirms conformal deposition amdodificationof the coatingFigure 3-33
shows various mass fragments from a PObjAteamine modified fabricThe corresponding
images for the neat PP and-PPMA are given inFigure A3-9 and Figure 3-19, above,

respectively
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Figure 3-33 To~SIMS images on POMA cysteamine modified fabric. The total counts are given for comparison of
distribution, GHsO, and GHsO., correspond with the anhydride, while CNO and CN correspond with
amine/amide/imideand SH corresponds with the thiol in @atine. Note that the fragments have different scales.
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As one would expectharacteristi@anhydride fragmest(CGHsO2 andC3HszO top center
and top right panels) aedbsent in the bare PP but present irR@A coated fabrics both before
and aftemodification (It is not possible to differentiate between anhydride and diacid forms with
this techniqug Likewise,nitrogenous (CNQCand CN bottom left and center) and sulfhydryl (SH
bottom right)mass fragmestareonly seen on the fabric that had been modified with cysteamine.
These results confirm those from IR and XBfeydemonstrate that the coating and modification
processs distributed throughout the fabridowever, one should notieat while this may eviehce
complete coverage, the shallow penetration depth of-SIMS (<1 nm)cannot verifythe
uniformity of the coating coverages a function of depttwhich mayalsovary considerably in

thickness along the length of a fiber.

3.4.5Wettability
Tothoroughlyevduatethemetal capturing capability of the new fibrous matersdsnples

were preparedboth as flat films and ononwovers, which were modified with cysteamidiea
sulfur-containing amineAdditionally, we have used several model amine molecules that give
specific functionality to the adsorbed POMA layer on top of PP fiber r@dtsarticular interest
weretaurine(which endows surface with hydrophilic capabilifiebenzylamineds an examp
aromatic moiet), propargyl amineuseful for subsequent reactions, such as click chernistry
Figure 3-34displays FTIR data corresponding to prépguP OMA-taurinecoatings on top
of PP fibersAs expected,he two peaks at 1840 chand 1770 cm corresponding to anhydride
absorption on POMAare evident, asonsistent with earliawork. The absorption peaks associated
with anhydride signals decreassignificantly upon reaction with taurindhis process is

accompaniedby the concurrent appearance thie characteristiamide signals. These changes in
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IR absorbance represeatlear 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) PRonwovenb) with deposited POMA c¢) modified thi taurine. The
disappearance of the anhydride peak thedppearance of amide peaks confirm the reaction went to completion.

The reaction kinetics @revery fast as seen with cysteamimdter 30 minutes of exposure
to a modifier solution, o further changes inthe FTIR spectra were observethdicating the
reactioncompldion. However, in all studiegthe completion othe reaction did not lead tthe
complete conversioof maleic anhydride with modifier moleculaadependent of the reaction
conditions.

POMA-taurine combination has also been studied as this group provides substantial
hydrophilicity with the same chemistrifhe highly hydrophobic PP fibel®camdessso after
modification with taurineFigure 3-35 depictsthe time development of water drops on top of
taurine/POMA coatingsA better understanding of fiber wettabilig/essentiafor this project and

other related work involving filtration in aqueous medihis is because PP fibers used in water
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filtration appications exhibit extreme resistance to water flbwglt-pressure drop across a filter)

thatwould lead toexcessiveenergycosts if used in a larggecale filtration system.

Figure 3-35: Sessile drop of water spreading into modifiedFRBPMA.

Wettability of the fabric i®f particular importance to this work ftwo additionalreasons:
thenonwetted area is unavailable to capture matadthe pressure drop across a filter stack may
also be increased if wetting is poBeveral amidation schemes were tested for their effectiveness
in improving the wetting characteristicBests were conducted to measure the amount of water
taken up bythefabric. Ethanolaminesffectively improvesvettability, but cysteamine also affords
some benef#(seeFigure 3-36a andFigure 3-36b). Note that ethanolamine (EAM) retains much
more than the fabric modified withs baseThis was tested by immersing swatches of each fabric
in water using a Kahn Dynamic Contact Angle niastent This type of instrument isusedto
measure forces acting on a samgddt iswithdrawn from a liquidvhich is related to the contact
angle of the surfacélowever, n this casgit wasused as a recording balance to provide precise
measurements of the water mass absorbed. Typical fabric weights in these expe&roukehbe
approximately 4 mgthe amount of water taken up is substantter retentioron thePOMA-
ethanolaminenodifiedfabric would be expected thecase of full wetting of the fabrie-@8 mg),

but this does not necessarily mean the water had penetrated all of the pores.
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Figure 3-36. a) showsDCA measured uptake efateras a function of timémmersion would be completed after
approximately 30 secondisyhile b) shows gnamic contact angle data ftire amount of water retained in PP mats
modified with different moleculessamples were 2x1 cm of fabriCysteamine migd with ethylenediamine had the
strongest effect.

Another important aspect of any POMA paosbdification step igstablishinghekinetics
of amidation during simultaneous/consecutive deposition of various anfihesteactivity of
many of theaminesused in this work (and presumable all small primary amisesughly equal
A liquid chromatography mass spectrometer {US) wasempgdoyed to measure the product
distributions in mixed amine reactions with maleic anhydrilds 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 conceahd further investigate methods of improving wettabilig,
performed a series of studies where we varied the input molar ratio of cysteamine (CA) (metal
capturing capable functionalityand ethanolamine (hydrophilic functionality) deposited onto a
flat PP film reacted with POMA. Bgonductingdynamic ellipsometry studies situ, we could

visualize the increase in the functionalized film swellivgr timeas thefraction of ethanolamine
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was varied (se€igure 3-37). These studies showed the behavior of the various chemistries we
usedand mae it easier to understand the results of water uptake studies on Aibergpected,
higher amounts of ethanolamine increased the swelling of the polymer Téyerns usefulin
explaining some phenomena seen in metal capture studies as digarfiseth this chapter and

in the following section on metal diffusion as seen in-BIMS
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Figure 3-37: In situ VASE measurements sha®OM6films' swelling ratiomodified with mixtures of cysteamine (for

metal capture and ethanolamine to increase hydrophilicity. The red maepgesentthe entirely cysteamine
modifiedmaterial 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 seCtiaptef 4 for a
discussion of metal diffusion into theyks.

3.4.6Stability
A final area of concern was the practical matter of material stability under realistic

conditions.Coated fabrics were also tested under flow conditimnsee if the coating would
remain intactOne method was to pump water through sévayars of fabric over several weeks.
An IR spectrum of fabrics treated in this way can be seEigure 3-38. The large signal seen in
the acid and mine-associated regions could be attributable to organic contamirfaomse

pertinent informations given inChapter 4 appendix;Figure A4-2 shows an optical micrograph

75



of these fabrics in which this matter (yellow particulates) can be seemltédmative testing
method uses samples that are rotated through standing water in the course of metal capture
experimentgas described irfChapter 4). Figure A3-1 shows example spectra of samples so
treated. This is evidence that thedtianal fabric will maintain integrity during uselowever, the
observed fouling by organic contaminants inspires future work on using these and similar

copolymers to create antifouling coatings discussed i@hapter 6.
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——— Uncontamintaed

Absorbance

T T T T T T
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Figure 3-38. FTIR spectrum of a nonwoven fabric before and after exposutteetevater flow over an extended
period. The large hydroxyl and carbonyl peaks are consistent with orgattir.

3.5Conclusions
Methods for depositing maleic anhydride copolymers on PP surfaces, both flat films and

nonwovers 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 seemuigaven

fabrics were imaged using T&HMS. These chemical states of the coatings usdélde process

go from a partially hydrolyzed anhydride (which can be dehydrated by heating) to aacihic

(or open ring), and finally closure to an imidevo methodologies were used to bestow surfaces
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of PP fibers with modified POMA molecules. In thest approachPOMA was deposited onto the
PP fiber surfaceand the amindased 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 appradnes resulted in coatinggth the desired functionalitywe have noticed
that the modification extent in the first methocc@mparable tdif not greaterthan) the second
method anunexpected atcome

FTIR monitored these steps for most experimentayoné detailed studies with XPS were
also performed in some casés.situ VASE measurements found that the films would sugll
about 20% in water, which would slightly increase as more of the anhydride groups hydrolyzed.
Crosslinking with ethylenediamingas 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 polymarntothe PPnonwovers after dipping, but too high of a concentration could
noticeably (via SEM) occlude the pores. The surface areasssf thaterials are anticipated to be
the main factor in their efficacy for surface chemical reaction, so maintaining open pores is
important. The properties of severabnwovers with different specific surface areas (as
characterized by BET and imaging teitjues) were investigated. Alurst 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 MaleicAnhydride Copolymer
Coatings
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4.1 Abstract
Polypropylene nonwovens with a thicbntaining maleic anhydride copolymer coating were

used to capture heavy metals ions. Static testing estabéstieity against silver, cadmium, and
arsenic, both individually and in combination. The presence ofarget ions in artificial seawater

did not reduce the effectiveness of the system. The surface area of the substrate played the expected
role; the capeity increased almost linearly as 3.5 m@/mhe coatings were stable under flow
conditions, which were varied to produce a breakthrough curve. This behavior showed typical
capture capacities from 226 mg/g. Thin films of the same material wgm®bed 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 pnjéot

end goal capturing toxic heavy metals from aqueousitsons. Similar efforts tend to report their
results in two ways (and sometimes both) in the literaftwe resinbased columns, the general
testing procedure is to elute a metal solution of some concentration and monitor the outflow as a
function of time. Thefigure of meritin thesetessis the time before the breakthrough of the metal
occurs, whichquantifiesthe performance of the colunii4g. In most systems, the metal is
adsorbed onto the filter material, so a Langmuir isotherm model can be useadé&b the
breakthrough curveld. When bicbased materials are used, other considerations, such as
diffusion, may also be included in the model§(. For a review of the many kinetidmsed
models, see Malik1s]]. It is also possible to use living baggeto capture metals, which have
been studied as a function of cell wall componehs]|

Thesystem capacitgan also be reportesthe metal loading (by massnto the substrate
[153. The testing methods employed in this work focus on determining &x@mam potential
loading per unit fabric mass. The instrumentation used for this pudepends orinductively
couplal plasmato vaporize the samples, antass spectrometrgtetection(ICP-MS) for low
concentration and atomic emission spectroscopy-@EB), as performed by laboratory services,
for higher concentrations. Both are well established in the literature and used for regulatory

purpose$154,155

4.2.1 Heavy Metal Removal
Heavy metatemoval 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 biomaasdeorcost sorbent

[156. Polymers containing amic acids (which is what the POd&Jéteamine 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 astamce of iorexchange behavior that is pH
dependent and reversible thereti$d. Though this general catieexchange interaction is well
known, it is possible to create materials that will selectively adsonfasportspecific ions by
making an appropate choice of chemical structurgg9. This specificity can be seen with rare
earth metals as well§(. 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 adsortionafeg? mg/g
[161].

The cysteamine functionalized polymers detailed in ¢hapter were partly inspired by
the cysteine residue behavior in metallothionines. These proteins are not fully understood, but it is
clear that they have severaimp or t ant rol es i n biochemistry
mul ti pur po 469. Epgamplésef timeseorolef range from tumor suppression to zinc
transport 163164. What is most relevant to this work is their fundamental attribute of heavy
metal bindingand their protective role in heavy metal toxigityp5. The interactions of sulfur and
nitrogen in these compounds also present an essential avenue for future work on other metal
binding chemistriesl6g. Fungi are often rich in metallothionines, so much so that the byproducts
of commercial fermentation can be used to capture heavy meégals Cysteamine was chosen
because of the facile reaction with the anhydride found ircopelymers, butt has alsdbeen
studied for forming stable mettiiolate complexes with silver, gold, cadmium, and mercury
[168169170. Other work has showits utility in modifying polymers for cadmium captur&7q]].
For a broad overview of other sulfur compounds used in metal ednsee referencelf/ 2.

Activated carbon is the simplest form of adsorbent, and the design parameters of filters for

heavy metal removal have been established in the literdtd8 [his adsorption mechanism is
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primarily a function of the surface areaytlthemistry does play a rol&7q4]. This behavior has

also been reported in other similar materfialgy. Much of the recent research on activated carbon
focuses on improving the surface area, manufacturing it frorctmizbiomass feedstockk7q,

or actvating steps to enhance capacity. Lowst sorbents are of great interest for economic
reasonshbut they typically require large amounts of material in proportion to the amount of metal
removed due to their low affinity. Lignocellulosic materials are tlstnpopular topic of such
research, with a recent review finding that heavy metal capture was the most commonly studied
application L77]. One such example used 1.7 g/L to remove zinc and coff@8 [The best

known of all ligands isethylenediamine tetraacetate (EDTA) 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 mgtad§|. Mercury can be adsorbed by chitosan, another
ubiquitous biomaterigdll80. 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 level8]].

4.3 Experimental Materials and Methods

4.3.1 Materials and Chemicals
Cadmium acetatezadmium sulfatedithizone mercury (ll) acetateandsilver benzoate

were purchased from Sigma AldricHigh purity water { 8  Nbq ICP, HPLC grade for test

runs), andrace grade nitric acidiere purchasd from Fisher ScientificArsenic trichloridevas
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 fabris are described in the previodsapter.
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4.3.2 Colorimetric Testing
This chapterquantifies metals using spectroscopic techniquesabuobre rapid test was

needed in some situatianBhe classical colorimetridithizonetest for heavy metals was used
[187, according to the procedure of SalznjdB3. The dithizonate complex is ald@lpful in
detecting other metals, such as Zifi84]. It has even been investigated for use in heavy metal
removal asa part of surface supptad systenj185, much akin to the work in thishapterusing
cysteamineThis test was used to confirm that metal was present in the effluent during flow testing,
as described belovithis 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 fractionsaturation This allows for quantification of the
removal capacityHowever, it isnecessary to ensure that the final capacity is substantially less
than the amount of metatherwisethe concentration of metal in the solution would be lowered,
which wodd bring in the possibility of concentratiatependent loading, as in a Langmuir
isotherm. For a typical experimei®t mL of a 100 ppm metal solution would be approximately
half absorbed by 5x5 chpiece of the functional fabricPre-wetting of the fabridn isopropanol
was performedo 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 sazasesand the captucemetal could
be measured directly. In these casles 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. Té wet weight after the pmeetting 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 Raxlure
Most typically seen in catalysis studies, the Carberry rotating betioreean offer a

convenient way to incorporate fluid dynamics into a batch pr¢g@é8&k Onerelevant example in

the literaturevas a chitosabased resimsedto remove cadmiurfil87]. Still, the rotating beds

more typically seen in metal capture experiments using inorganic sorbents on traditional catalyst
supports 188. In this chapter the rotating b&l was madeusing a 3D printed cell connected to a
motor with controlled RPM Similar approaches with moreomplex geometries have been
investigatedand are examples d3D-printing technologyapplied to chemical engineering
challenge$189. The fabric would be cut to fit the cell and loaded into the device.hidider and

fabric would be immersed in a heavy mesalution, with a typical concentratidmeing4 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 Wat2895size exclusiorchromatography instrument,

which in this application is essentially the same as any other HPLC setuptomagumn was
made starting with a Diba Omnifit column with 10 mm internal diam&tez.nodified fabric was
cut to this size usingnearch punch, then stacked to the desired thickness, typicalQ 1éyers.
To ensure complete wettinghich isessentibto getting reasonable flovates through the thick
stack of the hydrophobic PP fabric, the filter wasywe with isopropanol, then exchambeith
DI water. Afterward, the filter was added to an empty columrfifjeel with water,ensuringno
air couldenter the system. The colunsize was adjusted to fit the filter stack tightly, which

compressedthefabric layers
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Good packing could be verified with a pulse test, taking advantage fdten's builin
Wyatt Technologies differential refractive indeetector.Typically, a 1000 ppm solution of
calcium chloride was used, with a standa®@@ L injection. Target peak asymmetries of 0.8
indicategood packing, but the loose nonwoven would typically have higher values characteristic
of underpacked ctumns. This type of column would havemuch 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 was lostA back
pressure regulator was added to the system to rectify this vgisioh, increased the pressure drop
to 100 psi, more in line witthetypical operatig conditions

A stock metal solution was prepared, keeping in mind the neegld@ctthe amount of
metalto 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 contedtla@need to have a longer test run,
lower concentrationg-2 ppn) were typically used with a flomate of 5 ml/min. In all flow tests,
cadmium was used given its weltablished capacity data from the static metal capture
experiments. In every test separate aliquot of this stock was always kept for comparison in future
analyses. The metal flow always s$avith the column disconnected atiee pumpallowed to run
for 30 minutes to ensutbatflow of a uniform concentration of meted establishedAn aliquot
of the metal solution would also be taken at this time. Optionally, a colorimetric test with dithizone
could be performed on the effluentdonfirm the presence of heavy met#lfierward the column
would be reconnected to the lirend theexperimental clock would start aftel min delay to

account for the volume of the line and column.
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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 contairtberea glass or plastic 5 mL vial.
These samples would then be taken to be tested bMIE®r 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 tohke initial stock metal solution, the time necessary to reach 10% of the
maximun® the breakthrough timeould be found for the filter. Furthermore, quantification of the
metal amounbeforethe incipient breakthrough serves as an example of how effectifidtehe
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 metaredpstsoptical

emission detection for higher concentrations and mass spectroscopy when greater sensitivity was
required. Bstsof competitivemetalcapture (botlsimultaneous and seque) were performed

by a commercial environmental testing laborgt Meritech Environmental labs of Greenvijlle

NC. The measurements were carried aatording to standard environmental test procedures
(EPA 200.7)using aPerkin ElImer Optima 8300 IGRES. This instrument has a LOQ in the low

ppb range for the metalssted and a dual view detection, which improves performgkas.

