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Metal contamination is a considerable environmental problem becatsls are
persistent contaminants. lon exchange is one of the most commoudiytreagment
options for trace metal removal. This research develops and ®&gmaedox active
modified ion exchange system that has the potential to reducertigestrength of ion
exchange regeneration streams. Poly-L-cysteine (PLC) Wextexkas the redox active,
adsorbing functional group on the surface of a reticulated vitreous carbé@) (R
electrode. PLC is an excellent soft acid metal chelator sndigue in that its thiol
groups can form disulfide bonds with each other. The reduction ofabMaithiols
changes the metal binding capacity of the peptide since the ghioé iprimary binding
group. RVC provides a macroporous conductive monolithic resin to suppqepkide.
An experimental apparatus was designed to study the propertidssofystem and

estimate performance.
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Distinct oxidized and reduced states of PLC on the surface oRW@ were
confirmed by changes in metal binding characteristics. Adsorgiilyes showed a
sharper pH dependence for the reduced electrode compared to direabxelectrode
from pH 3-7. Adsorption isotherms performed at pH 7 showed irexlezegoacity for the
reduced electrode. The change was reversible by chemical atmitalegeduction. This
difference was confirmed at the molecular level with Cd-AE® of oxidized and
reduced electrodes. A greater degree of cadmium-sulfur cooatinatis observed on
the reduced electrode and a greater cadmium-oxygen coordinatiorppasrd on an
oxidized electrode. A multidentate adsorption model was developeddel rthe pH
dependent behavior of cadmium adsorption on the PLC-RVC surface. Hadabption
showed increased adsorption in the oxidized state. The most likelgnakon is

increased carboxylate complexation.

The electronically switchable ion exchange system (ESIE) preadeamework
for modifying traditional ion exchange processes. The systenb laslO times less
specifc capacity than current ion exchange systems, but use®rs®Itd-100 times
lower in ionic strength for regeneration. Further studies oeffieet of ionic strength on
adsorption and current usage are necessary to compare the dostESIE process to

traditional ion exchange.
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Chapter 1: Introduction

1.1PROBLEM STATEMENT

Metal contamination is a considerable environmental problem becatsks are

a persistent contaminant. Metals cannot be degraded like organionctarigs so they
tend to accumulate over time [1]. Sources of contamination ramge felease of
naturally occurring metals such as arsenic in groundwatertioagpogenic sources such
as mercury in runoff from mining operations. Many of theseatadtave health effects at
trace concentrations and present a treatment challenge. Maxamotaminant levels
(MCLs) for drinking water have been set at concentrations as$o®ug/L for arsenic
and cadmium. Many conventional treatment options such as precipitanoiot reduce
contaminant concentrations to these levels without additional ®eatfio achieve low
levels, polishing steps such as ion exchange or electrodepositiorecarieed. The
products of these processes are contaminated sludges and brines that grgsgictat
treatment challenge themselves. Existing treatment options metats from one waste
stream to another, but do not provide a sustainable endpoint for the Avasteess that
produces a waste stream which itself is not difficult to tpeavides a more sustainable
end point for metal containing wastes. A reduction in chemicald teseegenerate a

system improves the nature of the waste created.
1.2PRESENT STATE OF KNOWLEDGE

A possible solution to the remediation and waste processing problemacd
electrochemical modification to ion exchange. Redox chemiatmnpbe used to affect the
surface chemistry of an electrically conductive resin. A potespiplied to the surface of

a conductive resin can change conformation or chemical structume efectroactive



molecule bound to that surface. Since a change in chemistry cah ra#feal binding
affinity, a mechanism to ‘switch’ the binding affinity of airess created by this change
in surface chemistry. A suitable molecule could provide both bindipgcdy and redox
activity to affect the binding affinity. One set of moleculest fit these requirements are
metalloproteins, which have shown a strong binding affinity for a tyaokmetals [2].
The metal binding affinity and redox activity of the metalloproteirs defined by the
amino acid composition of the protein. An amino acid residue withrsible
electrochemistry is cysteine, which contains an electrocladigniactive thiol group. Fro
example, two adjacent thiol groups form a disulfide bond under oxidizing tmorg]i
which can be reduced back to free cysteines. The disulfide-bondetheylsas a much
lower metal binding affinity than free cysteine [3, 4]. Poly-ysine (PLC) is a
synthetic homopolymer which consists of only cysteine residues. Zegid?LC forms
disulfide bonds with itself and neighboring PLC molecules. The ovaraling capacity
is reduced by decreasing the number of free cysteine residuetsariyy ahe formation
of a tight secondary structure as shown in Figure 1. This binceégase mechanism has

been supported by atomic force microscopy [5].

(@) (b) - © @ @
: _’@@:—_ oxidatiog | : reduction

Figure 1. Metal binding scheme. (a) Cations bind téree sulfhydryl groups on the amino acid chain.
(b) An oxidative potential is applied to the surfae. (c) Disulfide bonds are formed in the oxidative
environment, and the binding affinity for the metal drops. The metal is then released and can be
rinsed away. (d) The amino chain is reduced to reste the original metal binding affinity.

A contaminated stream can be remediated by binding a specifad amo the

resin, and then the metal can be released into a concentrater sakime of fluid.



The waste stream from this process will have a lowercealtentration than regeneration
brines produced from ion exchange. Also, the process uses less power tha
electrodeposition processes, because only the surface amino aidsidized and
reduced, not the metal ions themselves. If the metals arelyiredticed, the current
requirement becomes significant since 96,485 coulombs of charge ededneer
equivalent of metal reduced from Faraday’s constant. Withetbdronically switchable

ion exchange (ESIE) system, the current required is a functithre (furface area of the
resin, the density of protein on the surface and the number of nmtaldound per
protein. The combination of cleaner waste product and a reduction in psageg can
reduce the overall cost of treating wastes containing metaile still maintaining a

similar level of sustainability.

1.30OBJECTIVES AND HYPOTHESES

Preliminary research suggests that this technology could beeyihbivever,
many research questions remain as we translate our understahdireg chemistry of
this process to engineered systems. Johnson and Holcombe have shadwg and
release through ESIE at a nanogram pef tavel for several soft acid metals [6].
However they used a low surface area carbon disk electrodb sdwerely limited their
capacity. A viable wastewater treatment process requiresnaval capacity several
orders of magnitude greater. This research attempts to examine theagssamated with
scaling an electrochemical process while continuing to explbee findamentals
associated with the ESIE process.

The following hypotheses were tested in this research:

l. Distinct oxidized and reduced states of the PLC-RVC electrod&l c

be produced



1. The two oxidation states of the electrode have different metal
adsorption properties
[l The oxidation states of the electrode can be switched by applicd a

potential.

1.4RESEARCH OVERVIEW

To test these hypotheses, this research was broken into two phiasesanF
apparatus was designed to perform redox chemistry on a high sudaaaductor with
polypeptides attached. This involved selection of a substrate rhatdrace of a
method to attach a peptide to the surface, and creation of amééefriom the substrate.
The electrode was then placed in a structure to allow simulianeguilibrium
measurement and application of potential. The nature of the peptitie sarface was
then assessed by chemical means. Differences in chemicakt@®pd the surface
under oxidized versus reduced conditions were used to evaluate thbyfpghesis.
Second, the metal binding capacity of the electrode was evaluatesl.surface of the
electrode was reduced and oxidized by chemical and electrochengaak. Adsorption
edges and isotherms were measured using cadmium and nickel asqfrtiieesurface
reactivity. Surface analysis of the electrodes with cadmias undertaken by XPS and
EXAFS. Changes in binding affinity and surface interaction wegal to test the second

and third hypotheses.

1.5THESIS STRUCTURE

Chapter 2 provides a review of the literature relevant to E€IEapter 3 details
the design and fabrication of a system to evaluate the chastickedf metal binding in
the ESIE system. Chapter 4 covers metal adsorption and speptcosgperiments. In

addition a model for metal adsorption within the system is developédpt€r 5 states



conclusions on the hypotheses drawn and discusses future areasstfjatiom for the

ESIE system.



Chapter 2: Literature Review

The electronically switchable ion exchange (ESIE) systemvihatdeveloped in
this research was predicated on the integration of metal ion adsogotl ion exchange
properties, redox behavior of sulfur containing compounds, and electrochewfistry
carbonaceous materials. In this chapter, literature in these thisais relevant to ESIE
design and operation is presented. Current metals removal techaolege evaluated
and the relative advantages of ESIE were explored. Previous warkewiawed in the
areas which make ESIE unique — use of metal binding peptides and thfeposential to

affect binding. Information in these areas provided the design basis for thesy¥sEE.
2.1METALS REMOVAL TECHNOLOGIES

Metals are a persistent problem in the environment even atvegfalow
concentrations. Current drinking water maximum contaminant leneldealth effects
for selected heavy metals are presented in Table 1. Oftmnday treatment is
necessary to reduce contaminant concentrations to levels that duresent health
concerns. Several technologies exist that can achieve requileehestandards but
each has drawbacks. The most widely used technologies fat regtoval in aqueous
solution are based on ion exchange. A difference in sekgctori two different ions is
exploited when an innocuous ion bound to the surface of a resin is disgigica
contaminant ion. The resin is regenerated by overcoming theiagfetifference with a
high concentration of the innocuous ion. The surface of the resir a#lseintrinsic
metal binding properties or is functionalized with a chemical groupsti@avs preference
for a certain family of ions over others. The choice of grouprdehes the nature of the

resin. Negative groups such as carboxylates (CQ@Me cation exchange resins and

6



quaternary amine groups 4R) give anion change resins. The resin itself is often a
polymer which is resistant to the waste and regeneratiomr&t . lon exchange resins
range in capacity from 0.1 milliequivalents per gram (meg/gxéolites to 10 meq/g for

synthetic resins [9].