The mass balance closure experiments were performed &tat#€Soil and Crop Science
Department using the similar Perkin ElImer 8000-[@ES This technique is widely used in the
literature to quantify metals in agriculturad fisheriescontexts[191,192193194,195. The use
of digestion to determine the trace metal content of solids is well known, but there are also
examples in the literature of textilgK9§.

For more sensitive teaag and higher throughput, IS was used, as is common in

environmental testing, and regulatory standard methods have been devé®peddr a review
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of applications, se€lP§. The instrument was a thermatement XR (for the flow testsand a
Varian &0 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 [L99. Samples must be prepared such thatcthrecentration of metal (cadmium the
following experimentsis <1 ppm For most experimental conditionthis entails diluting the
samples by a factor of 10 or 100 using a 2% solution of-geae nitric acid in 18 M water
(both supplied by Fisher Sitific)

The calibration curve is prepared from a commercial standard of cadmium, diluted with
2% nitric acidto concentrationghat encompass thexpectedrange & the samples. A typical
example would be 1, 10, 50, 150, 200, 300, 600 ppb. These calibsalutions and a blank are
run first, then the samplen example is given ifrigure 4-1. An internal standard or quality
control samples should be useidh ICP techniques0(Q to ensurghereliability of the dataln
the former caseellurium is recommended due to its similanization energywhich is the main
criterion in selecting the standdr201,202), but indium is also acceptabl@ene of the calibration
solutions is reanalyzed after every 10 samples for a quality control sarhestep was critical
as the ICRMS deteabr 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, se2(3204,205.
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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 calibratiorttemstrument

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 usedparticularly 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 withTime-of-Flight Secondary lon Mass Spectroscopy (RIMS)
This technique is capable of imaging chemistry in three dimeng06k It has become a

powerful tool in understanding the distribution of molecules in biological samples, some examples
of which have been covered in recent reviel£87,208. Collecting mass spectréor closely
spaced pointsreats large amourd of data which promptedthe development of sophisticated
computationamethodgo perform the analyse2(09210. The lateral and depth resolution FoF
SIMS can be on theanoscalgallowing analysis of single cel[211]]. In this work,we focuson

the distribution of chemical species through the depth of a film. This approadiebassel in

the characterization ofofar cells[212. This has been extended to devices made using organic
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materials, polymer blendand even films, as in thhapter R13214]. ION TOF manufactured

the instrument features a liquid metal ion gun source of cesium operating at 10kepliitiering

and a bismuth source at 25 keV for the primary ions. Although cluster ion sources can preserve
molecular informatiorf215, the high-energy cesium ions used herein do not allow. {fisere

has beem reportin the literaturehatshowed moleculanformation with low energy cesium ions
[21€]). That work sought only basic information on heavy metals canteut useful chemical
detailsabout binding to cysteamine residuesr@alsoreported These experiments were typically
performed with 80 ppm &ations 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 estalilighe capturing capacity of the fabrieated with POMA

cysteamine relative to an untreated blank. Knowing this value is also datipabperly design
subsequent experiments. For this purpoadmium was chosen as the test metal due to its toxicity,
chemistry (it would be expected to react on a 1:2 basis with thémid¥tability in solution Cdis

only found in the +2 oxidation state). The experiment involved placing a piece of eachlrmateria

a vial with acadmium acetate solutiaat 100 ppnmetal concentratianThese fabrics were then
tested by the NCSU soil sciences department for cadmium content according to the established
procedure for solid sampl§&17]. This experiment found thatehotal capture of cadmium by the
modified fabric was 7.3 maetal/gfabric, with the plain PP onlycontaininga much smaller
amount This result is consistent with some metal in the solution becoming trapped on the fabric
during drying Were this the cas@newould expectto find higher capture capacity calculated
from thedigestionof unwashedabricscompared tahose whichhad already been washex if

the results were calculated by difference from the solution concentration
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Additional tests were plrmed in which several samples of fabric were run in parallel
under the same conditions for various lengths of tortest if this protocol was representative of
the actual capabilities of the fabriand alsoto close themetal mass balancelhe fabric and
solution were then tested via IG¥ES to determine the metal content on the fabric and the metal
removed from the solution. In additidmpthwashegdand unwashethbric samples were tested to
determine if there was measurableffect of sample handling on the resultsigure 4-2 shows

this test as performed wittilver, andFigure 4-3 shows the samieehaviorfor cadmium
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Figure 4-2: Capture of silver ions (Ag+) by a polypropylene nonwoven coated with P@yBkeamine 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 c@tured per unit weight of the fabric.
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Figure 4-3: Capture of cadmium ions (€9 by a polypropylene nonwoven coated with POMAsteamine as a
function of time. The vertical axisxpresses the amount of silver removed fritra solution in terms of the total
amount of metal captured per unit weight of the fabric

In both caseswashing the fabric samples affeth® amount of metal measured tine
digestion of the solids. From thisis 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 clos® the testing of the solution indicates substantially more cadmium hasdmeeved
than can be accounted for based on that found by digesting the fabtiggests that the latter
method does naccurately assesise metal captured. In general, the capture kinetics are rapid, as
mostadsorption occurs within the first few minutes. Téigpis followed by slowly increasing
metal capture for many hours thereafter. Findhg fabric does appear to have a higher capacity
for silver than cadmiumFigure 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 valensith Ag* being captured more than €dr As**. Compared
to the two previous experiments, the longer exposure times show the extent of plateauing in

capacity, confirming that the capture reaction is fast.
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Figure 4-4: Combined plot showinthecapture of three different metals over the course of several days demonstrating
how the absorption of some species is more extensive; in partj@rsenic is not captured aestively. 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 showsan imageof a fabricsamplesimilarly exposed to a silver solutidthis
image was collected usingitachi S3200Nariable pressurSEM). Because dispersive energy
X-ray (EDX) detector was used, the lighter areas correspond with higher atomic swimibieis
case, the metal depos(that the metal is silvgican be seen in thepectrum displayed iRigure
4-6. The silver appears to have formed distinct regions of high concentration (though silver is

detectable throughoutyuggestingsome mechanism for the surface assembly of metallic silver

92



structures. This secondary mechanism, independent of theb#tsetcapture of metal, could
explainthe increased performance of the material to silver. This effect was also observed as the
fabrics exposed ta silver solution would become a pale yellow after exposure to light, another
indication of a chemical change ocgng in the silver captured on the surfdoeming silver

nanoparticles, which tend to have a yellow coloration.

Analytical Instrumentation Facility NCSU
20.0 KV EM Mag 1000X

Figure 4-5. SEM-EDX on a fabric exposed to silver, in which the POMyfsteamine coating is sible as the
Awebbingo near places wher e f i be ichcaatng The highlightd regianhht r egi
were analyzed for elemental content, Bagure 4-6.
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Figure 4-6: The EDS spectrum dhe regiorhighlightedas S4in Figure 4-5, with peak assignments. Note the strong
sulfur signalfrom the cysteamine in the coating and the multiple silver peaks from metal deposits.

Table 4-1: Mercury capturecapacity at several initial concentrations.

Initial _ Final . Total Capture
Salt: | Concentratior] Concentration Capture (%)
(Ppm) (Ppm) (eg/9)
Hg(OAQ 5 4.54 1006 9.9%
Hg(OAQ) 3 1.86 2121 36.1%
Hg(OAQ 1 0.26 1572 75.2%

In addition to silver and cadmium, quantitative results vaétained for mercuryT@able
4-1) and arsenicHigure 4-4). For arsenic, the amount capturednischlower than for cadmium
and silveras can be seen Figure 4-7. It is due to théower atomic mass as well as the fact that

trivalentarsenic reastwith three thiol residues (which @memechanism of action as a biological

poison [218219.
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Figure 4-7: Capture of arsenic ions (&% by a polypropylene nonwoven coated with POI@gsteamine as a function
of time. Error bars represent the standard error based on three replicates.

4.4.2 Detection of BoundVetal with X-ray Photoelectron Spectroscopy
As discussed i€hapter 3, XPS is a powerful surface characterization tool that can provide

information about the elemental composition of surfa€ggire 4-8 shows a survey scan of a PP
nonwovenmodified with POMACysteamine (and crosslinked with ethylenediamine) and then
exposed to a 1000 ppm solution of cadmium for 16 hours. The prominent peak (a doulale peak
discussed below) @05eV is the principakdge for cadmiunithe3d 5/2spectral lire, adjacent to
the3d 3/2 line at 41&V). By integrating the peaks and applying sensitivity factors, it was possible
to determine the cadmium content of the surface t@.b@atom percent. Note that some silicon
was detected as wellhisis potentially due to the use of silicon oil in thenwovenmanufacturing
proces$ut could also be from sample contamination. Although this is not directly convertible into

a measure of capture capacity (using the data in this Dissertdtidogs serve as a qualitative
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demonstration of the effectivenessté coating at capturing cadmiufigure A3-3 shows the

POMA coating, andrigure A3-4 shows the cysteamine modification.

Survey
161 Name Pos. FWHM Area  At%
O1ls 531.00 3.47 16337.92 11.26
Cls 28500 3.18 4344434 87.70 ©
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Figure 4-8: XPS survey scan of a PBnwovermodified with POMAccysteamine and exposed to 1000 ppm cadmium
solution. Note that the cadmium and nitrogen peaks are veryrasel05 e\so the quantification may be slightly
distorted.

XPS alsoprovidessome limited information about the chemicaltes of the elements.
Figure 4-9 shows &igh-resolution scan of the N 1s region, which also contains the chastcter

peak of the cadmium 3d electron used for quantification in the previous example. These peaks can
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be seen a#03and410eV, while the nitrogen species found in the cysteamine are visible as a
single peak aR98 eV. The broadfull width at half maximum(FWHM) of the nitrogen peak
indicates multiple chemical states, which @emparable téigure 3-23. Conversely, the FWHM

of the cadmium peaks df52and1.47indicatesa single chemical statsuggestinghat all the
cadmiumis chemically bound to théhiol residues of the modified polymer. This is expected as
the fabric samples were thoroughly rinsed in DI water and sonicated to remoparaayates

beforethe analysis
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401 Name Pos. FWHM L.Sh. Area  %Area
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Figure 4-9: High-resolution XPS scan of the N 1s edge for thenBRwovenmodified with POMAcysteamine and
exposed to cadmium. Because of the positibtihhe Cd 3d peaks, the metal is also clearly visible in this region.

This Dissertation primarily focused on a single toxic heavy metal, cadmium, for
practicality However XPS testing of modified fabrics is a straightforwavdy to demonstrate
qualitative performancefigure A4-4 in the appendix shows a similar result for coloalpture,
collected under the same conditions as with cadmium. Because the characteristic cobalt spectral

lines at782 eVare not coincident with the nitrogdigh-resolution scan area, no chemical state
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information was simultaneously collected. Howevers ttegion still providesvaluable data:

Figure A4-5 shows the N 1s region for tlskamePR-POMA-Cysteaminanonwovenwith a single

broad peak. Because this sample was cut from the same piece of modified fabric as used in the
previously described cadmium tgistan also be taken as a control ¢onstrate the composition

of the fabric without cadmium exposure direc®milarly, Figure A4-6 andFigure A4-7 show

asurvey scan and N 1s edge ohadifiednonwoverfabricwith 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 dameyed byexavalent chromium

4.4.3 Simultaneous Metal Capture
With the kinetics and capacity for adsorptiona$ingle 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/cadmidumendsigure 4-10

andFigure 4-11) and an arsenic/cadmium mixture ($égure 4-12 andFigure 4-13).
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Figure 4-10: Capture of cadmium in a competitive test with silver. The red markers show the capture calzdiviey
to cadmium when silver is also present in the solution; the tdgibolsare a benchmark experiment showing
cadmium capturelone.
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Figure 4-11: Capture of silver in a competitive test with cadmium. This is the same experimefigisra4-10, but
showing from the other perspective. The black markers show the capture ceglatitgto silver with no other ions
present, with the reslymbolsshowing the results when cadmium is presenis &periment'rror is scsmall 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
relativeto cadmium wken arsenic is present in the solution; the blsgkbolsare the same cadmium benchmark
shown in previous graphs. Note the break in thedagiseniodramaticdly 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 w@tpacity
respectto arsenic when cadmium is present in the solutcmmversely the blacksymbolsshow the amount of
cadmiumcaptured whearsenids alsopresent, which is surprisingly lower. Unlike the preceding grahpbse is also

a noticeable time dependence.

One unusual result of these teistshatcadmium was found to have a positive effet
capture: more silver and arsenic are captured in the presence of cadmium. The converse,is not true
however In the casén which silver is also present, lessdmium is captureedn the other hand,
arseniceffectively poisons the systeamddramaticdly reduces the cadmium captured, consistent
with the previously seen behavior of saturating the fabric with a much lower antosrdlso
essential to consider how the metal valency can impact the total amount captured, as only one bond
to the metal is reded. 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 timé.ests wee conductedo 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 test$his experiment elucidated the thermodynamic stability of the
metatsulfur bondgfor each specieg he results can be seerFigure 4-14 andFigure 4-15. The

test proceduréor the first of these tests involved exposing aeief 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 IGCBES 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 measurenietibe first sequential test is the aadum content

in the second vial, which indicateadmiumdisplacemenby silver. The test procedure for the
second experimenaéchematids shown inFigure 4-14) is the same, but witthe order reversed

(silver as the first test metal and cadmium as the s¢cond
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1st Solution: Cd 2nd Solution: Ag

Ag*
o s

Initial: 103 ppm Cd Initial: 97.2 ppm Ag
Final:82.5 ppm Cd Final: 274 ppm Ag
Time: 1 hour 3.33 ppm Cd

Time: 18 hours

Figure 4-14: Sequential capturexperiment results. A POMAysteamine coated fabric was immersed in a solution
of cadmium for 1 hoyrthen rinsed and transferred to a solution of silver for 18 hours to allow sufficient time for any
displacement to occur. Both solutions were then takenaamalyzed using ICPES. The fabric captured cadmium
and silver, and some of the cadmium was displaced by silver in the second solution vial.

1st Solution: Ag 2nd Solution Cd
C#t
Ag+ mm==)
Initial: 97.2 ppm Ag Initial: 103 ppm Cd
Final:479 ppm Ag Final: 83.3 ppm Cd
Time: 1 hou No Ag

Time: 18 hours

Figure 4-15: Sequential capture experiment results. Comparable procedure to that desdrigeded-14, but with
the order of the metals reverseulthis caselCP-OES couldhotdetect 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 sibaar displaca small amount of cadmium from
the fabric Howeverthe converse is not tr@sno slver was detectable after subsequent exposure
to cadnium. (The ICROES instrumentused 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 benbbmarks were collected where each sample was exposed to one metal and
then incubated in DI water. These showed thaPRRA by itself has a limited capacity to capture
metal and that in either cafeP-POMA-cysteamine does not leach metal into deionizeegmvat
This test was performed using I€FES, which has a higher detection threshold (typically on the
order of 12 ppm) for metal ions than IGMS (which can detect in the syipb range). The total
amounts of metal present in the solutions were proportiohaher 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 lonic Strength
Aside fromthe effects of other metal ions, the interaction between the fuattamic and

other compoundsxpected in a natural aqueous waste streatsasof interest. The strength of
the thiol chemistry is its selectivity for heavier metal spediesficial seawater was used to repeat
the metal capture studiés test the theory under the most adverse conditions that a filter would

likely encounter. Details of its composition are givef @&ble 4-2.
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Table 4-2: Artificial seawatercomposition.

Concentration
Salt (g/)

NaCl 24.54
MgC}, - 6HO 11.1d
NaSQ 4.09(
CaCl 1.16
KCI 0.6901
NaHCQ 0.2001]
KBr 0.099¢
H,BO3 0.0297¢
SrC) - 6HO 0.03984
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 caghistindicates
that the fabric is selective for heavy metals as expected and that there isffi@tt of ionic
strength.This result, though perhaps unexpected, is consonant with the outcome of the tests
between thin POMAysteamine films modified with moieties to increase the hydrophilic
character as presented in the previduspter. These tesshowed 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 coafingot merely at its surface. One would expect higher
salinity also to drivegreater 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 ditial seawater (red) compared with deionized water (Hlatke latter
arenot the same as the cadmium benchmarks shown in the previous figures)

4.4.6 Counterion Effects
Table 4-3: Counterion effecten cadmium capture capacity.

Initial Final Total Fraction
Salt | Concentration|Concentration Capture Captured
(ppm) (ppm) (Mg metal/g fiber)| (%)
Cd(OAg) 5 2.58 4859 489
Cd(OAg) 3 0.76 4498 75%
Cd(OAg) 1 0.00 20149 1009
CdsQ 5 2.96 4100 419%
CdsQ 3 0.38 5264 879
CdsQ 1 0.00 20149 1009
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As a followup experiment, theounterion effector cadmium was also testefiable 4-3
shows thesulfate and chloride anions results, which are comparable to the other acetafestests
would be expected considering the limited effect of ionic strength, there is no subsftéettal e
from the counterion either. Together,dbtests orthesaline solution and various metal salts show
that the chemistry of cysteamine is indeed specific to heavy metal captuveould be expected
to function well under real conditions, which migb¢ problematic for ioexchangebased

systems.

4.4.7 Importance of Filter Wettability
A remaining issu¢hat is not addressed lye static metal captutestsis mass transpart

Conceivablythe rate of metal capture on the surface could be fast enough ddrsereed 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 thelatively hydrophobic PHFPOMA surfacelimiting the area
available for metal capture. This hypothesiaswested by comparing the capture kinetics of
otherwise identical samples with and without awsdting step using isopropanol and DI water:

the results of this test can be seerrigure 4-17. There is a improvement 0~16+7% in the

capture capacity and kinetics due to theetting
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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 qanewetted capacity data are the same &sgare 4-16.

4.4.8 Carberry Rtating Bed
It is also possible for mass transport to influence the results independently of the wetting

behavior of the filmsA test was performed using a Carberry rotating basket re¢aciocount for

this possility . 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; notbehatinpty

bed flow rate through the fabric is calculated 4.45 L/min at this ratemBss transport effects

(i.e., diffusion d 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 cas€here may b some mass transport limitations on very stiore scales

Still, given the mixing rates, it would be difficult to collect representative sasnheler such
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conditions, so they will remain unobserv@adhis 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 conditiaa can be seentine 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, sdable A4-1. As mentionedpart of this effect can be attributed to
fouling the hydrophobic material by organic contaminants that were visually observed during some

of the tests (se€igure A4-2).
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4.4.9 Specific Surface Area Dependence
For any surfacéased chemistry, one would expect thatkimeticswould depend orthe

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 wesbtke$o test the dependence

of capture capacity on substrate surface area and optimize the choice oflfaimga Phenom

G1 desktogscaining electrormicroscae, it was possible to measure the fiber diameters in several

PP nonwovens (made via diffetgorocesses) and estimate their specific surface areas.(SSA)
(Detalils of the production and SSA tbe fabrics are given ifiable 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 P@hiikysteamineas usuabnd used in

static metal capture experiments, which are ginéiigure 4-19. A linear regression through these
datashows that the capture capacity of these materiasieed proportional to the surface area
andaver ages t o ap pwetalffabrictFigureyl-2@Bcaptu@s tlelgpendence of

the capture on SSAMost of the tests described hereiere performed withthe PP nonwoven

designated aBP:1-43, with an SSA of 0.499 rfig, the lowest of the fabrics tested.
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Figure 4-19: Cadmium capture capacities for several PP nonwovens supplied by the Noninstiutz.Values are
expressed onrearea (top) and mass (bottom) babist details of the process conditions used to manufacture each of
the identified fabrics, seBable 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 BEifiseé-19),
while for the others, it was estimated by analyzing SEM images.

4.4.10 Filtration Stack Flow Testing
The objectiveof these studies was to test the performance of our filtration system under

realflow conditiors in a configuratiorsimilar towhat would be used in a typical inline filtration
column The performancégure of merit in these tests is theeakthrough timelefined as when
10% of the heavy metal begins to escape the filtration sfabks value can be converted to a
capacity, but it is by definition always lower tharattlachieved in static testing in whicheth
material is allowed to reach saturation). Another critical performance metricgsnbentration

of the contaminant metal ithe 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 consistelecy un

controlled conditions.

4.4.11 Column Packing Evaluation
Beforerunning actual tests, it was important to ensure that the columns were adequately

packed and had acceptable flow characteristicgeries of pulse tests were performed to measure
the asymmetry othe peak as it went through the column. Typically, acetone is used to test the
packing of resirbased systems, but in these experimesdtutions of cadmium acetate (1000
ppm) or calcium chloride (1000 ppm) were used. The -fuittifferential refractivandex (DRI)
systemin the chromatography systemas used to observe the elution of the injected Bigjtire

4-21 shows a representative example of these resiritgcally, the time delays found are less than
the minimum breakthrough times seen further in ¢thispter, which excludes the possibility tha
this is a measurement errdihe peak asymmetryefined as the ratio ithe distance from the
midpoint to the curve as measured at 10% of the peak heighfQ A peak asymmetry of 0-8

1.5 is considered acceptable, with low values indicating-paédng and high values indicating
underpacking Underpacking is not surprisingor the tested system of micron size fibers with
low basis weightBut it makesit morechallengingo elucidate the exact kinetics of adsorption, as
there would bea deviation from the ideal behavior of a plug flow systdiperiments with
cadmium pulses wemmnductedvith unmodified PP nonwoven$hese confirmed that the coating
did not alter the flar propertiesand demonstrated timethod validityfor the subsequent dynamic
binding experiments. Tests with calcium chloride were performed on actHRORFA-CA filters
beforethedynamic binding of cadmium. This shows ttta capture of heavy metalssglective

and common ions such as Calo not interfereduring 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 takérom an example pulse test on a filter stheforeuse in a metal
capture experimenThenj ect i on i soluliod @ith a toncé€neralidn of 1000 ppm. The peak asyminetry
in this casewas 1.90.

4.4.12 Effect of Residence Time
One of the first variables tested in the dynamic binding experiments wasatiexable

4-4 gives the conditions under which these tests wereThmmresults arprovidedin Figure 4-22.
Theleft and rightpanels show experiments with half gtack thickness the center paneThe
residence times in this experiment were 41.5 and 20.7 seconds, respedhelgreakthroulg

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, respectiliy.indicates

that changing the residence time sabstantially impadilter performancelf the capture kinetics
occurred on a mucshortertimescale than the flow residence time of the stack, the breakthrough

capacity would be the same at all floates. Ifthe kineticsweremuchslower, no breakthrough
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would occur as a significant amount of the metal would always pass through. However,
expeimental results showing the dependence of breakthrough capacity on thatowdicate

that the transport and kinetic timescales are similar in magnifudeissue of residence time
distribution could also have an outsize effect, and thenedsubtely 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 (centen igreen), samples were collected ozéngertime.
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Table 4-4. Dynamic breakthrough capacities for-PPMA-CA nonwoven fabrics for different
column flowrates.

Initial Residence . |Breakthroughy Breakthrough
Flowrate . . Velocity . .
(mL/min) Concentration| Layers Time (cm/s) Time Capacity
(ppm) (sec) (min) (ng 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.]

4.4.13 Filter Stack Sizing
Another variable is the size of the filter, specificaihe 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
thisis notproportional due to theffects of the kineticsTable 4-4 gives the calculated cadmium
capacities at breakthrough and other data, where it can be seen that the changethiougkak
time do not necessarily indicate better filter performadde capacities at breakthrough are
similar to those seen in static tests.

Longertimed dynamic binding tests were performecgadbwer2 ppm concentratioto test
the scaling of the filleperformance under more realistic conditionke results can be seen in
Figure A4-3. These testalsoshow 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 timethérg is 0 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 cordegpeith
>99% removal of cadmium and were in many cases ippiberange, 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 drinkablé larger filter stack/longer residence time would also

decrease the concentratiof metal passing through, but this was not studied systematically.
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4.4.14 Diffusion of Metal lons into Polymer Coatings
Althoughmeasuring the fabric weight change is somewhat diffabwdt to the low weight

and high surface area, the fabrics would gain rou@ti-1% of their mass during the POMA
deposition processt implies that the capture capacity of the material, commonly expressed in
terms of the total weight of the materiainderstates the loading of the material by order of
magnitude . The system usesonwoven material as lewost supportwhile the metal capturing
capacity is from the thin POM&A layer. (One would not expect substantial physisorption to the
unmodified fabric.)The specific surface area (SSA) is only ~¥gntwo orders of magnitude
smaller than activated carbon. It is more sensible to express the capture capacity in terms of the
active copolymerThe weight expected from a single atomic layer of cadmium is on a similar scale
which suggests that either the system achieves full swwtamrage of cadmium atoms (which is
implausible) or that some of the cadmium is transported into the polymer layer.

The possibility that the entilatingvolume (or at least a portion of it near the surfage)
available to capture the metals is an @ffee avenue for improving capture capacityalso
provided the impetus to understand how the amine functionalization could affect the swelling
behavior of the coating and allow for enhanced diffusion of metalinto the polymerThus,
beginningwith flat film studies of morphology and chemisttlien proceedg to fabric coating
and characterizatigmand finallyreachingthe application of metal capture testing under static and
flow conditions, the project came full cirdby returningto study metal transport in thin films

Tests were carried out by treating a silicon wafer WBTES according to the established
procedure. Because of the interest in metal penetration into the layer, thicker films of polymer
were needed: POMA was spaast to a thickness of approximately 750 nm (of the final, amidated
material) as opposed to the more typical procethatproduces films 0120 nm. These films

were amidated and imidized with cysteamine according tstmelargprocedure. They were the
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immersed ire cadmium acetate solutiahvarious 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,STdS was usedDepth
profiles were collected using the instrument in ebghm mode, with a cesium source for
sputtering and a bismuth liquid metal ion gun (LNUGnlike otherTo~SIMS experimentsn
which surface scanmapedthe distribution of diffeent chemical specigsuch as the Cd$on
characteristic of bound metathe degradation caused by the sputtering beam means only the
elemental composition could be measurBae ions of interest were silicon (detected when the
sputtering reached the isibn substrate)andCd and Cd$ fragments indicang 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 Cti$ons were more abundant th&d. This species was
used as aimdicator of cadmium contenthe raw counts in TeBIMS are not directly proportional
to the actual abundance of thpecies. Furthermgré&ragmentation may result in observed ions
that are not present as such in the material being examinegudgatve comparisons in a single
sample oamongsimilar samples can be madde excess of Cd8oes not necessarily imply that
all cadmium is chemically bound, nor does the presence oh€ah that some of the cadmium is
not bound to the thiol residues. Nethmless, the substantial amount of Cpi®sent is evidence

that the chemistry is working as intended.

120



| | | | T | | | |
10000 5 3 HS
348-
—— CNO’
3 1000 4 - c.
c
e
100 . Sig
] — CdS
—cds,
10 4 4
1 T T T

T I T I T I T I T I T I
0 50 100 150 200 250 300 350
Sputtering Time (seconds)

Figure 4-23. Raw ToFSIMS data for a POMAysteamine 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)
chemical binding to cadmium (Cd&nhd Cd$). Thesilicon anion appears when the sputtering has gone through the
polymer film and reached the silicon wafer substvatas allows one to determine the etching rate.

Sputtering degrades the material during the test, so one must be cautious in making claims
about thematerial's chemical structur@nly elemental information is accurately preserwdten
using this particular type of TeSIMS.

It is impossible to know the exact rate at which the sputtering etches away the aurface
priori. Still, the thickness of the films had been previously measured wsirigble angle
spectroscopic ellipsometryW ASE). The underlying layer was reached whalicon ions were
detected above the noise level (~ 100 countk)s kKnowledge could be used to deduce the

sputtering rate (assuming the rate is uniform, which is reasonable for a polymerfiérg.does
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appear to be some cadmium near the surface afah&ol samples (not exposéal cadmium
solutiong; this is due to increadanoise at the surface.

In all experimentsthe readings taken from the top few nanometers (corresponding to the
first few intervals of sputtering) were anomalo@siecommon pratice to eliminate this issue is
to add a sacrificial layeon top of the analyzed materiddut no such coating was applied to these
samples. As a result, many tests shaosigaificantdeviation in cadmium content, followed by a
return to the establishetehd® presumably the actual level throughout the material. Subsequent
work could benefit fromusing a sacrificial layer to remove these data artifacts, but it is not
necessary to see the overall behavinother additional experiment would be to use ion
implantation into a POMAysteamine 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 | evels that fall along
effect of the lower boundaryimportantly, it indicates that a thickemfi will adsorb more metal
in total But given the decreasimgpdmiumconcentration as a function of depth, one would not
expect this effect to be largklost of the captureccursin the top few 109 nanometers (at the

tested concentration and time scale).
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Figure 4-24: ToFSIMS depth profiles of three POMgysteamine films with different thicknesses

4.4.15 Coating Thickness Effects
Following this experiment, it was desirable to thstker 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 thicknessThus, the diffusion into the layers observed in these experiments would result

in substantial cadmium capture throughout the coalihg.next set of experiments was designed

to measure the time dependenéeadmium capture throughout the filldampled all made to

the same specificatidnwere immersed in cadmium solutions for various lengths of time, with the
shortest exposure being 1 holine data are presentedHigure 4-25. Although the curves overlap

to some extent, it is evident that more exposure leads to greater capeuemalyzed the data

usingF i ¢ k 6, $ut theglataslid not fit well. Thisindicates that the process by which the metal
binds is not simple diffusiarThis 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, whies gin 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 filmthe sample exposed for the
longest time (5 daysh)he amount of cadmium detected in fih@ 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
representativbecauseo sacrificial layer was deposited.