Table 1. Maximum Contaminant Levels and Potential lalth Effect for Selected Heavy Metals [7]

Metal MCL Potential Health Effects from Ingestion of Water
(mg/L)
Arsenic 0.01 Skin damage or problems with circulatory sms
Cadmiun 0.00¢ Kidney Damag
Chromium . .
(total) 0.1 Allergic Dermatitis
Delays in physical or mental development: Kidi
Lead 0.015 problems; high blood pressure
Mercury :
(inorganic) 0.002 Kidney Damage
Selenium 0.05 Hair or fingernail loss; numbnesn fingers or toes

circulatory problems

Electrocoagulation uses principles similar to conventional coagnlat lower
metal concentrations by trading chemical usage for elegtricitsts and system
complexity [10]. A sacrificial anode (Fe or Al) is oxidized telease metal ions in
solution in a manner similar to iron or alum addition. These ionsipide and
subsequently enmesh other particles and occlude contaminants in a siamlarto
conventional coagulation. pH is increased by the reduction of pratoms at the
cathode. Less chemical pH adjustment is required, which lawersost of treatment
relative to conventional treatment. The technology is currentiyinmg and has not

been adopted on a large scale [10]. Several membrane based gracesdgten used for



ion removal such as reverse osmosis or electrodialysis. Ren@reesis has the ability
to separate metal contaminants, but generally requires a highyqgiesld stream to
prevent membrane fouling [9]. Colloidal particles, bacterialvagtiand scaling as a
result of precipitation contribute to degradation of membrane flilhes& problems limit
the range of waters that are efficiently treated by ssvesmosis without pretreatment.
Electrodialysis uses ion selective membranes to concerdretento specific channels of
the apparatus, which reduces the contaminant concentration in the rgmedtls.
Electrodialysis can handle much higher dissolved solute concengatihan reverse
osmosis, but still has similar fouling problems. In addition eaghivalent of ions
moved from the diluate to concentrate stream necessitates 96,485 couylomebs
Faraday) of charge to be passed through the apparatus. Sirsystdra is built from a
stack of channels, resistance through the membranes and sdwatdiitive. Significant
currents combined with resistance of the system make power asagef the primary
costs of operating an electrodialysis system [9].

The previously mentioned systems introduce chemical potential tetensyvith
increased pressure (reverse osmosis) or potential (electroatagulelectrodialysis)
while ion exchange is driven by differences in concentration. lohagge systems are
less technically complex, but require more chemical usage pflinary drawback of ion
exchange results from the addition of concentrated chemicals, besaosedary
treatment is required for the waste stream. These solui@nsisually strong acids,
strong bases, or brines which complicate subsequent treatmergctardation of metal
contaminants. Because metal contaminants cannot be degradedatieclapresents
the most sustainable endpoint. This research will examine amaabpto reduce
treatment requirements for secondary metals waste while avosiymificant power

costs.



2.2MODIFICATIONS TO |ON EXCHANGE

Significant improvements have been made to ion exchange processdheove
past several decades to optimize removal of metal contamiwaiies minimizing the
concentration of regenerant chemicals required to restore theitgaplathe resin. The
chemical character of the resin and attached functionalitiesrndets these
characteristics of that resin. Common ion exchange resingtarecomposed of zeolite
minerals or polymer resins. Both of these substrates have hegifisgurface areas,
many sites for metal ion adsorption, and can be chemically modified to clasuypteon
character. Zeolites have significant cation exchange itegsaand can be functionalized
with organic ligands to change adsorption properties. The adsomptigositively
charged organic molecules to a zeolite surface allows ford$@@ion of not only other
organic molecules but also selected anions [11]. Polymer resinglgra flexible
foundation for an ion exchange process to be designed. A chemicanessin can be
chosen for a specific application and a variety of functional groaps$e attached. The
functional groups provide metal binding capacity and often a degreefigpec
Common categories of functional groups and examples are listedla Z. The relative

strength of a group for a given metal is discussed in the next section.

Table 2. Common categories of functional groups faxd on ion exchange resins

Categor Example Grou
Strong Acic R-SGC;
Weak Acic R-COOF
Strong Bas R-NH3;OH
Weak Bas R-NH

Metal Chelatin | R-EDTA-Na




The ESIE process takes surface modification and functional group dmsign
porous medium from existing ion exchange and employs electrochemisting fourpose
of changing the metal binding character of the surface. pfihery requirements for the
binding functionality are affinity for the contaminant of interastl a means to overcome
that affinity in order to regenerate the resin. If a binding gtminds too strongly to a
metal, then a large concentration of the regenerating chemitalewequired to displace
the metal as illustrated in following equations where S ist@a 8here a metal or

regenerant ion can bind, Me is the metal of interest and X is regenerant ion.

S+ X' ¢ SX <, = 15X Eqn. 1.1
s [x
S+ M "« SM Ky = {SM] Egn. 1.2
sm-
SX+ M* <> SM+ X" Ky = EL\:I]][[':/'(}: EM Eqn. 1.3
X

The term Ki/Kx = Kwx is known as the selectivity of the site for a specific ion
M* over the regenerant ion*X The equilibrium shown in eqgn. 1.3 is the governing
relationship of ion exchange. Selectivity depends on the valence idAobae character
of the ion, the type of resin, its saturation and ion concentratiagénerally only valid
over a narrow range of pH [9]. Approximate selectivity valuesaf@trong acid ion

exchange resin are shown in Table 3.

1C



Table 3. Approximate relative selectivity values foa strong acid ion exchange resin [9]

Catior  Selectivity | Catior  Selectivity
Li* 1.C Co™* 3.7
H* 1.2 Cd** 3.6
Na"* 2.C Ni“* 3.6
K* 2.¢ Mn** 4.1
Mg“* 3.2 ce”’ 5.2
zZn“* 3.t PE** 9.¢

When Kyx is large metal binding is strong and a significant concentrafidine
regenerant ion Xis necessary to produce a shift in the population of sites froml-met
bound (SM) to regenerated (SX). A condition where [SX]/[SM] i&mgreater than 1
requires that ratio of free regenerant to free metal getathan Kyx as shown in Egn.

1.4.

[sx] [x*)[m*]
[sM] [Kyx]

Egn. 1.4

The requirement of a significant concentration of][% regenerate is the primary
reason that ion exchange waste streams are brines or atidsgor bases. A reduction
in the required regenerant concentration is one of the indirels gbthis research. To
achieve this goal a reexamination of eqn. 1.3 is required. Theiaglenf the system is
a constraining factor, because a high selectivity is desired reheoving metal from the
original treatment stream, but a low selectivity is desiréeémreleasing metal back to
the waste stream. The selectivity is defined by the individqgallibrium relationship

between the site, metal and regenerant ion. Changes in #lasenships require
11



changes in the complexation chemistry of the system. Ifdimplexation chemistry and
thus selectivity could be shifted for binding and non-binding situatioqpspgortional

reduction in regenerant concentration required could be achieved. limmaddithanges
in selectivity, a shift in the total number of sites availaldalad reduce the amount of
metal bound directly by adding a new site-consuming reaction teygtem and taking

X" to be a proton as shown in egn 1.5.

2R-SH«< R-SS-R+2e +2H" Egn. 1.5

The ESIE system provides a chemistry framework for thisgdham take place
through the use of redox active peptides as a binding functionalitgppined potential
can oxidize or reduce these functionalities on the surface afetfie and change the
selectivity and number of available sites. A further exanonatif potential-modified ion
exchange and metal binding peptides is required to understand chemdgrying this

transition.

2.2.1 Electrochemically Switched lon Exchange systems

The concept of using changes in potential to change the nature ofetaé m
surface interactions has been established in the literatureoteéntial applied to a
conductive ion exchange resin can create an electrochemicagecimapH at the surface
of an electrode and the resulting pH change can increase orsgetiteabinding affinity
of a chemical group on the surface of the electrode [12]. This pbmekes on the
breakdown of water and does not provide a lasting change in the aatheselectrode,
as the pH gradients begin to dissipate when the potential is remo@etbmns packed
with graphitic carbon coated with polyvinylferrocene and polypyrrolrewused to

provide better chromatographic separation of pharmaceuticals [13] anttuseds
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phenols [14]. Work on electrochemically modulated separation on gaparbon was
extended to common inorganic anions such as nitrate, chlorate, and bfbsjaté&he

majority of electrochemically modified column techniques used aranisly applied
potential and changes in the distribution of ions in the double laybe a&urface of the
electrode to increase retention of certain molecules.