These tests afforded a valuable opportunity to confirm the completeness of the amidation

reaction throughout the depth of the sampfesother wayto interpret the data is to look at the
ratios of ionswhich shows the relative abundance of different fumal 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 kigure 4-26, which

corresponds télm exclusively reacted with cysteamiireFigure 4-27.
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Figure 4-26. Ratio of thiol (HS) to imide (CNO) characteristic fragments in POM#&ysteamine film (shown in
black). The red and blue lines correspond to the ratio efd@H CNOto a characteristic ion from the base polymer
(C¢), respectively. The sample used was one of the thicker films exposed to a 2 ppm cadmium solution for 5 days.

As seen in this exampl@end across many other experimgntise variability inHS to Gs
and CNOto Gs ratios is higher than that for single speci@gere is no explanation for the unusual
trend of a maximum reached far away from the surfaceisribe fact that theystemchemistry
should fix the ratio between the two speciBsis 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 followrup 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 primaneaisiequal, the
concentrations varied to give a range of thawld hydroxylcontaining polymer films. These films
were then tested ithe manner described in this section and depth profiled for cadmium content.
As seen irFigure 4-27, the results of this teshow that films with intermediate levels of each

amine have higher capture capacity than those made solely witanyine.
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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 hydybgroups imparted by the ethanolamine
have no activity in bindinghe 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 thiégnf is due tomore significanswelling in water.
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4.5 Conclusions
The first stepin proving the usefulness of the systenreated inChapter 3 was to

demonstrate that the functional textiles could capture heavy metals under idealized laboratory
conditions. Tohat endthe firstportion of this chapter covetsst performed as static immersions
of the fabric and usedetal concentrationsn the 50ppm rangé far higher than a typical
contaminated groundwater supplhese testshowedor the first timethat the coated nonwovens
could chemically bind silver and cadmium

The theory of using thiols to capture metals implies that the cysteamine rebmiuld
react with many candidate toxins. The differences in activity were not clear, so several
combinations of metals were tested, both in series and simultandousig.former case, it was
shown that another metal would not displace one captured. idtarences 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 totleers, 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
decreae 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 condffisadypes weraised
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 secomrdafypxperiment, filter stacks were
assembled and tested against cadmium at various concentrations to create a breakthrough curve,

showing the duration for whick90% of the heavy metal was removed. Indeed, during this time,
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the effluent metal concentratiovould 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 gctiymer compared
to the nonwoven fabrjcthey support the idea that the entire thickness of the coating could
participate, not just the surface layer. This was confirmed by usingsSTdB depth profiling of
thick POMA-cysteamine films, which would haseibstantial 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 matenidlstb flat film substrates and nonwoven
textiles. This is the fundamental science of the system. dtapter moved into the realm of
applications and brought the promise of easy modification of chemically inert polymer surfaces to
fruition and accomplisés the goal of the overall project: the creation of a filtration system capable

of removing toxic heavy metals from an aqueous stream.

128



Chapter 5: Functional Gel Coatings Containing Hydroxamic Acid Degrade
Organophosphates inAqueousSolutionst

! Zboray, S., Efimenko, K., JonesJ. L., & Genzer J. Functional Gels Containing Hydroxamic
Acid DegradeOrganophosphates in Aqueous Solutiomglustrial & Engneering Chenistry
Re®arch,60(24), 8799 8811 (2021)
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5.1 Abstract
We synthesized poly(maleic anhydrideo-methyl vinyl ether) (PMAMVE) gels and

functionalized thento form hydroxamic acid functional groups. We evaluated the performance
of the gels in decomposinglimethyl nitrophenyl phosphatdDMNP). We monitoed
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 siz2ecomposition oDMNP in the maleic anhydride gels
followed pseuddirst-order kinetics for all studied conditionBhe performance was influenced

by the spatial confinement of the hydroxamic acid groups inside theThgel gels made of
PMAMVE copolymers modified with hydixamic 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 aactive 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 riskshtortae
population P21]. The nonspecific action of these compounds on living organisms constitutes a
substantial threat to society because of their potential use as warfare 2g8ntsside from their
immediate lethality, organophosphates can also hawe subtle health effects, particularly on
children, even in trace amoun2B 224]. The organophosphate compounds degrade in soil and
groundwater over time, but the decomposition reaction rates are2@ij For this reason,
effective means of removing éee 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 conducivee&mtaon with the
serine residues of acetylcholinesterase enzymes in nerve synzpdediie enzyme inhibition
allows accumulation of the neurotransmitter acetylcholine, which eventually leads to paralysis and
death, making these compounds effective@umg227]. 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 tox@28e229 230.

The first effective treatment for organophosphate poisoning was accomplished by applying
oximes, with pralidoxime being the most commonly used and studied an28at232. Another
prominent oximebased class of compounds capable of this action is the pyndlmsed
conjugated oximes capable of overcoming the-pests effects in the human body and restoring

enzymatic activity by targeting the negatively charged cleft of acetylcholinest2&s234. In
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addition to oximebased antidotes, hydroxamate anibage shown high capacity and selectivity

in organophosphate decompositi@3%$, 236, 237, 238, 239. Of particular relevance to this work

is identifying nrhydroxy succinimide and its hydroxamic acid form as an active degradation
catalyst.

Aside from smalmolecule nucleophiles, which are ideal for use 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 sel@¢€@vity [

241, 242. Cyclodextrins with hydroxamate emploups also decompose organophospha#3.[

Another possibility is then vivo use of biological catalysts to provide a form of prophylactic
protection, which is accomplished by PEGylation of scavenger enzypdds 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 organophospheaigative 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 lge-scale decontamination. Dendrimers that bear a terminal oxime group
at each branch were suggested as a possible replacement for the biorbalsedl@pproach
[247]. One needs to consider the financial burden when designing the inline filtration systdms,
the alternative lowcost 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 systemddigeadation halfives of chemical
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warfare agents range from 5 minutes to several h@s@G.[Small molecule pyridinium antidotes
prove effective when introduced as a part of hydrbgeind systems. They can effectively
hydrolyze various organophosphatssagll as mustard gas ageri26]]. 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 organoph@&zhates |
253. Nonwoven fabics 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 diwvéfsitctional
groups that can be chemically employed to modify maleic anhydride in combination with
alternating backbone motifs allows for the formation of diverse catalytic degradation syZEéms [
256]. These structures are also widely studied as therialatéor drug delivery systems in which
the anhydride moiety undergoes a hydrolysis reaction in a controlled maaiaenye modify
chemically poly(maleic anhydrideo-methyl vinyl ether) copolymers with hydroxylamine to
obtain hydroxamic acids, which aaetive in degrading organophosphat®sd. The moiety also
has other applications, such as in the biochemistry of me&a®% Self-supporting gels made of
such polymers give these systems a unigue ability of direct contact with the contaminated stream
to produce a purified effluent while still maintaining structural integiify Kigure 5-1a). This
also avoids the drawbacks of a heterogeneous system, which has also beenZaddigti
approach minimizes the risk of losing material over time, as would occur if asoiatule
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.

133



a) HO,

(¢}
H,co—u—o
02
OCHs

»

“closed” form “open” form hydroxamic acid hydroxyimide

ho - o
HO

I L - *

{ § el el

el C) el

Figure 5-1: a) Aqueous solution containing organophosphiage fimethyl nitrophenyl phosphate, DMNP) enters a
swollen gel and reacts with the hydroxamic acid residues in the gel (red). The degaatimts i e., 4-nitrophenol
and dimethyl phospha}eliffuse out and can be evaluated. Blue lines represent diamine cradsjiRksiction scheme
to make the poly(maleic anhydride-methyl vinyl ethephydroxamic acid RPMAMVE-HA) gel. The first step
involves crosslinkingfPMAMVE with ethylenediamine on a fraction of the maleic anhydride reactive groups. A

complete conversion of remaining anhydride groups into the hydroxamic acid follbesgrosslinks can coexist in
c) "open” or "closed" formsThe hydroxamic acid residues coexistasydroxamic 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 expe2@Bnss|[well as
more complex system262 263. The intermediate can undergo Lossen rearrangement to an

isocyanate, which is rapidly consumed in subsequent reactions and permanently ina2tvted |
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Literature on the mechanism of organophosphate reactions with oximes suggests that pH can
influence he 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 sys#n8imilar 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

5.3.1Materials and Chemicals
Sodium carbonate, sodium phosphate, sodium hydrqgesphate, hydroxylamine

hydrochloride, ethylenediamine, trimethylamine, triethylamineNJ[ttetrahydrofuran, dimethyl
sulfoxide (DMSO),4-nitrophenol (4NP), and poly(maleic anhydrigm-methyl vinyl ether)
(PMAMVE, Mw ~218 kDa, 66) were purchased dm SigmaAldrich. Sodium chloride, water
(HPLC grade), and dimethyl nitrophenyl phosphate (DMNP) were purchased from Fischer
Scientific. Nethyl morpholine (NEM) was purchased from Fluka Chemicals. All chemicals were

used as received.

5.3.2Preparation of Gel Sistrates
Figure 5-1b depicts the reaction steps leading to the formation of functmsig{maleic

anhydrideco-methyl vinyl etherhydroxamic acid RPMAMVE-HA) gels The first step is the
reaction of PMAMVE withethylene diamine that leads to the fabrication of a crosslinked gel
network €f. 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 leh8tminutes Separately, 16.86L (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 pie 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

135



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 copolymeg&].

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 PMAMWHA gels.We directly addedhe 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:B(relative to hydroxylamine, 2.3 equivalents) was added to form
free hydroxylaminen situ. As-made gels exhibited a slow hydroxylamine diffusion, which made
the functionalization reaction very slow. The gels were broken up into smaller pieces2(60.1
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 bydmic 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 pwder. Smaller particle sizes were prepared by grinding the powder with a mortar
and pestle for set time intervalkhe chloroform wash is a critical step that allows the removal of
triethylammonium hydrochloride, which is only slightly soluble in DMSO &nily 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 watedrging the wet gel, followed

by vacuum drying to ensure that all water wasioved. 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.

5.3.3The Mechanical Properties of Gel Substs
The mechanical properties of the PMAMMHA gels were tested using oscillatory shear

rheometry upon complete DMSO swelling using a Discover3HReometer (TA Instruments).

We used textured plates to prevent gel slippage during the rheology expsrifleexperiments

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 110 kPa. The obserdecrosslinked 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 miber of interconnected macromolecules. This phenomenon has been
well-studied in the context of microgel synthe26§ 269. Whenever many defects (such as
intramolecular reactions) in the gel occur, the crosslinking agent's efficiency i 16w Yore
corcentrated polymer solutions in DMSO (75 and 100 mg/mL) produced gels with noticeably
higher stiffness\ide infrg) to test this hypothesis. We also examined the effect of crosslinker
concentration by creating gels with variable amounts of the added diénoime0.05 eq. to 0.2

eq.).

5.3.4Chemical Characterization of Gel Substrates
Chemical compositions of all samples were assessed using Foamnigiorm infrared

(FTIR) spectroscopy using Nicolet 6700 between-8000 cm® with 4 cmi* resolution using a
DTGS detector (128 scans total for each samplelymer 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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5.3.50rganghosphate Degradation Kinetics Studies
We adapted the organophosphate degradation testing procedure from the litevdjure |

Kinetic measurements of DMNP degradation were recorded using a UV/Vis Thermo Evolution
300 spectrometer. The UV/Vis spectra weodlected between 200 and 700 nm with the step of

2.0 nm at room conditions with the buffer solution as a blank 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 uM, 0.012 eq.), reaction kinetics were
monitored by UWVIS 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 otheoiésg to

ensure that 4itrophenol, 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 organophasph261]. The typical pk of the

hydroxamic acid group is around 9, so a higher pH promotes the degradation reaction.

5.4 Results andDiscussion

5.4.1Gel 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'care plottedn Figure 5-2. We monitored

the chemical changes associated with carbonyl stretches between 1500 and-2a0alkcstages

of the gel synthesis. Thisg®n also includes the principal hydroxamic acid stretchég [

The parent PMAMVE exhibits two strong bands (1780 and 186%) associated with the
anhydride functional group, as seenHigure 5-2a. The bulk polymer might undergo slow
hydrolysis when exposed to air at room temperature condiianBydride groups are converted
into the diacid form, which exhibits much lower reactivity toward an amine modification. The

diacid functionality presentsgself as a small shoulder on the principal anhydride peak at 1720
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cmit. 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) €f. Figure 5-2e). Upon addindydroxylamine to the crosslinked gie remaining
anhydride moieties were converted into-gelndhydroxamic acid, as evident from the nearly
complete disappearance of anhydride peaks at 1780 and 186(ctrRigure 5-2f). Further
reaction tdorm the hydroxyimidedf. Figure 5-1d) results in two peaks located at 1780 and 1700
cmit. Hydroxamic acid has a significantly higher reactivity towarganophosphate degradation
than hydroxyimide d¢f. Figure 5-1d) [258. The undesirable chemical transformation of
hydroxamic acid into hydroxyimidproceeds to some extent at room temperature but can be
accelerated by heating the gel above 13@fCHigure 5-29). Literature suggests that high pH
conditions can drive the equilibrium to favor the open form, which is another reason why basic
conditions benefit reactivity2[7 3.

We have performed heatirggudies 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 hydraamic acid itself presents with amide peaks located at 164@wsible only as
a shoulder on the imide peak) and 1550'¢of. 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 cotegiinto the hydroxyimide form as evident
from increased absorbance at 1700 @orresponding to the imide fornef( Figure 5-2b and
Figure 5-2c). Similar transformations were noted in the gel sampiésHgure 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 intensitgd Det
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analysis of the IR vibrationsf( Figure 5-2f andFigure 5-29) 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 wasatyvity substantially. This effect is
even more evident in geldNevertheless, 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 imidizgmblymer gel may revert to the more reactive hydroxamic &3id [

The effect of pH was also tested on the imidized uncrosslinked PMAMVE gels polymer,
as shown in the comparison kigure 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 funmtial 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
polyme. 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 a2fivity [
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Figure 5-2: FTIR spectra of PMAMVE, PMAMVE gels, and PMAMVBA gels under various processing and
environmental condition$’lease refer to the text for detail$e spectra have been normalized to the methyl vinyl
ether peak (1225 cf) in methyl ester, which remains constant during all modification steps. The principal vibrations
for monitoring the chemical changes are at 1860 and 1780which correspond to the anhydride (the latter overlaps
with the minor peak of the imide), 17@@1%, which is the principal imide peak (which also overlaps with the diacid)
and 1660 cm which is the principal amide peak.

5.4.20rganophosphateegradatiorKineticsMeasurements
We adopted the procedure for testing organophosphate degradation kinetiegoitk by

Mondloch R71]. Representative examples of UV/Vis spectra taken throughout a test run are
shown inFigure 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 reactioetpretitrophenol (4

NP) (400 nm), rises, indicating an increase iNF concentration. UV/Vis measurements can
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monitor both the product and the reactant concentrations. The data analysis was performed
exclusively for 4NP, as it is challenging to prepastandard stable organophosphate solutions.
Standard solutions of-MP were prepared and analyzed via UV/Vis to allow for the quantitative
determination of reaction extefithe 4NP molar absorptivity was calculated using a linear fitting

of the standardatibration and was equal to 18.2 i, which is in good agreement with the
published valueZ79. 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 psefit-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 thatasheuganophosphate
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 changeia@antly. 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
organophosphatesgsiificantly.

The UV/Vis absorptionA, can be represented by the exponential decay &Ejongtions-

1. By including the difference in molar absorptivity between DMNP amitréphenol in the
constantCy, the functional form of the product appearance is giv&gumation5-2. As mentioned,
only the product formation measurements follow the dependencébaeisbyEquation5-2. This
model assumes that the reactant and product concentrations in the liquid buffer surrounding the

gel are representative of the entire syst&@ramall 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.
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Figure 5-3: DMNP degradation kineticat selected times monitored by UX/¢. Neither the DMNP (270 nm) nor 4
NP (400 nm) reached the predicted values corresponding to 100% product con#eqsesiments were performed
in the NEM buffer solutiongH 10.29).

) o 60Q (5-1)
5 o b8p Q 5 Q0 Qo (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 aldme

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 khfé of DMNP in the bufer alone (at pH.0.29) was calculated

to be ~11 hours by fitting the da@Equation®-1 and5-2.
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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
polymer form (blue), and PMAMVHEA gel (gre@). Buffer solution (black) data are added for comparison

5.4.3DegradatiorPerformance ofunctionalGels
We performed a study in which we compared the hydroxylamine's degradation capacity

alone, PMAMVE reacted with hydroxylamine, and hydroxylamine funetiead crosslinked
PMAMVE gels. We used neat hydroxylamine as a benchmark, allowing for unambiguous
performance assessment of polyrheund hydroxamic acid both in the form of free chains and
the gel. All comparative kinetic studies were performed on amedar basis. Following the
procedure outlined by Mondloctt al, we evaluated the change in concentration-biff4as a
function of the time the DMNP spent in contact with studied systems in NEM buffer. The results
of these studies are shownRigure 5-4a. The UV/Vis absorbance is converted into the relative

product concentration usingMP molar absorptivity value obtained from the standard calibration
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curve. To delineate the NEM buffer's eftf on hydroxylamindased systems' degradation
performance, we performed DMNP degradation studies in buffer.altveefunctionalized gels
showed the best degradation performance in all experimental studies, with the maximum
conversion factor ~70%. The g@mance of free hydroxylamiamodified 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,
consideriig 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 degnadatice fits for
unbound, and gel bound hydroxamic acids show that offset factors are similar to eachfother (
Table A5-1). This finding suggests that mass transport does not influence (or limit) the degradation
reaction.

Degradation studies were also performed in carbonate haféesess the hydroxylamine
functionalized gel's performance when exposed to hard waterméght 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 sgids was significantly improved compared to the NEM buffer,
as shown inFigure 5-4b. The degradation reaction proceeds at a comparable reactionfrate (
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 he 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
normalzed 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 pM) to lower (50 puM) and
higher (150 uM) values in the stock solution and performed studieslhiNiEer. The results of
these experiments are shown kigure 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 organophgshate's initial concentration, and the fitted Hadés are similar ¢f. Table A5-3).

Taken in conjunction with the quality of fit exhibited by the expatial 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.
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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.

5.4.4Effect of Buffer pH andConcentration on thBegradatiorPerformance ofsels
The performance of hydroxylamine functionalized gels depends strongly on the buffer

media chemical composition, in which the experiments are conducte#idure 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 it
deprotonated state. The typicalfkalues for commonly used nucleophiles range fpbi6.0 for
the hydroxyimide tgH 9.0 for the hydroxamic acids used in this study, setting a lower bound on
the buffer solution pH range.

The hydroxyl ion itself alsods 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 studie[/§. To investigate the impact of buffer pH on our system, we performed the
DMNP degradation studies in four buffer solutions atbl (phosphate), 7.4 (phosphate), 9.0
(carbonate), and 10.1 (carbonatayure 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 pkthe degradation of DMNP is not observed.

A similar test performed in phosphdiaffered salineH 7.4) resulted in a similar reaction
inhibition, but this may also be due to the fwatalytic mechanism (Lossen rearrangemevtijch
has been observed at this p64]. Fitting experimental data to firstrder kinetics ¢f. Table
A5-4) shows that the difference in rate constants (k) between the gel and buffer is largértat pH
than at pH10.1. We attribute this change to the relative difference in degradation effi@éncy
modified gel and the buffer solution alone.

As the system pH value increases, the concentration of free hydroxyl ions)([®ttle
solution increases. It becomes a dominant factor in catalyzing DMNP degradation compared to
conversion using the hyditgimide group in the gel. Nevertheless, the gel DMNP reaction kinetics
is still slightly higher at pH.0.1, and the overall conversion efficiency for the modified gel reaches
~96%. Our initial studiesct. 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)4bMure 5-7a shows the
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degradation kinetics of DMNP at varying levels of NEM. Table A5-5), while Figure 5-7b
displays the rateanstants. 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 studigdtgelss
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Figure 5-7: (a) Reaction kinetics as a function of NEM buffer concentration for both PMAMEgels (solid
symbols) and NEM buffer solutions (open symbols). (b) The observed rate constant of the fitteddir&tinetics
plotted a). The buffers have @H83 (0.05 NJ, 10.06 (0.15 M), and 10.29 (0.45 Mjhe error bars in b) correspond
to the uncertainty in fitting k using Equatiér.

5.4.5Effect of thelonic Strengths on th®egradatiorKinetics
The final experimental parameter to be investigated was the ionic stiantn 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 concatidns. 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 inFigure 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 alt-free case, though the extent was not measured directly. It indicates that the higher

ionic strength provokes a collapse of the gel.
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Figure 5-8: Kinetics and fitted firsorder kinetics for NEM buffer (open symbols) and PMAMYA 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
acollapsed hydrogel does not have as much activity. The higher salt concentration does not appear
to have further decreased the rate constaht$gble 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 accortlinfpe Hofmeister series, which has a known

effect on hydrogels77.

5.4.6Evaluation of thddegradatiorReactionKineticsCharacteristics
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 alktudies. The experiments were designed so that the hydroxamic acid
groups were in large molar excess, ensuring that the kinetics appears-@sldéirsiverall. One
would expect that the reaction will follow seceoidler kineticd reaction rate dependenae 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 .nigyenl)
results of these experiments are plotte#figure 5-9a, where higher loading of gel increases the
rate of reactiondf. Table A5-7). Curiously, the final conversion is also slightly higher, as seen in
other experiments the higher degradation rate always seems to result in higher final conversion.
This observation mighbe associated with the change in the activity ofbgeind
hydroxamic acid€.g, deactivation or unavailability). This outcome is even more apparent when
fitted reaction rate constants are plotted against the bufbelified gel concentratiorcf, Figure
5-9b). The linear fit to this curve (in which the organophosphate concentration is constant)
confirms that the reaction is seceodler overall. The nonzero intercept of the fit reflects the
orgarophosphate degradation in a buffer medium with no gel, while the slope gives the-second

order rate constant as 4.379 x2tointM1.
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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 unavadlas crosslinkgb) Kinetic rate constant linear fit as a function of gel
concentration, including (as a zero point) the reaction in buffer aléweeerror bars in b) correspond to the uncertainty

in fitting k using Equatiorb-2.

The seconarder rate onstant for the succinic dihydroxamate is 0.44 ttir* (at a pH
of 10.5) B2]. This is ~10 times higher than found in the modified gels irstudies (at pH 10.29).
The lower reactivity can be explained as followkere 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 rhydroxyimide. The heating of éhgel shown irFigure 5-2f confirms that only ~15%
of the groups are in the active form when the degree of crosslinking is also consitiergel's
effective rate constant is 77% of the expected conversion value based on the reactant's input
guantities. The discrepancy implies either substantial mass transport limitation or reduced

availability of hydroxamate sites at high concentrations. Similar expeis 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 ¢f. Table 5-1), a typical gel is calculated to have a minimum
reaction haHlife of 120.3 minutes. By applying the secemdler rate constant data abovedeaser

gel should exhibit a degradation haté (in pseudefirst-order terms) of ~21.1 minutes.

Table 5-1: Swelling ratios of functionalized PMAMVAHA 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

5.4.7ParticleSize Effects andTransportimitation of theSystem
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 originag from the material prepared by direct precipitation of the hydroxamate gel
into chloroform. These solveiftee particles did not require a freezing step before grinding and
were easier to handle. As a crude means of controlling the particle sizestitlepavere 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, @rageh that has advantages over using sieX&§. [
Example images for each portion of the particles and patrticle size histograms as given in the
supporting informationdf. Figure A5-1 ard Figure A5-2) Early theoretical work on particle size
distributions of particles established that such processes would tend to follownariogi
distribution R79. The Weibull distribution (not shown) saalso be used and has a theoretical

basis, although it returns particle size estimates similar to thedogal fit in this case.2B8(Q.
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The empirical distributions (in a cumulative form) for all tested particles are presented in the Sl
document Figure A5-3a). Fitted lognormal distributions (in probability density form) are also
given in the SI documenEigure A5-3b). Grinding the particles reduced the mean size from 173
to 16 mm. Additional parameters such as the fitting and standard deviations are igithe
supporting information ifable A5-8. Kinetics data on selected particle sizes are plottEdjure
5-10. The fitted pseuddirst-order kinetic parameters are giveriliable 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 MAMytEoxamate hydrogel into a
solid mass, broken easily into larfiekes. This procedure leads to a broad flat geometry with a
typical length scale of ~8Q@m. 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, tlyegfimend
particles were all sufficiently small that there were no significant changes in the reaction kinetics,

as shown irigure 5-10.
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Figure 5-10: a) Kinetics of DMNP decomposition for different PMAMMEA gel particle sizes relative to NEM
buffer (pH 10.24). Coarse gel particles are millimeseale, while the fine particles are micron size, as seen in the
histogram, fitting by pseudfirst-order kinetics. b) The plot of the fitted firstrder rate constant as a function of the
particle radius, with fit according to the Thiele modullise line shows the effective rate constant, as determined by
the Thiele modulus equations fitted to the datse eror bars in b) correspond to the uncertainty in fitting k using
Equation5-2.

The parameters taken from this fit can be used to estimate the effective reaction rates of
the two systems. The wekhown Thiele moduluscf. Equation5-3) is a dimensionlessgup that
relates the relative rates of reaction and diffusion in a catalyst particle and determines the particle
system effectiveness compared with no mass transport limitattangtion 5-4 details the
relationship between the Thiele modulus and thecéffeness factor for the example of a spherical
particle This approach is appropriate for thh@ienensional diffusion into the hydroxamic acid
gels (although they may be irregularly shap&®1]. Both parameters can also be calculated for

nonspherical ad polydisperse particle2$2283.
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The physical significance of the effectiveness factor is the ratio between an ideal catalyst
particle, in which all sites are equally available (no mass transport limitation), and an actual
particle.Equation$-3 and5-4 were used to fit the data presehieFigure 5-10a (cf. Table A5-9)
using the diffusion and reaction rate constants as input parameters:itriia reaction rate
constant” is 0.001840 min(which gives a haffife of 376 min) compared with the unground
powder, which has a rate constant of 0.00155n{m halflife 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 10cn¥/s, which is about an order of magnitude lower than the diffusion
coefficient of water fond in maleic aciehcrylamide hydrogel2B4].

The finely ground particles have consistently higher product concentrations at short times,
consistent with faster product diffusiorhis behavior is not captured in the above analysis, which
only pertains tolte 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 faatbrEHquation 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 radipg/hich provides the actual reaction and diffusion rates. The values
obtained by this method are 3.98 x31fin! for the pseuddirst-order reaction rate and 5.989 x

108 cm? min for the diffusion constant.
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5.4.8TheEffect of Gel Morphology orDegradatiorKinetics
The mechanical properties of PMAMMHEA 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 absadr &ad increase the
gel's overall volume and gel densithe 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 significantlymprove the reaction kinetics and efficiency of the
conversion. The network crosslink density is vital to control because it governs the ¢ degradation
capability (better at low network density) and overall gel mechanical integrity (better at high
networkdensity).

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 solveat, (vater). 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 approachpigally gave mass changes on the order e8@@imes. Alternatively, we
used optical microscopy to measure the linear dimensions of the dry gel partdigadeided
water and monitored the size of the particle as it swelled typical amount afime 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 diamefne volumetric change in particle size is simply this
length ratio cubed. We report the swelliregios for three different crosslink densitiesTiable
5-1. We adjusted the crosslink density by changing the concentration of PMAMVE in the stock

soluion 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 iflable 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 conmargraf 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 crosslinkeagrtions 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 andever precipitated into chloroform or ground into powder.
Despite this, they broke apart when swollen with watbe 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 get$.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 preseriagiig 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 werd fiteng the pseudfirst-order kinetics

model for the degradation of DMNP, and the parameters are giviebia A5-10.
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Figure 5-11: Oscillatory shear data collected for PMAMMHEA gels made at various polymer concentrations (or gel
densities) and with different crosslinking ratios.

The PMAMVE-HA gels made at a higher gel solutiomcentration (100 mg/ml) exhibit

slower degradation kinetics, consistent with the lower swelling ratiog-igure 5-12, Table

A5-10). Overall, this effect is reminiscent of the faster kinetics seen in thpartsan 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 compardtedulk polymer. Similar observations were

reported in a recent review of catalytic hydrogels, which discussed how confinement could

improve substrateatalyst interactions and lead to higher selectid84].
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Figure 5-12: Kinetics data for DMNP decomposition using PMAMAHRA gels synthesized at various concentrations
and therefore having different mechanical properties.

5.1 Conclusions
Maleic anhydride copolymers form gels that can be furttotified to bear the hydroxamic

acid moiety. These gels effectively degrade organophosphate pesticides and achlees loadf
the order of 46 hours under the conditions studied herein. The reaction follows overall second
order kinetics with a rate comstt of 4.379 x 18min"tM1, 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 enrectoety
compared to both free hydroxylamine and the-amsslinked polymer.

This behavior compares favorably with the Halés exhibited by MOFs, ranging from
~10 minutes up to several hours. One drawback of the system is the need for a pH o®a&bleast

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 pdes 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 coefficiefihe polymer concentration used to make the gel influences
the mechanical pperties 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 hydroxamiccaeidentration inside
the gel Additionally, anchoring hydroxamic acid units to the gel enables facile separation from
the reaction mixturd-uture work can establish the exact parameters to maximize gel effectiveness.
Another potential avenue fanprovement 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 polyme286,287]. Yet another avenue may explore the use ofemor

efficient decomposition agents, such as enzy288289,29(0.
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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 &deceeilfobetaines both the bulk phase and

on surfaces. These materials were tested for their effaetgas antifouling coatings against the
model protein FITEBSA, with adsorption quantified using fluorescence microscopy. The
comonomers were chosea 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
hadbetter 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 foegability 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 descriled in Chapter 1, antifouling has become a topic of intereseasironmental

concerns have deprived the world of what was onmeeticalsolutiord tributyl tind albeit one

that hada negative consequence. As these materials were being phased out, research on the topic
began tgphasen. One way to mitigate the toxigitof metatcontaining paints would be to use a

less toxic material sudmscopper or zincAnother approach described in the literatur® ileduce

the total metal content by usingnopatrticles to improve antifouling performancea mass basis,

but thiswas found to offer no benefj291]. There have been several research efforts to find
suitable alternativg&to tin-based antifoulants, and there are multiple reviews of these initial efforts
[292293. For a summary of more recent directson the field seeBuskeng294.

One promising approach extensively exploiedrecent research has been creating
specialized polymer coatisgvhich prevent potential foulants from interacting with the substrate
This haltsthe fouling process in the ingl stage befor¢he more intractablerganisms havbad
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 mearcthahalated foulingould
be removed more easilythis attribute is sometimes referred tofasl-releaseand studiedas a
separateconcept from antifouling295296¢. Some foul release systems are impregnated with
silicone oil which is slowly released into the environment like the rbetséd biocide§297].
However, a truly effective coating€., 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(ethylgheol) (PEG) but this too has been found
to degrade ovdime.

This chapterfocuses on creating an inert hydrophdurface using zwitterions. In keeping

with theoverallthemeof thisDissertation, this wa® bedone using maleic anhydride. Fortunately,

164



suchacopolymer had already been reported in the literature and investigated for its rather peculiar
cloud pointbehavior.[298 This chapter builds on this concept and applies lessons learned in
making metal capturing coatings chiefly describe@hapter 3. Furthermore, ambining multiple
methods such as antibacteriglaternary ammoniurgroups, chemically inert surfages other
chemistries can achieve synergistic antifouling performasdacilitated by the versatility of

maleic anhydride copolymef299.