Several researchers have used electroactive molecules autfaee of an
electrode to produce a persistent change in binding charactee fmocess of improving
liquid column chromatographic techniques, potentials were applied ¢onductive
substrate with a polypyrrole-functionalized surface to produce agehanbinding [16].
A separate example uses hexacyanoferrates deposited on the surfacé&ealfedeutrode.
These molecules are electroactive as Fe(ll) is oxidizdee(dl) at the nickel surface.
Hexacyanoferrates are selective cesium binders and charthespotential were used to
load and unload cesium from the surface of the electrode [17, 18Ftrd€leemical
control has also been used to tautomerize 8-hydroxyquinoline adsorbecckecaode
surface for the purpose of changing metal binding charaatsrid®]. These techniques
more closely resemble the process scheme proposed for ESIE, avbemi-permanent

electroactive modification is performed on the surface of the electrode.

2.3METAL BINDING PEPTIDES

2.3.1 Polypeptides

The study of metal binding by polypeptides originated with evialnst of
proteins in nature which chelate metals to produce functionalityese proteins form
strong selective metal binders in a cellular environment. Secgoaddrtertiary structure
in the proteins allow for multiple amino acids to coordinate aroundtal.m& significant

fraction of enzymes require the presence of an inorganic ion in mrdanction [20].
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Within a cell these proteins are used in processes such as$ ddsorption and
phytoremediation to extract and concentrate metals [21-23]. péeafis metal ion
required by the protein for function is usually specific. Forngxa, in the case of
hemoglobin, a single E&ion is coordinated by several nitrogen groups in a porphyrin
ring [24]. The specificity for a certain inorganic ion is provided thg exposed
functional groups in the protein. Carboxylates (in glutamate and agpadmines (in
lysine), and thiols (in cysteine) show affinity for several ftitems metals [25]. One
group of proteins of interest to this research is metallothiondingse proteins are
distinct because they contain a large fraction of cysteiselues which form strong
complexes with soft acid metals such as lead or cadmiumallbtetoneins do not have
complex tertiary structure like many other proteins, but do faoorsdary structures in
the presence of metals. These proteins can chelate multiple metal [26].

Metallothioneins can also participate in redox chemistry whidrsalihe metal
binding capacity. Mammalian metallothioniens can undergo a thiolfidis exchange
with glutathione that transforms the binding affinity for zing $everal orders of
magnitude [27].

When removed from the cellular environment, these proteins often deaatlre
lose their binding affinity [28]. Several researchers have studiethods to isolate the
binding active portions of proteins and still maintain the functionaégn in a full
protein [29]. Reducing the size and complexity of the protein can edtiecselectivity
and metal binding strength, but also allows the protein to function mshéra
environments. An extension of this idea is to engineer proteingisak® for metal
binding from amino acids. Modifications can be singular in nature [B8hoompass a
large portion of the protein [31]. Changes in functionality at a Spel€ation in a

protein can create significant differences in metal binding &ffii weak CA&" binding
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site in bacterial Subtilisin showed a six fold increase ifi @inity after specific proline
and glycine residues were changed to aspartic acid reqd80fs Short sequences of
amino acids or polypeptides can provide metal binding similar in netuagger proteins
[2]. The rationale for design of metal binding peptides begins twétproperties of the
individual amino acids.

The simplest polypeptide is a homopolymer of a single amino acidstirif)
work on poly-L-aspartate [32-34], poly-L-glutamate [34, 35], poly-L-his&dj36], and
poly-L-cysteine (PLC) [3-5, 37-39] has shown significant metal bigpdability in

homopolymers. The structures of cysteine and PLC are shown in Figure 2.

O O

H,N H—|:7NH OH

OH n

HS HS
Figure 2. Chemical structure of cysteine and poly-tcysteine (PLC)

Carboxylic acid functional peptides show general transitional nbatding, the
imidazole group of poly-L-histidine binds metal anions such as aesemad the thiol
functionality of PLC binds transition metals with an affinity soft acid metals such as
lead, cadmium, and mercury, while showing little affinity fokadil and alkaline earth
metals [38]. Homopolymers are relatively simple and inexpensiggnthesize, but still
provide secondary structure to allow for metal coordination. The polgesptan wrap
around a metal to increase coordination and reach a free enengyumi [33]. The

coordination provides strongly binding locations within the polypeptideshwhave
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formation constants on the order of log K = 13 for poly-L-aspartet @oly-L-glutamic
acid [34].

More complex peptides can be generated by mixing and matching aoiho a
groups. Binding properties that might not be possible with a sargleo acid could be
created by alternating or patterning amino acids. The desigofgplex multiple amino
acid interaction with a single metal follow existing pattemmsnature [40]. Current
approaches include copying small known metal binding sequences alatgenea
combinatorial library or peptide sequences and screening the liloraiiycreased metal

binding [35].
2.3.2 Structure and binding of polypeptides

The secondary structure of a polypeptide is dictated by its aatits and the
environment surrounding the peptide. Structures commonly seen in preteimsas
helices and sheets can be formed by homopolymers and influencegbj@d]. These
structures promote binding by providing locations for multiple amindsaio interact
with individual metal ions. A polypeptide also provides a flexiblekbane for the active
parts of the amino acid to move in space and surround a metalaomamner similar to
a structured protein. The presence of a metal ion can stabiliaestructured protein as
multiple amino acids groups coordinate a single metal [33]. Intiaddithe state of
many amino acids is altered by changes in acid/base or cedaltions. For example,
redox changes affect structure in peptides containing cystein@ Wwhe cysteine
molecules form covalent disulfide bonds [3]. The protonation and redte st an
amino acid affect its interaction with neighboring amino acids iohain and have
significant effects on the secondary structure of the peptide and on metal binding

The ability to affect secondary structure by manipulatingapdi redox conditions

form the basis of a bind and release system for metatlsngatiin a manner similar to
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existing ion exchange processes. Traditional ion exchange proosssas increase in a
secondary ion concentration to displace the ion of interest. Tladsy ion can be
provided by an innocuous metal, such as sodium, or by an excess ofjdrydoms
through a pH change. Acidic conditions can significantly lower equihibrbinding as
protons displace metals and increase metal solubility. In eitsey, the metal of interest
is released by changing the environment of the binding moietyyp&uides have the
ability to provide more specificity in binding and more sophisticated methodsatned
metals.

A peptide containing multiple cysteines can be oxidized to redwecaumber of
thiols available for binding, since the disulfide form of cysteine basigsificantly less

than the thiol form as shown in the Figure 3 below [3].

20—
»515—'—
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§ 107 18 hr Aerated Water Oxidation
% 5| 10 min Hzoz Oxidation
=
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Influent Volume of 16 ppm Cd (mL)

Figure 3. Breakthrough curves for Cd* at pH 7 on a PLC functionalized controlled pore giss
column. Increased area above the breakthrough curvenplies greater binding capacity. (Reprinted
from Howard) [3]

In addition to the reduction in the number of available amino acidbimaling,

the creation of disulfide bonds affects the secondary structureeopdlypeptide and
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effectively closes up its structure. The oxidation and reductioh Gfdh a glassy carbon
electrode has been performed with moderate potentials of -0.6 ¥.@ov+vs Ag/AgCl,
and a cyclic voltammetric analysis showed oxidation and reductionsvev@ and +0.4
V vs Ag/AgCI respectively [6]. The redox change in cysteine jieszian opportunity to
affect binding affinity without significant changes in chemicamposition of the
environment through the application of a potential to the peptides. Towsalbr the

release of metals without the use of high salt or acid concentrations.
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Chapter 3: Design and analysis of a bench scale Esapparatus

3.1 GENERAL DESIGN REQUIREMENTS FOR A BENCH SCALE ESIE SYSTEM

A lab scale apparatus for ESIE experiments should provideietyvaf options
for testing the chemical properties of the peptide modified atbséind provide insight
to the design and construction of a larger scale system. Tlgnd&sthe system
considered two main requirements:

1. The ability to oxidize/reduce the substrate by applying a potential, and
2. The ability to assess the capacity of the substrate for particulal ioret

Based on a comparison of the previous research conducted with PLCathdrto
competing technologies, one of the key objectives of this reseashto develop a
system which could treat water at laboratory scale (0.1 toflviater at 1 to 10 mg/L
contaminant concentration).