6.3 Materials and Methods

6.3.1 Chemicals
Propane  sultone, NNimethylethylenediamine (DEN), ethylenediamine

trifluoroethanol, aminopropyltriethoxysilane (APTES), poly(octadeedtimaleic anhydride)
(POMA) and poly(maleic anhydrideo-methyl vinyl ether) (PMAMVE), styrene,-lutyl
methacrylate (Sigmaldrich), vinyl acetate (Sigm&ldrich) (with hydroquinone as an inhibitor),
AIBN (SigmaAldrich) wasrecrystallized from ethanol before ugthanol (Fisher Scientifind

basic aluminatoluene, bitane sultonedimethylacetamide3-dimethylaminopropylamineand
fluorescein isocyanate conjugdtbovine serum albumin (FITBSA) were purchased from Fisher
Scientific. The silicon wafers used in this study were all doped with boron and obtained from
Silicon Valley MicroelectronicsThis type of wafer is transparent to infrared lighobwing the

use of transmission spectroscopethyl 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 (SighdachA) before use in spin
coating; # otherchemicals were used as receivBdlymers were synthesized according to the
general procedure describedGhapter 2. To briefly reiterate, 0.1 mol of maleic anhydride and
0.1 mol of the comonomer were combineith ~50 mL of solvent, typically -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 precipitaten toluene at low molecular weight
at an early stagef the polymerization, which is considered undesiral®e)gen was removed by
three freezgoumpthaw cycles, then the solution was heated t6@Gnd 0.005 equivalents of
AIBN were added to initiate the reaction, which was then allowed to run forur§.Heolymers

were therreprecipitated to ensure purity.

6.3.2 CharacterizatiodMethods
Infrared spectroscopy was the principal means of characterizing the polymers at all stages

of modification as it showa clear distinction between the varioasemical states. A Thermo
Nicolet model 300 FTIR was used in both transmission and ATR moBesausecontact with
the germaniumATR crystal can deform the polymer filrthe samples tested using this method
were not used in subsequent protein testingnGésin the thickness of the film were monitored
using a J. A. Wollam variable angle spectroscopic ellipsometer (VASE]) processed using

WVASE32 software

6.3.3 Film Casting and Modification
Wafers were cleaned before use by rinsing with methanol followdd lnginutes of UV

ozone (UVO)reatmento 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 comgeb nitrogen, then heated to 1°80for 1 hour to

cure the silane layer. In cases involving an APTiEeSted wafer, the quality of the monolayer was
assessed by VASE. The expected thickness of aass#fimbled monolayer of APTES is
approximately 7 Angstrom[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 electrostaticallypound APTES and does not give a true monol§$éd]. Although precise
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metods 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 substBaxd.

All polymer films were made via spitpating from solutions inan appropriate solvent:
trifluoroethanol for the PSM#etaine, toluene for POMA, and methyl ethyl ketone (MEKafbr
othersBefore use, these solutions were passed through 0.2 micron polytetrafluoroethylene (PTFE)
filters twice to remove any particulatégl flms 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 t6C8& an hour to dehydrate
them.In the case of the polyfiutyl methacrylatalt-maleic anhydride) (PtBMAMA) this step
would result in a substantial decrease in thickness as the polymer tertiary butyl group was removed,

leaving the alcohol (sdeigure A6-6).

6.3.4 Fouling Tests
The ability ofthe 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 phosghétered saline (PBS). It
is important to note that at this pH the FFBSA, which has an isoelectric point4f7, would be
negatively charged303. 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 zerarge is between a pH of 2.6 and 3.2, which
means that the bare surface will also have a negative clhafgge The typical protein
concentration used in the experiments was 0.1 mg/mL, but some experiments did vary the
concentration. The films were incubatedthe FITGBSA solution for 24 hours, rinsed, and
sonicated in PBS buffer, then dried before analysis.

The FITGBSA was quantified on the polymer surfaces using an Olympus BX61

fluorescent microscope with a fluorescein isocyanate (FITC) filter. TheeBaence 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 usimageJ.

6.4 Results and Discussion

6.4.1 Betaine Bulk Synthesis
The basic materiak the maleic anhydride copolymer, which was selected bethisse

type ofcopolymer offes precisely controlled alternating structure while being a platform for post
polymerization modification through the anhydride grolis copolymer system also affords the
ability to tune the hydrophobicevsusthe hydrophilic character of the surface byanging the
comonomer. In particulastyrene as the second component ensures that the unmodified surface
will be strongly hydrophobic and thus easily susceptible to foélliagtrong positive control that

can provide the best contrast to the protein repelt of the betaine. Another asptdwtbecame
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 balq therapply the functionalized
polymer to a surface directly without the need for subsequent reactions, which would complicate
commercial use. The synthesis was perfora@mbrding to the reaction scheme showhigure
6-1. The procedure for this synthesis is given in detail in Lee and[R8§. It can be briefly
summarized as follows: the PSMA is dissolved in DMA, reacted with the dimethylamine, heated
under vacuunto remove water andrive the formation of the imide, and finallgacted 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

evaporatiorto concentrate the polymer solutibafore the PSMAmide 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 discus&&thjoter 2, the initial reaction with the amine
has an intermediate amic acid form whistdehydrated 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 soluti
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 anhydecimjgolymer this addsto typical concerns
of polymerdegradation that can occur at high temperatures.

The betaine polymer synthesized in this manner was characterized using IR spectroscopy,
an example of which can be seenhkigure 6-2. The carbonyl region of the spectrum does not
show any anhydride or amide bands but does have a strong imide atr&7€l® crit, indicating
that the first reaction (as shown Figure 6-1) went to completion, as did the subsequent
dehydration step to convert the polar asaaid form ofthe polymer to the thermodynamically
preferred imide (this reaction is not shown in the scheb@yever, it is apparent that there are
some tertiary amine stretches still visible in the region of 2800, amhich implies that the

betainization reaction dinot 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
dimethylethylenediamineDMEN), followed by ketainization in kble (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 sen2800 cm'.

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, shovAigure A6-1 shows
that some of the anhydride residues remain unreacted. One possible appbicstioh anaterial
would be to deposthe partially betainized copolymer containing unreacted anhydride gitoenps
perform subsequent react®to confer additional functionalityOne clear choice of additional
reaction would be crosslinkingossiblyevenvia vaporphaseeactionwith ethylenediaminer his
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
conformal cating on a substrate with a complex shape is of greateSusk 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 maable 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 sdb/erecessitatingnore toxic (and
expensive) fluorinated substances such as trifluoroethanol. As with all primary alcohols, it can
react with any anhydride residd@esvhich must always be extensive when using a partial reaction
schemé and the fluorination maes it more reactive. This inevitably results in a partially
fluorinated polymer, even whetine exposire to the solvent is briefCreating 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 work30€. Alternatively, supdrydrophobic surfaces can also previtietadhesion

of foulants[307].

6.4.1.1 Partially Betainized Polymers
Thesystem versatilitylso extends to controlling the modification process and synthesizing

polymers with multiple functional groups attached through thbaydride. The intended
application ofthese partially betaized polymersvasto create polymers with a net charge by
performing a secondugternization reaction. This net charge would enelaletrostatic attachment

to a surface while still having a praepterance 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 patrticles, it
is possible to determine the maximum amount of physically attached R&&tédne ta&wompensate

for the charge fully This condition can also be evaluated as a function of the extent of
guaternization (as opposed to betainization). Since a balance of lakaes@nd 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 okéstaninutes 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
schemeln this manner, the 25% quaterrdzé5% betainized PSMAvas produced, sedeigure
6-3. The synthesiprocealure isas follows: firsf the PSMA was reacted with 0.25 equivalents of
the diamine in DMA solvent, followed by heatitggmidize polymerwhich was then precipitated
The isolated partially reacted polymer was dissolved in ethanol and ceippkcted with an
excess of methyl iodide. Tdreactionscheme isletermined by the greater reactivity of the iodide,
which allows for a faster intermediate step, but which cabeaised 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-eontaéning polymers were
similarly modified) This may lead to lowrthanexpected 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 approximéely 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 micropartes and allowed to dry, no observable difference in the IR spectrum could
be seenFTIR s too limited in sensitivity to detetite thin coating of betaired copolymer on the
surface of the PS particles. This coating is preditidue~100 nanometarbasd onthe relative
chargeFuture 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 antibaptepatties
typically shown by quaternary ammeThis type of polymer has been found to have robust
antifouling performance in a medical contd808. However, the surface cige 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 {B&EN & pH 7.4,
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6.4.2 Film Morphology
Some of the spheast films of PSMA were bserved to have noticeable variations in

thickness. It was found that thegariationsdid not appear when PSMA with lower molecular
weight was used to make the films, sugmesthat the effect is related to the viscosity of the
polymer, which changes swbantially with increases in molecular weighthe $in-coating
processrequires stability of théayer, the polymer concentration rapidly increases as the final
portion of the solvenis removed A high polymer molecular weight would result in very hregh
viscosity, which would prevent the solidifying film from eveniogt any inhomogeneities. In the
literature, this effect is commonly seen in thicker films or when the behavior of the solution is
strongly noANewtonian, as would occur with a high molecwiagight polymef309.

An example of this nonuniformity can be seerFigure 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 profilometryThe resulting threeimensional map of the surface of a
representative PSMA film is also givenkigure A6-8. However, the results of this test indicate
a much larger thickness variatiron the order of micror@sthan would be reasonably expected
Based onHhe 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.Celuchy model used to fit
this thickness can also be adaptegs$timatethe nonuniformity It typically returns a value of
20%, which corresponds to 20 nanomeées more reasonable result than given by the optical
profilometry, but still not in accord w the visible appearance of the sample. Future work may
use imagining ellipsometry to ascertain the true thdéeensional structure of these films
However,such exactitude is not necessary for this stilyring some preliminary antifouling

tests (withfluorescent proteins)the thickness variations in the filmere also apparent in the
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fluorescent images. This occurs even though autofluorescence was rulédwygests that film
thickness changes on the order of tens of nanometers can influengeettieewhich 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 technolo8ill, for research purposgsis in many

ways more straightforward to deposit the film first and betaimzatu. 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 filmsarealso more amenable to analysis using FTIR and.X®a8hermore, 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 experimeningportantas it is necessga 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 desdby Lee and Lee, the cloud point of these polymers

is sensitive to thealency anatoncentration of dissolved sal9§. Thisimplies that the polymers

can besalted intoa solution Still, theextraction in 0.1 M PBS did not desorb the polymer films,

which were observed teemain stable in solutions with approximately 0.1 M ionic strength.

6.4.3.1 Partially Betanized Films
This finding could not be confirmed by subseqt 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
contaminarg such as the fully hydrolyzed sultone in the film after casfihg.extraction of the
films in PBS buffer would result in a sharp decrease in thickness as seen using anii8te

disappearance of some spectral lines associated with the sulfonate Treuptterwould be
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expected from the hydrolysis product of the sultones used that were apparent-iNTHH #pectra
of the films.It can be seen iRigure 6-4, which shows the disappearance of the bioattated

sulfonic acid pealkat 1200cm 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 cty indicatingadditional sulfonateéemoved by the extraction process. The unreacted polymer (a)
dried polymer (b) and product of thiest reaction with the amine (c) are also included for reference. Inttee ¢d

these, the many small peaks around 280@lLéndicatethe presence datertiary amine. The disappearance of these
peaks is consistent with the betainization reaction ga@ircpmpletion and consuming all the tertiary amine.
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6.4.3.2 Fully Betanized Films
The IR spectrm of a PSMAfilm after the first reaction with the amitBMEN in the

example)is shown inFigure 6-5b, with the subsequemtehydration to the closddrm imide
shown inFigure 6-5c, and subsequent reaction (with propane sultone in this case) to form the
betainein Figure 6-5d. Finally, the betainized film was extracted with PBS to remove any
impurities, but little change can be seen in the specHignre 6-5e. These spectra confirm the
reaction of the anhydride with the amine in each .Cést the characteristic peaks of the tertiary

amine remain, indicatingnincomplete reaction witmethyl iodide and propane sultone.
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Figure 6-5: Stacked IR spectra of a thin film of PSMA undergoing the-postmerization reaction#fter annealing,
shows (a) PSMA film showstrong anhydride peaks at 1860 and 1786.dReaction with a tertiargmine to give (b)
the amidewhich was then heated to form (c) the imide. Findhg 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 compo@eBtSIEN, and propane sultone) at each
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step of the modification proces$he seriestars from the initial film layer, which was annealed,
followed by reaction with the chosen amine performgtwo stepsver successive 1 minute time
intervals. Measurements were taken at each of these intervatmfiom the progress of the
reaction, which was found to go to completion rapidly. Both the initial film annealing process
which converts any hydrolyzed resatuback to the anhydride formnd the imidization of the
aminetreated film decrease the film thickness through chemical reactions without any loss of
material (except perhaps some loosely bound water in the hydrophilic acid and &lowieyer,

the find 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 substantiallyiete 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 filthroughouthe functionaliz&on reactions. The example specimen is PSMA
reacted with dimethylethylendiame and propane sultone (corresponds to the top left pametar6-16), but the
same broad trends were observed in all samples except the few that delaminated in the fretbstepall samples

is givenin Table A61.

Furthermore, inrable A6-1, which conains the corresponding data for all samples tested
in the protein adhesion experimenise can see that there are exceptions to these .tr&dse
of the more hydrophilitype copolymersvere seen taelaminag entirely. Conversely, a few of
the methyl nethacrylatebased copolymers danore pronounced increases in thickness during the
subsequent reactienThis indicates that these polymer films have slower reaction kinetics with
the amines usedtHoweverthe many reaction steps ensure that the amountreficted 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 reactioyvdtegh could alter
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the mechanical properties of thegm$ and potentially the antifouling capabilities. Based on the
results with more extensively crosslinked filmtbis would likely lead to more extensive
biofouling. Some results in the literatushow the opposite for certain systemamely that
increased fouling as a function of crosslinking is characteristic of Hikeskboatings which repel
proteins entropically31Q.

Tests of the antifouling performance were made on films following their complete
characterizationin many caseshe wafer sustrates 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 Bsequently studied by IR or other characterization techniques after

exposure to protein.

6.4.4 Antifouling Test Results
The antifouling effect of the PSMABetaine was immediately apparent during these

experiments, as can be seen by comparing the microgragh®8MA 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, the protein can settle on the hydrophobic
surface. Although it is difficult to see in the imagef PSMAbetaine (as ifFigure 6-7), some
detectable fluorescen@an be quantified by analyzing the image using an automated computer

process.
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100 pm

Figure 6-7: Example fluorescence microscopy image of a fouled PSMA film

100 pm

Figure 6-8: Example fluorescence microscopy image of a-ftaling PSMA-Betaine fim, compard-igure 6-7.

The experiments were all conducted in PBS with a pH ofiviplying that the FITGBSA,
with its isoelectric point ofl.7, wasnegatively chargef311]. 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 filthatis electrically neutrall hereforethefouling must ke controlled

by other interactionsuch as hydrophobicity and group mobilitthe intended area of study for
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this work. This distinction naturally suggests appropriate benchmark sulistvatbgositive and
negative surface charge

The simplest means ofeating a negatively charged surface within the context of the film
synthesis procedurdescribedwould be to use the bare silicon dioxide surface of the wafer
substrates. These would tend to have a negative charge dergI§06fuC/uM as a consequence
of their treatment with ultraviol&izone (UVO) [317. Creatinga 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 groupsThis is similar © the typical process and does not require modification other

than thequaternizatiomeagent.