This chapter describes selection and preparation of the sulasichpgeptide and
the physical design of the ESIE apparatus. The methods used in ssyn#mel
construction are described at the end of chapter. Layout and sclsepfatie system
designed in this research are presented, and the variousftegesational characteristics

of the system are explained.
3.2EXPERIMENTAL METHODS

The methods described below were used to fabricate the BSteBns The
rationale for the methods and design of the system are described in the nemt secti
3.2.1 Instrumentation

Peptides were synthesized through Fmoc-solid phase peptide syrtBE§iS)

using a Ranin Symphony Quartet automated peptide synthesizer. ddassa of
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peptides were obtained on a PerSeptive Biosystems Voyager MMDB. Either a DC
power supply (Hewlett Packard) and voltmeter or three-electrodmtpmdtat (Cypress
Systems Omni-101) were used with a Miniature Teflon Ag/Ag&érence electrode
(Cypress Systems) and platinum wire counter electrode fair@@emical modification
steps. Solution was pumped through the apparatus with a Carter Mapesstaltic

pump and pH was monitored with a digital pH/mV/ORP meter (Cole-Parmer).

3.2.2 Reagents

Peptides were synthesized and cleaved on Wang resin (Novabiochem) usi
cysteine (Fmoc-Cys(trityl (Trt))-OH) (Novabiochem), hdnafophosphate (HBTU)
(Novabiochem), and 1-hydroxybenzotriazole (98%) (HOBt) (Novabiochem),
triisopropylsilane (99%) (TIPS), ethyl ether (Fisher), Nimy&horpholine (NMM)
(Fisher), Nmethylpyrrolidone (NMP) (Fisher), trifluoroaceticida (TFA) (99%) and
piperidine (99%). Peptides and amino acids were attached withn®(pholino)
ethanesulfonic acid (MES), N-(3-dimethylaminopropyl)-N'-etaytodiimide (EDC)
(Sigma Aldrich), N-hydroxysuccinimide (NHS), L-cysteine angicgie. Analysis and
testing procedures used acetonitrile, DL-1,4-dithiothreitol (99%) {DTSodium
hydroxide. 5,5-dithio-bis (2-nitrobenzoic acid) (DTNB) and trig{fgxymethyl)

aminomethane-HCI (Tris-HCI).

3.2.3 System Construction and Assembly

A homopolymer of cysteine was formed by using Fmoc based symthé
sequence program of 20 cysteines each coupled twice for 45 miattaelsed to Wang
resin with a nominal loading of 0.1 mmol/g resin. The resin wasved from the
synthesizer and the peptide was cleaved and deblocked using a soludibf2.612.5

TFA/TIPS/DI HO for 3 h. The resin was filtered and additional TFA was usethse
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the resin. The filtrate was reduced with a streamofmdl then added to cold ethyl ether
and allowed to precipitate for 30 min. The solution was centrifagedrinsed with ether
3 more times. The pellet was suspended in DI water and the solu®ryaphilized
overnight to produce pure solid peptide.

The peptide was characterized by MALDI-TOF mass spectrgmé&trmg of
peptide was dissolved in 1 mL of 20% acetonitrile/80% DI watéh W0 pL of TFA.
The solution was dried onto a spot well on a metal array witaralatd matrix solution.
The array was placed in the MALDI-TOF mass spectrometertlamdesulting mass
spectrum was recorded.

A glassy carbon electrode was fabricated as previously outlifiegl. carbon
electrode, platinum wire counter electrode, and Ag/AgCl ratereelectrode were
assembled with inlet and outlet pieces for circulation of reagedtsvater was passed
through to rinse the apparatus. To oxidize the surface of the eledtigdde,SO, was
circulated while applying a voltage of +2 V referenced agalmesiig/AgCl electrode for
20 min. The oxidation step produces active oxygen functionalities osutfece which
include alcohols, aldehydes, and carboxylic acids. A carbodiimidétetes the
attachment of the amine terminus of the peptide to a carboxytic[a¢]. A 0.04 M
solution of EDC with 0.06 M NHS buffered by 0.05 M MES at pH 5 wasutated
through the carbon electrode for 2 h. NHS helps to stabilize aaeadtiermediate
formed between the surface carboxylic acid and EDC [41]. Téwretle was rinsed
with DI water to remove excess EDC solution. The poly-L-cgstdiomopolymer was
dissolved in 0.05 M MES and adjusted to pH 6. The PLC solution was tlehatad
overnight through the electrode to allow reaction with the EDC nmadiate. The
electrode was then rinsed with DI water. This process wasateg using a single

cysteine and single glycine amino acid to produce cysteine goiiglelectrodes. After
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attaching the peptide, the electrode was put through one redextcyemove any sites
that were not able to be reduced or oxidized reversibly. For redwftdisulfides on the
electrode, 50 mL of 0.02 M DTT at pH 8 was circulated for 10 riior. oxidation of the

thiols on the electrode, 50 mL 1%®} was circulated for 10 min.

3.2SUBSTRATE PREPARATION

3.2.1 Substrate material selection

The requirement of a surface bound, electroactive polypeptide péacesal
constraints on choice of substrate. The substrate needs to be condndtiv@pable of
carrying enough current to oxidize and reduce the peptide on tleeesuvihile being
electrochemically inert itself. The peptide needs to be attached to thatibsvalently
and with sufficient strength that no peptide is lost with the oxidiamgducing potential
applied to the system. Previous work used a glassy carbon disiodéeathich meets
the chemical requirements but with a small capacity - 100fngd* on a 0.25 crh
surface at an equilibrium concentration of ~10 mg/L [6]. A subsisgiie a greater
specific surface area is necessary to scale the ESIEsprfmrecontinuous flow processes
at laboratory, pilot, and full scale systems.

Reticulated Vitreous Carbon (RVC) was chosen as the substrégdahéor the
ESIE system after analysis of several options commonly us&deatrode materials or
ion exchange resins. Metal based substrates are susceptiblelatiooxat positive
potentials or corrosion in the presence acids or salts. Glagsoimder substrates are
either insulating or have relatively low conductivity. Carbon,uaed for the disk
electrode in previous work [6], met all the necessary requiramenitial experiments
used microporous activated carbon samples. Activated carbon fiber wimienwas

obtained and several surface analyses were performed to @assgsdormance in an
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ESIE system. BET surface area was estimated at 16@0) tmough not all of the area
was accessible to the ESIE process. A significant portioth@fsurface area was
contained in microporous structure. Based on estimations derivedviilten a 10-mer
of PLC has a lower limit on characteristic length of ~4 nmahuteon [5]. If it is
assumed that a pore must have a diameter greater than 4 nmdmalmntained within
to be accessible to a PLC molecule, then all pores less thandiamieter have an area
which would not be included in the ESIE scheme. The area of poagsrgitean 1.7 nm
in diameter was ~250 7y by BJH adsorption. At least 135@/mof pore area would be
inaccessible to the ESIE process, but still available for natifepmetal ion adsorption.
Electrolyte ions in solution can access the microporous area and asaitbidate double
layer at the surface of the electrode when a potentigdpbeal. In fact, this property is
exploited in the use of activated carbons as the substrate iroelehical capacitors
[42]. Cyclic voltammetry (CV) of the activated carbon cloth conéid this by showing
extremely high capacitive currents.

shows no faradaic peaks as the capacitive current is likelyaseweters of
magnitude greater than any faradic current. An increase in pbt@ntthe surface of an
activated carbon necessitates a significant amount of curreotntoan ionic double
layer at the surface [42]. For this reason, other carbon s@ssinadre evaluated.
Graphitic carbons and glassy carbon beads meet the majority qgiieements for an
ESIE electrode, but present another challenge. Particle bastweés require a method
of containment which permits flow, provides a good conduction path and misimize
distance to the counter electrode. Reticulated Vitreous Carbon (RvEhemically
similar to glassy carbon but is monolithic, which provides a smamti advantage in
terms of system complexity and handling of electrode materibtg this reason RVC

was selected over the other chemically equivalent carbonsuminary of the substrate
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material options and reasons each was dropped from consideratiorEigIEhgystem is

presented in Table 4.
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Figure 4. Cyclic Voltammogram of a cysteine functinalized activated carbon cloth in 1 M BSO,.
Carbon mass = 10 mg, Scan Rate =1 mV/s

Table 4. Substrate Material Options

Substrat Reason not considet

Metal Oxidation by ESIE electrochemis
Corrosion by strong acids or salts

Glas: .

Plastics Not conductive

Large capacitan:

Activated carbon o' specific adsorption

Graphitic carbo Containment and handli

Glassy carbon bea Containment and handli

Layout of the system is discussed later in this section. RW&vides a
monolithic substrate with surface area comparable to a packechrcaf small glassy
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carbon particles. Since the carbon consists of a single pieseratdrial, contact
resistance between particles and containment problems were wamign. Nine
hundred ppi (pores per linear inch) RVC foam was obtained from ERGspace
(Oakland, CA) for use in the ESIE apparatus. [43, 44]. A list g§iphl properties of

900 ppi RVC is shown in Table 5. Examples of RVC foam are shown in Figure 5.

Table 5. Physical properties of 900 ppi Reticulate®itreous Carbon [43]

Propert Value
Bulk density 0.45 g/cth
Carbon density 1.49 g/ém
Porosity 0.7C
Specific Area 1320 chig
Area per unit volum 590 cm/cm®
Bulk Resistivity 5x1C° Q-cm

Figure 5. Examples of Reticulated Glassy Carbon faas from ERG Aerospace [45].
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3.1.1 Peptide attachment

The ESIE system is predicated on the ability to switch bindingugir the
oxidation of cysteine functional groups. A PLC functionalizedtedele was built to test
properties of the ESIE system. PLC was the primary peptidbesl, but cysteine and
glycine were used for certain tests. Cysteine monomers egprédse simplest redox
active peptide system. Glycine represents a control for thrae surface and binding
ability of the terminus of the peptide.

The PLC was generated with the use of a peptide synthesizehaadterized by
MALDI-TOF mass spectrometry. The resulting mass spectrushasvn in Figure 6.
The peptide was created stepwise by successive additiong@heysEach addition has
an efficiency less than 100%, so a distribution of peptide lengtbisieBor this PLC,
the peptide length ranged from 7 to 11 cysteine residues.

A carbodiimide linker was chosen based on use in previous work [6].a For
carbon substrate a strong oxidation potential can be used to produceyledebox
functionality at the surface. The carboxylate functionality mlesian attachment point
for the peptide. The peptide is bound to the surface through the reactmnfate
carboxylate reacted with the amine terminus of the peptide throlug use of the
carbodiimide linker (EDC). A schematic of the process of peptideranent is shown

in Figure 7.
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Figure 7. Peptide immobilization reaction. Carboxyate functionality on the substrate reacts with the
N-terminus of a peptide using EDC to facilitate thereaction

3.3SYSTEM DESIGN AND LAYOUT

3.3.1 System Requirements

The substrate needs to be contained within a system that allows
electrochemistry and adsorption experiments in a convenient mariech of the
complexity of the system comes from the nature of the eldwdmical setup. The
substrate serves as a working electrode, and a referenceddenteds to be kept in
proximity to the working electrode to reduce the error in measynotential at the
working electrode. The counter electrode should also be kept as slpsssible to the
working electrode to reduce resistive losses in solution. Current thrihigg system
flows through the solution gap between the working and counter elechrodi@creased
distance creates increased resistance [46]. Increasednesigtads to increased power
usage for the redox switch in the system. The porous nature of thesbgreases the
average distance between the surface of the substrate and the etecttede. This
problem can be reduced by fragmenting the working and counteroeledhto several
parts and staggering them within the system, although this iesregistem complexity.
The substrate needs to be electrically connected to a power suppientiostat, and the

connection should be stable in the changing environment within systéroomfponents
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of the system are exposed to significant acid concentrationeddrgeriods of time and
moderate acid and salt concentrations for extended periods of tirhe. stiucture

containing the electrodes should be electrically insulating aner wght to allow for low

pressure flow through the system.

Because of the high surface area of the substrate, pressilwiwed hecessary to
reduce mass transfer limitations within the system. Batchilequih tests require that
the time scale of mass transport be significantly smtikan the time scale of the entire
equilibrium experiment. If the substrate is microporous, then diifiusirough pores can
be limiting, and a mass transport analysis will be required. stibstrate can either be
monolithic or particle based, and there are considerations for eaeh A monolithic
substrate will need to be machined to a proper geometry and depbetsed substrate
will need to be contained in a convenient manner inside the setugtridalecontact
resistance between particles should be insignificant comparbeé tather resistances in
the system. A drawback of a particle based setup is theuttifficn segmenting the
substrate, as each segment would require its own containment.

The system should be flexible to allow for several types of adsorpt
experiments. Batch equilibrium experiments will comprise the majoritysonalysis of
the system. Batch experiments require the system to contaiellamixed solution
reservoir while maintaining flow around the substrate. Rate ewxgets could use a
similar setup if the reservoir can be periodically sampled vetitorption is taking place.
A column based experimental setup would ideally utilize pressirane-dimensional

flow across the substrate without significant axial mixing.

3.3.2 System Design

The primary challenges of system design included electrodeerpéad and

pressurized flow through the system. A modular enclosure systendeveloped as a
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solution to both problems. RVC foam was machined into cylinders appeitedly one
inch in diameter and 1/8 inch thick. These cylinders were then plasekk a larger
plastic disc housing containing a platinum contact wire for connectiovebe the RVC
and a power supply. Conductive epoxies were considered for better elecmication,
but most epoxy formulations contained electroactive constituents @é\ger) which
would react under the range of conditions seen inside the sy3teenseam between the
RVC cylinder and the plastic disk housing and the location where dh@aat wire
entered the inside of the housing was sealed with a siliconensektti@ channel for the
wire was sealed on the outside of the housing with epoxy to bear ildused by
alligator clipped connections. The first few parts were madhirem Delrin, but it was
found to decompose after extended exposure to acid. Further parsasn@ed from
Teflon, and the system was stored without acid present. Disesalg® constructed to
house the platinum counter electrode and Ag/AgCI referenceraglect The platinum
counter electrode wire was coiled in the center of the pldstechousing and sealed in
the same manner as the working electrodes. The discs weed platcop of each other
in any order to form a complete electrochemical cell. Tipebgdween each disc is sealed
by an o-ring. Also since the system is modular, additional diansbe added to the
system to increase substrate area or stagger counter elettebgesn substrate discs to
reduce resistive losses. Influent and effluent caps were madatch the discs and
channel flow through the system. Design drawings of the partshasen in Figure 8
through Figure 11. The outlet is the same as the inlet, excefptefamission of the o-

ring groove. The primary components of the system are shown in Figure 12.
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Functionalized RYC Electrode

Ag/AgCl Reference
Electrode

Platinum Wire

/ Counter Electrode

Influent Cap

Effluent Cap 5

Figure 12. Primary components of the lab scale ESIBystem

A single disc with RVC substrate has a surface area of 95@vithin a volume

of less than 2 cfh The volume of the system with three empty discs is approxinatel
13.6 mL. The electrode discs and end caps are compressed togd#théree bolts to
seal the assembly. Influent and effluent tubing are attachéuldaded connectors at the
two end caps. Fluid is pumped through the system by a peristaltfe plonincrease the
working volume of the system, a well mixed external reservaises! to store the feed
solution and to allow recirculation of the effluent through the syst8olutions are kept
oxygen free by sparging with nitrogen gas, and pH is continuousiytored by a probe

immersed in the reservoir. The three electrode discs areatedn® a potentiostat or
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power supply. Figure 13 shows the layout of the ESIE system usdzbrich scale

analysis.
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Figure 13. ESIE System Schematic

3.4ELECTROCHEMICAL CHARACTERISTICS

A series of potential step experiments were run to charastéhie current
required to oxidize or reduce the PLC-RVC electrode. The experiwees procedurally
the same as the electrochemical oxidation and reduction mentionie ifollowing
chapter except that three different electrolyte concentratiens tested: 0.05 M, 0.2 M
and 1 M KCIl. The potential was stepped to -800 mV or +800 mV vs Ag/Aand
current was monitored over time until a steady current waheea The reduced and

oxidized potential steps are shown in Figure 14.
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Figure 14. Current usage for electrochemical redu@bn (a) and oxidation (b) of RVC-PLC at -0.8 V
and +0.8 V vs Ag/AgCl with 0.05, 0.2 and 1 M KCI

Both reduction and oxidation steps show expected trends of increasiegtcurr
with increasing ionic strength. The relationship between conduciivigolution and

ionic strength is proportional for ideal solutions [46]. Increased condygoroduces
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increased current. Initial reduction and oxidation currents arga@ible in opposite
directions, but the steady state reduction current is signifiespiecially at high ionic
strength. This indicates that there is a component of the solutiah vghibeing reduced
at -0.8 V vs. Ag/AgCI. The total current delivered after 1 mimloa used to estimate the
current required when scaling up the ESIE process. While gegoplays a large role in
determining the cell resistance and thus current, an order ofitndg estimate is

possible for larger systems if a similar design is employed.
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Chapter 4: Metal adsorption on the ESIE apparatus

This chapter examines metal cation adsorption on the ESIE apparatvsliuate
the binding capacity and elucidate the mechanisms of binding dSkhe substrate in
both oxidizing and reduced environments. The analysis included batchbrguil
experiments and spectroscopic measurements of equilibrated samptest, a
preliminary rate experiment was conducted to establish then@oessary for the system
to return to equilibrium after a perturbation. pH adsorption edge isoitherm
experiments were conducted using a series of oxidation and reductiblodsieo
establish the nature of the binding mechanism and capacity ofidtieode. X-Ray
Absorption Spectroscopy (XAS) analysis of the oxidized and redeldrodes was
performed to provide information on the coordination environment around thebads
metal ions. Molecular scale observations from Extended X-Rhgowtion Fine
Structure (EXAFS) analyses were used to support hypothesddisgtstd in the ESIE
bench scale experiments. The results and analysis followscapd®n of the methods

used for experimentation

4.1METHODS

4.1.1 Instrumentation

The ESIE apparatus as constructed in Chapter 3 was used to cohdaiet ahd
equilibrium experiments described in this chapter.>*Gohd Nf* concentrations were
measured by an atomic absorption spectrometer (AA-875, Variamjuxtively coupled
plasma - time of flight - mass spectrometer (ICP-MS-T@Bptimass 8000, GBC
Scientific). pH measurements were made with a digital pHDORP meter (Cole-