Table 6-1. Data corresponding tBigure 6-9 andFigure 6-10 (and benchmarks from the same
experiment)

Protein Concentratior] Averaggd Red Green Blue

Surface (mg/L) Intensity| Intensity| Intensity| 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 se€kaile 6-1, which details
the average image brightness of its red, green, and blue components. The detection equipment
imposes a constraint on the values obsdyvaltl are encodedn an 8-bit format (maxmum is
2550 and 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 imégirdgtection is that the exact
values also depend on the detector used and are therefore not comparable from one instrument to
the next without standardizatiomo wit, some additional experiments were performed using a
confocal fluorescence microscopaytlthe results are not presented here due to difficulties
comparing the datdhe quaternized PSMA samples, which were usgubsitive contrad, all had
brightness values high enough to imply the possibility of detector saturatisymears the
settingsused did not allow for linear detection response over the whole range of conditions tested.
The nonzero fluorescence measurements of fivhgch should resist fouling, and even of
films that were never exposed to FFBSA can be attributed tearious sarces of error inherent
to the instrumentThese includaoise in the photodetector, dust or other contamination on the
surface scattering the incident ligfwhich can be seen in some of the micrographsy
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 tbemplex dynamics of its autofluorescent
behavior as are parylenes, a similar class of conjugadigdners B14]. In practice, there is always
some signal detected even if the amount of actual fluorescent material is zero, which makes
benchmarks samples imgant.
The standard test procedure of immersion in FBSA solution overnight was intended
to ensure that the proteins fouling hthdtime needed to reach the final level of coverage. In the
case of the quaternized polymglss would be expected twcur when the charges were balanced
Still, for the betaine and control samplé®e thickness of the protein layer is determined by the
strength of adhesion of the initial layer, which then grows due to favorabliateeHction of the

protein.
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6.4.4.1 ProteinConcentration
The concentration of FITEBBSA was generally maintained at 0.1 mg/mL in most

experimentsA brief test was conducted to determine what effect this parameter had on fouling
behavior. It is known from other experimental studies thdticiently 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 resuiterninghe antifouling

of the film. Indeed FITGBSA has been found to saturate PDMS at 2 mg[B15. Conversely,

one would expect that lowrotein concentration might not result in substantial fouling even of
materials that are ordinarily considertaVvorable for protein adhesiofthis behavior can be
modeled using a Langmuir isotherm for FITBESA [316. There is als@aninterplay between these
considerations and the limitations on fluorescent deteatibith can be saturated by higirotein
levelsand has enough noise to obscure the effects at the lower end of typical fBigureg.6-9
shows fouling (in quantitative termef PSMA-betaine filmsat three different concentrations, as
well as a control with no protein. The fluoresceimtensityvalues of these control experiments
are shown irFigure 6-10. Notably, there is still some signal for all possible surfaces even though

the protein exhibits minimal foulingor no FITGBSA presentt 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 HBSA). 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

186



where saturation effects could change the observations. Neverthelesstdheds in which the
higher protein level had a lower observed fluorescence were also those shatplese expected

to have the highest level of fouling and were found to produce signals close to the maximum value
measurable by the detector. Thesedgeintly suggest that while notionally below ttetector
saturation levelthe values areomewhat distorted and represent high surface protein |&reder

this analysis, the expected behaviomufre significanfouling with higher concentration seen

the lessfouled PSMAbetaine and bare silica surfacepresentshe underlying phenomena.

Even more unexpected is the lower observed fouling of the quaternized surface, which
directly contradicts previous experimedtthis discrepancy indicates thaetdetector saturation
leading to nonmeaningful results can occur well below the maximum illumination value.
Furthermore, the was still noticeable deposition on the bare silica surface, which would be
expected to have some protein resistance due toivegdiarges (repelling the protein) at the
tested pH

However, he betaindad the best performance at all protein concentrations, confiitaing
efficacy as an antifouling surface. This is particularly significant as it outperformed the negatively
chargel silica surface, whiclelectrostaticallyrepek the negatively charged BSpgrotein. This
demonstrasthe 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 explorethe effect of zwitterion structure on the antifouling ability of the films. Lee and Lee
[29§ found that the intramolecular association of the sulfonate and alkylammonium groups was
sufficiently strong to prevent the ions from dissolving in wakdowever, adding salt to the

solutionscould screen these interactions and allow the polymer to dissolve. A depiction of this
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effect is shown inFigure A6-9. The paper explored how the concentration and type of ions
changed the observed cloud point concentration of the PSMA hebtiive variablesnvestigatel
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 grdbpscan be adjusted during the synthesis
procedure: thdinker betweenthe polymer backbone (specifically the dgcimide) and the
guaternary ammoniumand thelinker between the two charged groups of the zwitterion. The
reactions proceeded just as with dimethythediamine and propane sultone as confirmed by
FTIR (seeFigure 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 tiekccgultone 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 kahe can be seenkigure 6-11. These were incorporated into the synthetic
scheme previously described by simple substitution and do not require aification of the
overall procedure. The prior work with PSMzetaines found that they were less soluble in pure
water than expected due to the sedfociation of the charged groups, which would be affected by
the length of the linker between them. Ashe length of the linkdbetween the zwitterion anide
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 l&/@n important factor in the

strength of the antifouling properties of the matg34l7].
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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 singie-sast film of the
polymer to ensureuniformity between sampleshe protein exposure tests were performed
simultaneously using a single stock solution. The results of this experimemtramged in the
same mannen Figure 6-17 for severatopolymess. 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 samplésit substantial differences in the fouling are only discernable for

those samplesxpected to see mopeoteinadsorptiod the more hydrophobic PSMA film. Else
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show that the shorter amitiskageperforms better and th#te longer linkagebetweerthe two

charged groups of the zwitterigerforms 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 comonomssentially any common vinylic
monomer that is not electron deficient can be usé&te potein fouling of surfacessihighly
dependent on the packingf the hydration layer, whiclthoosesbetween hydrophilic and
hydrophobic comonomers relevant to the performance of the coatiiegd, the classic approach

to repelling proteins with polymer interfaces is to use polyethylene glycol. This has also been
found effective against marine biofoulifglg. However, there can also be a traxfewhen a

more hydrophobic character is neededromotethe 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 theggtreri the betaine
effect.

Figure 6-12 shows a comparison ahtifouling thin filmswith identical betaine structure
(specifically, the two shorter linkershut different comonomers and how they perform in the
typical FITGBSA fouling test Some benchmark substrates are also included for comparison. As
one would expect, the more hydrophobic polymers were observed to umdergasigniicant
fouling by the proteins, but with the more hydrophilic polymers, similar values were seen in all
casesFigure A6-5 comparedouling of the same polymers without betaine functionalization

which exhibits the same overall trend, albeit with genetafiirer fouling.
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Figure 6-12. Fluorescent Intensity of FITBSA on four betainized copolymer surfaces. All were prepared using
dimethylethylenediamine (DMEN) and propane sultongeNloat this data was collected using a different instrument
(aLeica TCS SPgBthan the other experiments reported in this chaptet the fluorescent intensities are therefore not

directly comparable.

Thus, thenydrophlic 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 physreations,
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 informatiotescribing the thickres changes of PtBMAMA films
Conversely, during some of the protein tefte more hydrophilic copolymers were found to lose
a substantial amount of matertafoughoutthe immersion in PBS buffer. This can be explained
asthesolubility of the betairzedpolymer in salt solutions, which would be expected to be greater
with more hydrophilic comonomerg.able 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 singlelayer of the polymer to the surfac8till, the remainder of the film is held together by
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physical seHinteraction, which can be overcome if the solubility is high enough. This process
spoils thetest resultsvith gradual exfoliation of the polymeWhile this process ipotentially
useful as an antifouling strategy in its own righg & form of the selfolishing copolymerwhich

has been studied in the literature for antifouling performaiige beyond the scope of this inquiry

into the antifouling apabilities of betaine$319

6.4.4.4 Crosslinking Effects and Timréependence
Suchmaterial loss necessitated crosslinking in the film to ensure that the layer remained

intact This improved stabilityallowed the test to be free of the effects of deangdsm thickness,
exfoliation of attached protein with the soluble polymer, andnthgence ofthe underlying silica
substratéwhich has mild resistance to FT-EBSA under test conditions)he crosslinking, which

was performed using ethylenediamine, occurs rapidly enough that kinetic control is difficult. The
reaction speedan be seen ikigure A6-10, which shows the conversion of PSMA in a 0.02%
ethylenediamine solution occurringn only two minutes.

Despite the difficulties in miniming the crosslinkingheeded in these circumstances,
kinetic control was one dhe three main approaches usdd.the second approacfims were
crosslinked to a lower extent laymixture of aminesSimultaneously 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 reactiFty small molecules, one
would expect that the readgties of the primary amine groups would be roughly equal, which
allows the crosslinking ratio to be determined by the molar ratio of the two arimethird
method was to react the film with the dimethylamine first and then add the crosslinkeraoné sec
step This relies on the first reaction not reaching 100% conversion of the anhydride groups,
leaving a small fraction to react with the ethylenediamifieere is also the possibility of

transamidationAlthough there were no anhydride groups deteetahlFTIR, tle second reaction
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stepwas still observed to decrease film material loss, indicating that some crossbokimged
perhaps at the limit of what is needed to have a percolated networklatwttsoluble fraction.

The differences in antifoulg performance between these three methods of crosslinking
are shown irFFigure 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 groupdncreased crosslinking led more significanfouling in all casesHowever
there were no consistent treramcerningexposure time. There can be multiple reasons why this
effect is observed, all of which can be understood as restrictions on the argifaction of the
bound hydration layer of the polymer film. By conducting the crosslinking through the maleic
anhydride residue, the reaction competes with the betainidatimdenser the network, the lower
the surface concentration of betaine groups. @ldhe 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 establisheth the literature and shows similar trendewever, the opposite trend has been
observed in some surfaagtached hydrogels composed of zwitterid@20. This can be
compared with the data for fouling of unmodified POMA, PSMA, and polystyrene (PS) stnown

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
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Figure 6-14: Fouling of unmodified polymers as a function of time. Polysty(@8is included for comparison with
the maleic anhydride copolymers. Compare with the results for PSMA and POMéuire 6-13 andFigure 6-15,
respectively.
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Although this was the procedure usedmostexperiments, the actual effect of exposure
time was investigatedrigure 6-15 shows the fouling of BMA -betaine as a function of exposure
time and crosslinking method he 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 (homvar ked
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 POidétaine fouling as a function of time and crosslinking
method. This experiment also studitbe time-dependence of FITBSA accumuldabn on the surface and shsa
slight increase over time for the unmodified POMA. Note that the llaamarked as with crosslinking treatment
Anoned i s t hieigue&MborPOBRA a as i n

Regardingtime dependence, the data for POMA have more variability, butldeer
increasan the fluorescent signatoughwell below saturation$een in the unmodified polymer
can only be attributed to the protein layending toward arquilibrium thicknessa thickness

reached by the betainized polymers. Because the fouling on the unmodified polymer was observed
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to increaseconsistentlyevenover 48 hours of exposurghe comlymer may ultimately become
more fouled than the crosslinked and betainized fililme fact that the betainized polymers do
not show this trend implies that they reach equilibriwadl before the 24our durationof the

typical experiment This means thathe timespan of the standard test protocol is more than
sufficient to exclude deposition dynamida this case, maleic anhydride copolymers are less
susceptible to fouling than the polystyrene homopolymer, presumably due to the more
hydrophobic nature oPS. Future work canexamine the timelependence in greater depth,
focusing on finding the minimum time at which fouling becomes apparehfit what point the
plateau is reached.

One instance of the crosslinked polymer film delaminating from the surfasealso
observed, but this only occurrechencrosslinking was expected to have the lowest extent (the
postbetainization process). In the case of POlbsed films, no delamination was observed, the
effect of the crosslinking was leggonounced and the dtal 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 systematicallglysthe effects of comonomer

and betaine functionalitpn coating antifouling performancgedive differentcopolymers were
eachfunctionalized withthe fourpossible betainegThis is comparable to the results reported
above inFigure 6-13, but also includes POMA as a more hydrophobic copolyested under the

same conditions Lower crosslinking improved antifouling performand®de used lte same
crosslink method of adding the diamine after
a mi n €&igurei6-ti3, 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 amiselution. The results of this test are giverFigure
6-16. The films resisted fouling by the FITBSA well. Alternatively, the data can also be sesn a

a function of the betaine linker typeskigure 6-17.
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Figure 6-17: Fluorescent intensity of each betainization type for five copolymers.

Due tothe lack of crosslinking in the unmodified polymer, the PSMA, PMAM\A&d
PtBMAMA films delaminated from the wafeHowever, the PMAMMA and POMA films
remained intactrom thes caseghe antifouling benefit of the modified films relative to the plain
polymer is made cleafhe 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 experimentsitggestsreating a selpolishing copolymer surface based
on these materials. This class of compounds has been made both with and without integrated
biocidal compoundsThe latter have had some succegzraventing foulind321,322,.

Contrary to the case in which the films were more hydrophthrciinker lengthslid not
impact the results asnuch asthe 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
Postpolymerization modification of maleic anhydride copolymers was performedatecre

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 syatpowerful toolbox for surface chemistry

The nature of the reaction scheme used also simplifies characterization. These sultbbstine
polymeric antifouling surfaces have been shown to repel fouling by an important model, protein
FITC-BSA. The coatiigs were covalently anchored to the substrates and crosslinked to ensure
stability while usingonly a small portion of the anhydride residuesth the majority remaining
availablefor other reactionsMultiple crosslinking methods ancbmbinations of amine and
sultones were used ttugly the determining factors on antifouling performaridee linker lengths

in the zwitterionic groupsvere found to have little consistent effect on the efficacy of the
coatings The choice of comonomédtasa large rolé more 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 upgake of water these groups cauBke cooperation of hydrophilic comonomers enhances this

effect
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Chapter 7: Summary and Outlook
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7.1 Summary
This Dissertationcombinesthree projects with the oneommontheme of chemical

modification of reactive copolymerShapter 2 reviews maleic anhydridéocusingon its peculiar
property of forming alternating structures with a wide variety of comonomers. It prékents
chemical modifications used throughout this waevkjch can be seesuccinctly inthe visual map
of the postpolymerization modification schemdsigure 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 s divided intoChapters 3and4. The first portion details the fundamental studies of
polymer adhesion to the PP nonwoydre chemistry needed to impart this material with raetal
capturing moieties, anthost fundamental chemical characterizati@hapter 4 demonstrates
system effectivenesm its intended applicatianreducing heavy metal concentrationstire
effluent from a filter stack to acceptable levdixperiments were performed to evaludte t
breakthrough curvejuantifying the capacityand performace of the filter Some additional
inquiries intoa hydrophilic modificationto improveperformance are also included.

Chapter 5 details efforts to remove another class of substénoeganophosphateghich
arepotent nerve toxingndlikewise a major envonmental concernthis goal was accomplished
using a stoichiometric reaction on a polymer gel between the organophosphates and hydroxamic
acid groups. In contrast to the otlwbapters, this work involved a fretanding hydrogehstead
of a coating.

Finally, Chapter 6 marked a departure from reactirgppolymers with dissolved
compoundsnd turnedoward repelling themt alsoreturned to the flat film morphology used for
the sake of convenienae initial work on metal capturelhe surfae was made protein repellent

by adding sulfobetaine functionality to the maleic anhydride polymer filihs is useful in its
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own right for some biotechnology and medical applicati&tdl, it is alsocrucialas the first line
of defense against maribéfouling, which was the intended application.

In these effortsthe rapid kinetics of theeaction ofamines and thenhydridegroups in the
copolymersand the ease with which FTIRould be used to monitor reaction progress
demonstrated the capabilitie§ 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 technalddpe following sections will

showthe many other possibilities these copolymers afford.

7.2 Outlook
Though the research presented in this Dissertation has been apphfmadised, we

addressedeveral aspects of fundamental chemical engineering and polymer saiengehe

way. During the vork with the nonwovens, concerns of water flow through a porous, somewhat
hydrophobic filter material became importaferelationship between crosslink density and the
mechanical properties of gels became important when trying to find a means of digemica
degrading organophosphatesGhapter 5. That project also saw an interesting instance of the
classic reactiomliffusion problemWhen the gels were initially synthesized, a second amine could
be added to the solid massd a noticeable color change could be segmdpagate through the

vial slowly. By noting when the reaction front progressed to a certain distance and the width of the
apparent interfacial region, this reactigiffusion behavior could be compared taVATLAB

model to estimatthe reaction rate and diffusion coefficient.