Parmer).
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4.1.2 Reagents

The following reagents were used in the course of equilibrium pectrescopic
experiments: sodium nitrate, potassium chloride, sodium hydroxidadgetized),
HEPES (N-[Hydroxyethyl]piperazine-N’'-[2-ethanesulfonic acid§igma), DTT (DL-
1,4-dithiothreitol), 99% (Fisher), Hydrogen peroxide, 30% solution (Sigwaaich),
70% nitric acid, trace metal grade (Fisher), nickel(llyaté hexahydrate, cadmium
nitrate tetrahydrate Puratronic solids (Alfa Aesar), and Qd atomic absorption

standards (Inorganic Ventures)

4.1.3 Rate Analysis

The primary purpose of the rate study was to establish thefdintikee system to
reach equilibrium after a perturbation. A metal containing swiutras circulated over a
metal-free electrode, and metal concentration was monitored iower tAn electrode
was prepared by rinsing it with 0.1 M HN@ establish a baseline metal-free electrode.
The acid solution was rinsed out of the system by running sevetalddemes of DI
water through the apparatus. The electrode was then reducactioting a 0.02 M
DTT solution that was adjusted to pH 8 for 20 min as establishecewops literature
for the reduction of immobilized PLC [3]. The DTT solution wasethsiith DI water
in the same manner as the acid,/GD, free water was prepared by boiling deionized
water and bubbling with Novernight or longer.

At this point, two sets of rate experiments were run with @dd Nf*. The Cd*
rate experiment used a 50 mL solution of 5 mg/L Cd buffered 1GtmM HEPES (pK
= 7.55) at pH 7. The glycine, cysteine, and PLC electrodes waoh reduced
electrochemically in 0.2 M KCI at a potential of -800 mV vs AgCl. The pump rate
for solution was 10 mL/min for each Cd electrode. The Ni raperxent used a 100

mL solution of 20 mg/L Ni buffered with 5 mM HEPES adjusted topEnd 50 mM
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NaNQG;. At time zero, the solution was pumped through the apparatus t& af ra0
mL/min. The initial metal concentration in both rate experimards prepared by the
addition of the appropriate volume of a 1000 mg/L atomic absorption staimdafd
HNOjs. The solution was bubbled withp K60 mL/min) for 30 min prior to and during the
duration of the experiment. 500 pL samples were taken at regukarintervals and

diluted with 0.1 M HNQ for analysis by flame AA.

4.1.4 Adsorption Edges and Isotherms

The primary methods to characterize the interaction betweenmimehilized
peptide and the metal cations are adsorption edge experiments andrisatheriments.
Adsorption edges allow for characterization of the pH dependent behaviwr péptide
metal ion system and isotherms. All edge and isotherm solutions prepared from
0O,/CO;, free water as described in the rate analysis sectionsohitions were circulated
at a flow rate of 30 mL/min unless otherwise specified. Metaktock solutions used in
edge and isotherm experiments were made from high purity soliddveidsn 0.01 M
HNOs. Solution concentrations were measured directly and adsorption elengére

calculated from mass balances on total metal in the system.

4.1.4.1 Electrode Preparation

Prior to each experiment, 0.1 M HRl@as circulated through the electrode for
10 min at 10-30 mL/min to establish a baseline metal-freeretext A DI water rinse
was then flowed for 2 min to remove remaining acid. For chemmexction, the
electrode was either reduced by circulating 50 mL 0.02 M DXTAHa8 for 20 min or 50
mL 0.13 M NaBH for 10 min [47]. Chemical oxidation was performed by circulating 50
mL 1% HO, for 20 min [3]. The electrode was then rinsed with DI wateretnove

traces of redox agents and immediately used in edge or isothgmenineents. For
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electrochemical oxidation or reduction, 0.01 M KCI was circulateoutyin system and a
+0.8 V (oxidation) or -0.8 V (reduction) vs Ag/AgCl potential was applied to the wgrkin
electrode through the potentiostat for 5 min. The current wasdestaifter 5 s and after

approximately 2 min.

4.1.4.2 Adsorption Edges

For adsorption edge experiments, a 100 mL solution of 0.01 M sodium aitchte
0.005 M HEPES was spiked with a stock solution of the metal oestteThe pH of the
resulting solution was low (~2-3) and was used as the startimg pbthe adsorption
edge. Nitrogen was bubbled continuously and pH was monitored. A sampl@aken
before contact with the electrode to provide an experimental initial conb@mtvalue.

Circulation through the ESIE apparatus was started and an initial was
recorded. After 40 min of circulation, a sample was taken angHh&as recorded. 0.1
M or 0.5 M NaOH was then used to increase the pH by 0.5 to 1 unitssy$teen was
then allowed to circulate for another 40 min while the process was repeatecréasing
pH until a pH of 8-9 was reached. The maximum pH was determindtelsolubility of
the metal ion of interest. Desorption was performed by the addiii 0.1 or 0.5 M
HNO; to the reservoir in the same manner as the adsorption portion expeement.
At the conclusion of the experiment, 50 mL of 0.1 M HN@as run through the system
for 5 min to remove remaining metal ion adsorbed over the course eipegiment.
Samples were then diluted with 0.1 M nitric acid and analyzeddmd-AA or ICP-MS-

TOF with matrix matched standards.

4.1.4.3 Adsorption I sotherms

For adsorption isotherm experiments, a 100 mL solution of 10 mM NaN® 5

mM HEPES was adjusted to pH 7 with 0.1 and 0.5 M NaOH. The solasrbubbled
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with N, and allowed to equilibrate with the ESIE apparatus. The resewasr
maintained at pH 7 over the duration of the experiment. A sepaettd ion solution
was created by adding 10 mL of 500 mg/L metal stock to 10 mL ofMMNeiNO; and 5
mM HEPES. This solution was adjusted to pH 7 by addition of 0.1 &l NaOH to
give a solution slightly below 250 mg/L.

A sample for metal analysis was taken, and then an aliquot ofiekes solution
was added to the reservoir. The system was allowed toleqtelifor 40 min. At that
time, a sample was taken and the pH was recorded. If necesgatlyadjustment was
made by the addition of 0.1 M NaOH and another aliquot of metal ion @olutas
added. The system was again allowed to equilibrate, and this preagsspeated until
it was believed that the substrate had been saturated with rAgthle conclusion of the
experiment, 50 mL of 0.1 M HN{was pumped through the system for 5 min to remove
any metal ion adsorbed over the course of the experiment. Alesarhthe metal
solution used to dose the reservoir was also taken. Samples lugzd o 0.1 M HNQ

for Flame AA or ICP analysis with matrix matched standards.

4.1.5 XAS Procedure

In order to relate bulk measurements of adsorption capacity tecuiai level
reactions occurring at the surface of the electrode, thelmtbonetal was probed using
x-ray absorption spectroscopy (XAS). High intensity, high energyochromatic x-rays
are focused on the sample and the absorption or fluorescence spseataorded. If the
x-ray energy coincides with the energy required for photoeleejemtion of the atom of
interest, a sharp increase in absorption occurs. XAS spectra adinided into two
parts, x-ray absorption near edge structure (XANES) which scauaround the edge
jump, and extended x-ray absorption fine structure (EXAFS) whiclpastaedge region

of the total spectrum. After the jump, highly energetic photaelestare emitted from
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central atom (element of interest) and backscattered by surrguadloms. These
backscattered photoelectrons caused constructive or destructiierertees with the
outgoing photoelectrons depending on the incident energy. Theserameds result in
oscillations observed in EXAFS region. The nature of this saaftésia powerful tool
that provides information on the coordination environment of a nretsitu. XANES
analysis, while difficult to derive quantitative results, providepartant information
regarding the chemical structure of the nearest surrounding atédmalysis of EXAFS
components give estimates of interatomic distances and coordinatiobensurof
neighboring atoms. One of the primary advantages of x-ray absoiptitrat many
elements can be examined at low concentrations in the predemnatepoand other solids
at much higher concentrations. A trinesitu measurement is important for examination
of the coordination environment since the presence of water canygréaience metal
coordination. For further description of EXAFS theory see Brown [48].

XAS samples were prepared by first producing an oxidized eddced ESIE
electrode using the procedures established previously. Oxidatioedoction was
performed chemically using DTT or hydrogen peroxide respégtiv€ollowing a DI
water rinse the electrodes were allowed to equilibrate witmBOof a 40 mg/L C&
solution buffered with 0.05 M HEPES and 0.01 M NaNGQOnitial and final cadmium
concentrations were measured by Flame AA. Electrodes wemneveel from the
apparatus without rinsing and sealed in air-tight containers in & glax for shipping to
the synchrotron facility, Stanford Synchrotron Radiation Lightso&®RL) (Menlo
Park, CA). Samples were stored in a glove box at SSRL and loatedample cells
sealed with a Kapton tape window just prior to XAS collection togre any redox
reactions. There is no evidence of beam induced redox during datdi@olEnce the

spectra were the same among different scans of each sanmglespdctra were collected
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at the Cd K-edge with Si(220) monochromators. ESIE electrodesplaed at a 45
degree angle in the beam path and x-ray fluorescence siger@secorded using a solid
state 32-element germanium detector. In addition, a model compounbdefdtd-S
interaction, cadmium sulfide, was diluted using boron nitride and itstrap&vere
collected in transmission mode. The relatively low concentratiocadimium present
within the ESIE electrode necessitated more than 10 scansclorsample, averaging
several scans increased the signal to noise ratio in the EXédt&. Monochromatic
energy was calibrated with Cd foil as an internal standak@laetween ion chambers

inline with the sample.

4.1.6 XAS Data Analysis

EXAFS data analysis was performed with SixPACK [49] and EZRRK [50]
software packages. Initial XAS raw data processing was dathe SixPACK. Data
acquired from a 32 element fluorescence detector was averagespexific channels
that provided consistently noisy or discontinuous data were removed froagese The
averaged spectrum was then processed for pre-edge subtractionrmatization using
Cromer-Libermann calculatiorasnd for post-edge background subtraction using Ifeffit [51]
algorithm to extract EXAFS signals. The processed datae werported into
EXAFSPAK for coordination structure analysis. Structural imfation was determined
by fitting the spectra with non-linear least-squares methoitg yhase and amplitude
parameters obtained from theoretical calculation results oF&E2]. Fitting each shell
results in the determination of the coordination number (CN) and the bodidiagce
(R) for the complex. The Debye-Waller factef, andAE, were allowed to vary during
the optimization of CN and R. The excitation energy is converttxd k-space, Eis
defined as the energy at which the EXAFS spectrum begins and kTh&® same\E,

was used for all scattering paths within a single sampleo tAls same? value was used
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for each scattering pathway across multiple samples. Fhoding CN and R, based on
this fitting procedure, are expected to be accurate to £10% and +0r@8pkctively, for

the first shell when single absorber-scatterer paths are used [53].
4.2ESTIMATION OF TIME TO APPARENT EQUILIBRIUM

Cadmium adsorption rate experiments were conducted with the glggsteine,
and PLC electrodes using an initial cadmium concentration of appatedind mg/L. A
higher initial concentration of 20 mg/L was used for the Ni expaminwith the PLC
electrode due to the weaker Ni-thiol binding constant. Figure 15 andeFig show that
between 50 and 90 percent of the metal ion is removed for all eikffeximents except
for the Cd-PLC system. For many adsorption systems involviagramolecules or
porous adsorbents, evidence for a rapid adsorption step followed hycla stower
approach to equilibrium has been observed [54, 55]. A sample taken aftarnlibOthe
PLC-Ni experiment showed a concentration within 10% of the 60 minuteecwaton,
suggesting that there may be a slow approach to true equilibriach détectrode shows
a flattening of the concentration profile within approximately 3@ wii equilibration
time. As a result, 40 min was chosen as a suitable timeebetwerturbation and
measurement for adsorption edge and isotherm experiments. Thetiedoeguilibrium
concentrations reported after 40 min represents apparent equilidoormated by a

rapid adsorption step.
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Figure 15. Nickel concentration in a batch kinetidest of adsorption onto a PLC electrode.
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Figure 16. Cadmium concentration in a batch kinetictest of adsorption onto Gly, Cys, and PLC
electrodes.
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4.3CADMIUM ADSORPTION RESULTS

The section presents results from cadmium adsorption edge, adsasptierm,
and XAS experiments on metal loaded ESIE electrodes. Prefymenaluations of the

adsorption model are undertaken and the basis for refinement is established.

4.3.1 pH dependent adsorption behavior of Cd

Oxidized and reduced electrodes were exposed to solutions containimg ~1
total Cd* in 100 mL of total volume at low pH (<2). Step-wise increases in the pH of the
recirculating solution resulted in typical adsorption behavior folrasertomplexation of
metal ions in which protons are released as the metal iombads® shown in Figure 17.
This behavior was evident for both the oxidized and reduced PLC-RVGddition,
desorption edges obtained by step-wise reduction in pH did not exhitérésis
suggesting that the adsorption process is completely reversibie the time frame of
these experiments.

A comparison of the reduced and oxidized edges shows differencesextéme
of adsorption and a distinct pH behavior in each situation. The tapddthe reduced
edge is greater for all pH values greater than 4. In additionpkh& obtain 50%
removal is approximately 6 for the oxidized edge, whereas 1G@meof the Ct is
removed on the reduced surface at the same pH. The steepnesediiteel PLC-RVC
adsorption edge is representative of a strongly binding metal iotran&ition occurs
from little adsorption at pH 3 to significant adsorption at pH 5. The oxidized edge shows
very different behavior where adsorption increases steadily owsnit® of pH. This
behavior is typical of a weakly binding cation. The differences leetwiee adsorption
behavior in these two systems suggests that the proton releasethedtructure of the

surface complex has changed.
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4.3.2 Cadmium Adsorption Isotherm Results

Several adsorption isotherm experiments were run on the PL@odetd further
characterize metal adsorption properties. Two important chasticie of the ESIE
system that relate to the primary hypotheses of this research are slp@simentally:

e Redox reactions create distinct metal adsorption properties cautfaese
of the ESIE electrode

e Changes resulting from these redox reactions are reversible bot
chemically and electrochemically

Figure 18 compares €dadsorption isotherms developed at pH 7 with a PLC-
RVC electrode that was reduced with DTT and the same @liectubsequently oxidized
with H,O,. The similarity between the isotherms developed from two expatsn
conducted with the oxidized electrode demonstrates the reproduacibititg data. The
reduced electrode shows greater adsorption capacity relative txitlieed electrode
with a maximum capacity of approximately 10 mg/f Cof* adsorbed to the surface of
a single electrode. In contrast, the oxidized electrode apipelessaturated with Gtlat
6 mg/nf. These data confirm the hypothesis that adsorption propertidsectered by
changing the oxidation state of the substrate.

The same electrode used for the DTT reduced af@h ldxidized adsorption
experiments was then subjected to over 10 redox cycles to deateribe reversibility
of the ESIE process. Electrochemical reduction of g,Hxidized electrode restored
the adsorption capacity of the electrode to the same value asitet previously for
the DTT reduced electrode as shown in Figure 19. Maximum adsorpg@n a
approached 10 mg/mCd* for a single electrode. Figure 19 also illustrates that&V

(vs Ag/AgCI) potential was sufficient to restore the capacity of thetrelge.

50



12 - (@)
10 - -
[ |
gl [ ] o
s 81 g
@]
3
© A
6 A
3 S 2O A
E
> 4B A
E B DTT Reduced
2 /\ Peroxide Oxidized
< Peroxide Oxidized
0 T T T T 1
0 5 10 15 20 25
Cd concentration (mg/L)
Cd concentration (mg/L) (b)
0.01 0.1 1 10 100
100: L L Lo L L Lo L L Lo |
©
s 10- - m EEE
S AO Ly N A
s u >
S &
E o B DTT Reduced
(o)) 1 4
= 1 A Peroxide Oxidized #1
. < Peroxide Oxidized #2
1O
0.1-

Figure 18. Cd* adsorption density onto DTT reduced and two HO, oxidized PLC-RVC electrodes.
Normal scale (a) and log-log scale (b).

51



12 - (@)

10 + =
Al
° ] u
£ 8 g A
?
S A
3 °
e A
S [ |
[@)) =
2 4
B DTT Reduced
2
A Electrochemically Reduced at -0.8 V
0 T T T T 1
0 5 10 15 20 25
Cd concentration (mg/L)
Cd concentration (mg/L) (b)
0.01 0.1 1 10 100
100: I Ll I L I L L
J5 10
o E mAN
s p 1
3 A
(G .
S A
E
E A B DTT Reduced
A Electrochemically Reduced at -0.8 V
0.1-

Figure 19. Cd* adsorption density onto DTT and electrochemicallyeduced PLC-RVC electrodes.
Several redox cycles were performed between the tvigals. Normal scale (a) and log-log scale (b).

52



Reduction of the electrode with NaBHoroduced a change that was not
completely reversible by either oxidation method. NaB#a much stronger reductant
than DTT as shown by the significantly lower E° value presentdélble 6. The -0.8 V
vs. Ag/AgCI potential applied to electrochemically reduce theasarfs equivalent to -
0.6 V vs. the standard hydrogen electrode (SHE) and represents an apidigd that is

intermediate between the two chemical reductants.