7.2.1 Additional comonomers
The most straightforward extension of the research presented Digkestation would be

to include additional comonomers for the maleic anhydride to get anbewader understanding

of their effects on the properties of the materials. More hydrophobic groups, such as aliphatic

202



chains of various lengtheould be used to rigorously identify the optimum amount of hydrophobic
character needed to coat polypropylémesimilar commodity nonwovens) as seen indhapters

on metal captureéConversely, moraydrophilic comonomers could adjusl swelling and effes

on the organophosphate degradatioate. However, tuning the balance of hydrophilic and
hydrophobic foces is most relevant to the study of protein repellency by betainized copolymers,
as seen in thehapter on antifouling applications in which several different polymers were tested
concurrentlyand differences in performance were observed.

The much brader parameter space of terpolymers remains to be explored. There is ample
literature on maleic anhydride terpolymers, bat all have been studied due to many potential
combinationsSome of these have been designed for applications similar to thasesdbin the
precedingchapters.One exampleinvolves a copolymerwith styrene and methyhethacrylate
modified with amines to captungranyl ions[324]. While the maleic anhydride units will still
alternate andomprisealmosthalf 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 terntBe synthesis of such materials will only offer more
precise tuning of interactions than is available with thedamponent system.

Terpolymers have also been studied to achiewirolled variation in physicaproperties,
suchasaglass transition temperatUi@25. More controlled polymerization methods would allow
for greater control of the compositiofheycan open up more complex architectures such as block
polymers,n which there is already some interstthe creation of nanostructured materials such
as micelles. Many of these systems are based on poly(siitenaleic anhydridelPSMA), with

the second block being a namaleic anhydride containing polymer, such as polystyrene itself.
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7.2.2 Combination Teknology
In a similar vein,one can combing¢he antifouling aspect with the metal capture or

organophosphate degradation systems to create a material that could resist fouling while
performing its roleFiltration technologies must cope with fouling whidmadramaticallyreduce

the effectiveness by increasing pressure d8uydies have been conducted to prevent filtration
mats from fouling by adding hydrophilic polyethylene glycol to the surf@2€]. Likewise,
polyvinyl alcohol(PVA) has beemisedto crede surfaces that resist foulifg27]. These polymers
effectively preventthe adsorption of organic molecules because of the hydration layer they
possessAntifouling material can also be applied to the other projects in this Dissertatosider

some material used for surface chemical reactions or adsorption as with organophosphate
degradation and metal capture. In that cdmefouling will also proportionally decrease the active
surface area (and not just increase the pressure drogsabe device), making the antifouling
betaine technology even moceétical to the system performancéhe versatility of the maleic
anhydride copolymer systems, specifically the tunability of its hydrophobic and hydrophilic
interactions, can also hgsal in these contexts by extending the antifouling behavior te non

biological contaminatiorwhich is driven by the interplay of these for¢a2g.

7.2.3 Surfacebound Initiators
The inherent reactivity of the anhydride residues in the copolymers can be utedho a

many different functionalitiesStill, if an initiator is used, it can also serve as the base for further
polymerization When part of a coating, the macraiaior could be used as the base of further
modification Careful control of the polymerizain rateis 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 80 (2 , -2zNbis(2

methylpropionamidine) dihydrochlor&), with two amidine groups on either end of the
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molecule This molecule is useds awatersoluble initiator for free radical polymerizatioAs

these groups have similar reactivityprimary amine, they were expected to react quickly with
maleic anhydride residues. Because there are two per molecul&@f thiey could react with
separate chains to form chemical crosslinks. This can be used to create a material that would lose
chemicdcrosslinks 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 cquld turn, delaminate as the reaction
progressedt may be desirable to use an additional crosslinking agent, such as ethylenediamine,
in low amounts to ensure that the polya&0 film remains attached even if the initiatonikolly
consumedWork in the previoughapters proves that only a small degree of such crosslinking is
necessary.

An FTIR spectrum of a PSMA film reacted with-30 inanaqueous solution is shown in
Figure 7-1 and confirms complete consumption of the anhydride. This reaction was performed at
a relatively high concentration of amidifénis approacimight allow the reaction with the soluble
material(which is concentratioaependent) to proceed faster than the intramolecular crosslinking
reaction This would result in some primary amidine being present andirigaa lower
crosslinking.Evidencefor this being the case wabservedthe film noticeablythickeredin a
humid environment due to water absorption by the-hgdrophilic polymer Thiswouldnot occur
if the film was highly crosslinketl if the reaction with the biamidinewent to completionthe

film would behave as a thermoset and could nalisappreciably.
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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, whiclalees the polymer in the amic acid form, as is visible by the peaks at 1680, 1570, and
1520 cm'.

When inanaqueous solution, the-50 has a 1hour reaction halfife at a temperature of
56 °C This periodis lower than some other initiatouch as tb azobisisobutyronitrilg/ AIBN)
used in the free radical polymerizatiamrhake 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 beawreasingly interested in the

effects of various molecular architectures that go beyond the typical chain seen in the majority of
both synthetic and naturally occurring macromolecdlbsre are some exceptions, such as highly
brancled polyethylene or urusual polypeptides with multiple linked chains such as certain
mycotoxins.The reactivity of the anhydride residues &émeiclick chemistry of the amine reaction
presents a facile way to create these architectures by either grafting an initiator (asediscus

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 liter@B®8. Polymers with a higliensity side
chain may be achieved lbeacting the anhydride residuand then using the dissolved polymer as
a macroinitiator

Similar results can also be obtained more directly by reacting one -aomiening
polymer with a maleic anhydride copolym&me polydimethylsiloxane RDMS) with primary
amine groups on eachea of the polymer chain was mixed with a solution of PSMA. This mixture
remained as a singfghase and visibly thickened and gellgithin ~2 minutes. Thisehavioris
similar to thegelation ofpoly(maleic anhydrideo-methyl vinyl ether\PMAMVE) in DMSO
solution upon the addition of ethylenediamias discussed i@hapter 6. The difference is that
the chains are linked by siloxane polymers, which are asugllied system for understanding the
behavior of polymer crosslinking, and are usadely in manyapplicationg332333. Another
such combination was the reaction of PSMA and polyethylenei(PBE8 6 a polymer with an
unusual distribution of primargecondaryand tertiary amines. As expected, this material gelled
almost immediately as the &fe bonds formed, and upon heating becartfeermosenetwork
Figure 7-2 showsthe FTIR spectrumand confirms the formation of stable imide ban@kis
contrasts with a similar undertaking in the literature in which a rre@ngplex between PEI and
a copolymer of maic anhydride anch v i ny | 2 way formedl in ajweaus solution

similar polymer was found to have antimicrobial propeift3].
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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 SiloxaneNetworks
Using aminopropyltriethoxysilan€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 moleule has uses beyond surface functionalization andalasused in bulk
polymer modification This results in ethoxy silicatontaining polymer chairthat can then self
condensgas occurs in APTE8xposed to watef his phenomenon was observed uportingaf

APTES modifiedooly(octadecenalt-maleic anhydridePOMA, 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 confiing the complete reactioof the anhydride groups are showrkigure

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 34@0withbe due to hydroxyl
groups present after the hydrolysis of APTES. Though the crosslinking of this maderial i

interesting and has already been explored for the delayed curing of polyurethanes, other uses are
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also possiblg335. APTES (and othesiloxane$ can be used as bimdj agents teffectively

attach polymers to other substrates, such as PSMA and urefBafiles
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Figure 7-3: FTIR spectrum of POMAAPTES. 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 3400hisrbroad GH stretch
indicates hydrogen bonding, either frone targe number of hydrolyzed APTES molecules attached or water content.

7.2.6 Metal Chelators
Chapters 3and4 discuss lie cysteamindased metal removal mechanism because it is

easy to prepare and uses widely available reagemsthiol linkage it creates is robust in binding
to many different heavy metals aisdvell-characterized. However, it has the disadvantage of only
removing the metals stoichiometrically the case of metals with higher oxidations states, this is
on unfavorable termdimiting the material capacity-urthermore, 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 susgle

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 cycl€de 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 rfahis approach is sulfuritrogen
interactions as synthesized by St@g seen ifrigure 7-4. These compounds have been found to
bind metals under typal operating conditions for the filteFheycan release them in a controlled

meanainder acidic conditions.

(@]
H
O N
/N
Cl S

Figure 7-4: Structure of a pincer compoutithtcan bind metals reversibly.

7.2.7 Partially Betainized Polymer for Electrostatic Adhesion to Particles
As discussed iChapter 6, it is possible to apply the betainization scheme in such a way

as to leave part of the maleic anhydride residues unused by thiemesnd available for further
chemical modification. In particular, the possibility of converting some of these residues into
guaternized grou@swhich have interesting antimicrobial properties in their own &ghtas
investigated. Another possible usetluk 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 {gean as

of colloid science with applications to DNA adsorption and creation of multilay873(3g. One
example was prepared with charged polystyrene spheres, as shown schematagilyei7-5.

These particles were made by emulsion polymerizatitime presence of potassium sulfate to give

a negative surface charge, typically with a density of 8 u&/Eime original intended application

was a latex suspension sprayed into a wind tunnel to trace strearl@88ed p these polystyrene
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particles, zwiterionic moieties were added through PSMA modified to have 25% quaternary

ammonium and 75% sulfobetaine from trifluoroethanol via dragting 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 pajenean be
estimated at110 nm, which is far smaller than the @ diameter of the PS spheres. Future
work could confirm the presence of the betaine on particles through more sefesitve
characterization methods, suchTase-of-Flight Secondarlon Mass Spectroscopy¢~SIMS)
or X-ray Photoelectron Spectrosco¥PS). There are also techniques specific to microspheres
that could beused namely chemical force microscopy (CFM), or zeta potential measurement,
which would reveal a change in therface chemistry or electrostatic properties but could not
directly identify the betaine8§l0,341]. Though the need to use trifluoroethanol is a drawjdack

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 toslue# microparticlesvhich are more
typically made by growing polymer chains on a seed particle, often in an emu&iéh.The
concept of electrostatic adhesion followed by further chemicdifioation 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

lengthbetween the charged grougsdthe polymer backbone, these are not the only zwitterions

that can be used for antifoulinQarboxybetaine groups are more widely studésiseen in Jiang's
voluminous workon the subjedi343344]. They also have the additiahadvantage of facilitating

the immobilization of biomoleculd845346§. Preliminary work toward the synthesis of similar
betaines was also dome explore the breadth of reactions that the proposed maleic anhydride
copolymer synthesis system can accomrnmd8y substituting chloroacetic acid instead of
sultone, the same reaction scheme as the sulfobetaine will produce the equivalent carboxybetaine,

as can be seen kigure 7-7.
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Figure 7-7: FTIR spectra of PMAMVE reacted to form the carboxybetaine, taken using thpdflBt method. The

tertiary amine is the PMAMVE reacted with DMEN and heated to form the imide. The appearance of a carboxylate
peak around 1550 ctand the disappearance bétcharacteristic tertiary amine methyl stretches at 28@Ccomfirm

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 haloggrtairboxylicacids 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 (FITEBSA) fouling, it peformed better than the comparable sulfobetaine, as can
be seen inFigure 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 w@hapier 6,

which focused on 4 varieties of sulfobetaine.
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Figure 7-8: Fluorescent intensity of FITBSA fouling on various betainized polymer surfagsighough smilar to

the work in Chapter 6, thesedata vere collected using a different instruménéa Leica TCS SP8 confocal
microscop® and are therefore not directly comparable. All samples were P(MAMVE) with dimethylethylenediamine
(DMEN) as the tertiary amine, reacted with propane sel{oed), 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 preventd settlement of proteias 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 numepooguct® incorporating them into
polymers holds promise for various medical applicati8%/]. An example of this class was
synthesized ilChapter 6 as a benchmark fanaximumfouling by achargedoprotein, 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 pathwaj34§.
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7.2.9 Amidoxime Chemistry
Oximes are well known as effective reagents for organophosphate degratia¢iprtan

be used to cleave the phosphate groups from acetylcholinesterase enzymes in cases of poisoning,
as described in the introductory material on chemigafare agents. Amidoximes have also been
found to have similar activityyet, theyare 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 amidoxnes is a strong affinity to binding uranium. This has already been investigated
as it pertains to the extraction of uranium from seawf3d€]. A straightforward way of
incorporating the amidoxime group into polymensdlves the reaction of hydroxylamingith

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, similtido
smaltmolecule amidoximdasedantidotes to organophosphate poisagj has also been studied
[350. In this way the amidoxime group neatly combines two disparate aspects Disbertation.

It is, however,challengingto include nitrile groups in a maleic anhydride copolymer
directly, as they are too electrdeficientto allow the normal charge transfer complex to form and
create an alternating materiaBynthesis of a copolymerfeaturing maleic anhydride ah
acrylonitrile produced low yields-8%). The reactivity of the maleic anhydride group itself allows
for the incaoporation of nitriles in the form of betaminopropionitrile. The completed reaction
with the telltale nitrile peak can be seenFigure 7-9. This material found additional use as
reference for surface plasmon resonance measurements conducted in the same region of the IR

spectrum as the nitrile pefB57]].
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Figure 7-9: FTIR spectrum of poly(acrylonitriteo-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 concerfbe diverse ways these polymers were
synthesized, modified, and applied to solve pressing problems demonstrategstits

versatilityas a powerful toolbox to contrsurface physical and chemical propesti
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Chapter 3: Appendix

Creation Time:  7/14/2015 2:15:31 PM
Objective Lens: UMPLFL BD 50x / 0.80

Figure A3-1: Optical Micrograph of PP film (~36m).
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Creation Time:  9/8/2015 1:31:49 PM
Objective Lens: LMPLFLN 20x / 0.40

Figure A3-2: Optical Micrograph of PP (1dm) with POMA coating
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Figure A3-3: XPS survey scan of POMAoated nonwoven
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Figure A3-4: XPS survey scan of POM#&oated PP nonwoven modified with cysteamine
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Figure A3-5: High-resolution scan of the carbon on-PBMA fabric
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Figure A3-6: High-resolution scan of carbon on f®MA-cysteamine fabric
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Figure A3-7: High-resolution XPS scan of sulfur on a fabric modified with POM&teamine
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Figure A3-8: Pincer compound XPS, higlesolution sulfur scan
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Figure A3-9: ToR-SIMS of PR The structure of the fabric can only be clearly seen from the total ion counts as none
of the peaks characteristic of POMA or POMxpsteamine are present. Compare Wijure 3-19 andFigure 3-33.
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Figure A3-10: Si-PRPOMA film.
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Figure A3-11: Si-PRPOMA film modified with cysteamine only
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Figure A3-12: Si-PRPOMA film modified 10:90 with ethylenediamine and cysteamine
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Figure A3-13: Si-PRPOMA film modified 20:80 with ethylenediamine and cysteamine

Figure A3-14: Si-PRPOMA film modified 50:50 with ethylenediamine and cysteamine
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Figure A3-15: Si-PRPOMA film modified with ethylenediamine only
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Figure A3-16: Surwey Spectrum of a RPOMA-Cysteamine Film
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Chapter 4: Appendix

—— Original Fabric
—— After Carberry Test (40 rpm for 36 hrs)
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Figure A4-1: FITR spectrum of POMACysteamine functionalize PP nonwovens taken before and after a stability
test with theCarbery rotating bed reactor. The flokate during this test was 4.45 L/min.

Table A4-1. Capture capacity of flovexposed fabric showing that the fabric still has active
cysteamine sites after exposure taflfor several weeks. The total capacity is lower than seen in

nonrcontaminated casgtypically ~3500ug/g.

Initial Final Total .
. . . Fraction
Time | Concentration Concentratior| Capture Captured (%
(PpmM) (Ppm) (Hg metal/g fiber)| ~P °
Week 1 1 0.63 736.71 379
Week 2 1 0.71 561.271 299
Week 3 1 0.49 1004.63 519
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Figure A4-2: Image of contaminated fabric after filtration, taken with the Nicolet iN10 IR microscopérbadinera.
The small yellow patrticles 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 ata higher concentration was included for scale. Note that values are reportefraasion of the feed
concentration.
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