Table 6. Redox potentials of reagents

Redox Coupl E° (V) Sourct
NaBH,4 + 8 OF < NeH,BO3; + 5H,0 + 8¢ -1.24 [56]
Cdy" + 2€ « Cd(s] -0.40: [46]
DTT @ pH 8.: -0.36¢ [3]
R-SS-R+ZH" +2€ < 2 R-SH -0.21( [3]
O,+4H " +2€ < 2H,0 +1.23 [46]
HO,+ 2H" +2€ «» 2 H,0 +1.7¢ [46]

The NaBH reduction resulted in a permanent increase in capacity okidzed
and reduced electrodes as shown in Figure 20. However, thevaelacrease in
adsorption (3 mg/f) was similar for both the reduced and oxidized electrode. Capacity
on the NaBH reduced electrode approached 14 nfgef" adsorbed on a single
electrode, while the oxidized electrodes showed a lowered igapad0 mg/nf Cd*.
Previous experiments did not exceed 10 nigtih Cd* adsorbed for either surface
oxidation state, so the NaBHdreated an irreversible increase in capacity. A sumnfary o

the estimated capacity for each isotherm experiment is listed in Table
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Table 7. Estimated Cadmium Capacity for PLC-RVC Isaherm Experiments

Redox Estimated C**
Electrode State Redox Agent Capacity (mg/rf)
PLC-RVC Reduce DTT 10
PLC-RVC Reduce Potentia 10
PLC-RVC Oxidizec H20zZ 6
PLC-RVC-NaBH; Reduce NaBH4 13
PLC-RVC-NaBH,; Oxidizec Potentia 10
PLC-RVC-NaBH; Oxidizec H20zZ 10

Table 7 shows that capacities for each electrode are gredter reduced state
than the oxidized state by approximately 3 nfglofi Cf*. All electrodes retain
significant capacity in the oxidized state. The basis obwitching in the ESIE system
is the proposed oxidation of cysteines. Each oxidized cysteiffiecsively the loss of a
site for metal binding. The reduction in capacity confirms that imposed voltage
affects the surface of the electrode and cysteine oxidatiaheismost reasonable
mechanism for the lowered capacity. Cysteine thiols oxidiztisiafides if two thiols
are sterically available to each other. Under strong arglieonditions such as-B, if
a second thiol is not available for reaction, sulfonates can fonmchwvould also reduce
metal binding capacity [57, 58]. Others have found similar resuitsRLC on different
substrates [3], and this work expands on existing work with application of
electrochemical oxidation at lab scale. An examination ofrédex potentials of the
redox agents used in Table 6 support this assessment. The thiotidisaiiple has a
standard reduction potential of -0.210 V vs. SHE. The redox couples thatomaare
standard reduction potentials and reduce disulfides to thiols and tpeesdbat have

higher potentials and oxidize disulfides to thiols are shown in Table The
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electrochemical potentials of -0.8 V and +0.8 V vs Ag/AgCl applie this system
correspond to approximately -0.6 V and +1 V vs SHE.

The capacity of the oxidized electrode can be attributed to thioish cannot
form disulfide bonds due to steric limitations, the carboxylagsemt at the C-terminus
of the PLC peptide, and unreacted carboxylate functional groups presiet surface of
the carbon electrode. These groups are not readily reducedhey BTT or the
electrochemical reduction applied to the surface. AdditionalBBH, is not a strong
enough reducing agent to reduce carboxylic acids [59].

The increase in capacity seen following NaBidduction did not significantly
contribute to the switchable metal capacity of the system. difierence between
reduced and oxidized conditions remained approximately 3 frifgina single electrode.
It is possible that NaBHreduced thiols that were not able to be re-oxidized by the
methods used in this research. Also, NaB¢buld reduce other carbon-oxygen
functionalities such as aldehydes or thiol esters which would provide capacity that
could not be re-oxidized [59].

Initial analysis of the reduced and oxidized isotherms has esiadblie ability to
increase and decrease metal binding capacity by reducing diziogi the electrode,
respectively. This change can be performed chemically or @detmically with similar
results in each case. Capacities estimated for the reducedidimbd states can be used

with adsorption edge data to refine the adsorption model for the ESIE system.

4.3.3 Cadmium PLC-RVC XAS Analysis and Results

This study focused on identifying the coordination environment of cadmiu
adsorbed on the surface of the ESIE electrode. Specificafgrafites between the
cadmium environment in the reduced and oxidized states of the ESi&msyvere

examined.
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Cd K-edge XANES spectra collected for the two ESIE samplesved no
significant differences as seen in Figure 21. It was eggdbtat different Cd-O or Cd-S
coordination would affect the corresponding XANES spectrum and thereienve as an
indicator of change of coordination environment. While it is true ireg@ that XANES
is sensitive to geometric structural change of nearest neiggbatoms, Cd K-edge
XANES has some properties that affect interpretation offibetsa for this work. Cd K-
edge has a relatively short core-hole lifetime, and this sifetitie broadens the K-edge
XANES spectrum. This broadening effect masks the differatuifes originated from
Cd-O and Cd-S coordination structure [60]. Indeed, CdrlL;-edge XANES spectra
are more appropriate for analyzing Cd-O and Cd-S coordination leecatizeir lack of
broadening effect and sensitivity to detailed cadmium local strud@aite Unfortunately,
due to limited beam time available to this study, Cd L-edgé&K8 spectra were not
collected. Nevertheless, EXAFS analysis provides definiggealts for the coordination
environment of Ctf" as discussed below.

To provide a baseline for discussion of the EXAFS data collectéuksinesearch,
literature pertaining to EXAFS analysis of cadmium-sulfuteiactions was reviewed.
Studies of Cd-S interactions through EXAFS have been reported icotitext of
cadmium complexation with cysteine containing clays [62], cadmiwwordinated
proteins [60, 63], cadmium-thiol interactions in natural organic mier 65], thiol
compounds in solution [66], and on cadmium sulfide nanoparticles [61]. Cadm&m ha
distinct coordination structures for oxygen (octahedral) and sulftralfedral). In
agueous solution, cadmium is coordinated by the oxygens of six watecutes, and
sulfur coordination generally consists of four sulfur atoms [66]. Aisterg bonding
distance (R) of 2.43 to 2.54 A appears for the primary Cd-S ini@maitt all of the

literature cited. Many of the same studies also found thaiapyi Cd-O interactions have
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shorter bond distances of 2.16 to 2.27 A. The ESIE system containsathiisctional
group on cysteines, and also contains oxygen functionalities as ghchasids at the
terminus of the PLC peptide, on the surface of the carbon electmoden the peptide
backbone. Additionally, the oxygen present in water coordinates frdmiwa in
solution. These conditions lead to the expectation that both oxygen and sulfur
interactions would be seen in the ESIE system as in several of the syseshaboite.

EXAFS spectra and corresponding Fourier transforms are shown ire 2gdor
the reduced state and Figure 23 for the oxidized state. Paramdtaged from EXAFS

fitting are shown in Table 8.

Normalized Absorbance

------- Oxidized
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Energy (eV)

Figure 21. XANES Spectra for Cd* on reduced and oxidized PLC-RVC. The vertical lineepresents
a minimum in the absorption spectra of both samples
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Figure 22. (a) EXAFS Spectra of C8 on reduced PLC-RVC and (b) Fourier Transformed EXAFS
Spectra of Cd* on reduced PLC-RVC. Dashed lines are data and sdlilines represent the
components of the fit and the total fit.
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Figure 23. (a) EXAFS Spectra of C8" on oxidized PLC-RVC and (b) Fourier Transformed EXAFS
Spectra of Cd* on oxidized PLC-RVC. Dashed lines are data and ddl lines represent the
components of the fit and the total fit.
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Table 8. EXAFS Parameters
Cd-S Cd-O
N RA) A9 N RA) A9 AE,
Reduce | 35 2.4 0.0136( 19 2.21 0.C0682 -14.¢
Oxidizec | 2.2 2.44 0.0137¢ 2.8 2.2¢ 0.0062¢ -12.5

Interatomic distances (R) between cadmium and both sulfur and roxyeges
within the range of previously mentioned literature values for both tidized and
reduced electrode. Furthermore, the R values for Cd-S and CaeOttveesame within
the precision of the fit (+0.02 A) for both the oxidized and reduced states. The v&ue of
implies the strength of an interaction. A typical example Etamsorption to solid
surfaces is a comparison of inner sphere and outer sphere coordinhtier sphere
interactions have shorter bonding distances since the metal and cioigp@lems are in
closer proximity. Outer sphere interactions often have wafehnydration between the
metal and complexing atom. The presence of the water molecateases the bonding
distance and decreases the strength of the interaction. Afpbagpect of XAS is the
ability to differentiate between these two scenarios [53]. |&irbonding distances for
the oxidized and reduced states imply that the strength of thedtiten between a
cadmium atom and a single complexing sulfur is also the same.bdirftkéng distance
also implies an inner sphere interaction. Outer sphere interagemsrally have
bonding distances of 5 A or greater [53].

Though the strength of each Cd-S/Cd-O interaction is the sartte ioxidized
and reduced states, the number of these interactions is distinctassee The average
coordination number (N) for the Cd-S interaction increases from 2t2ioxidized state

to 3.5 in the reduced state. This implies that a greater numbsulfof atoms are
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associated with each cadmium atom in the reduced state than oxitheed state.
Accordingly there is a decrease in the average oxygen coordimatraber when the
electrode is reduced of 2.9 to 1.9. The assessment agrees wifptieesis that there
are more free thiols in the reduced state and the isotherm results.

A previous aqueous based EXAFS study of complexation 6f i@dsolution by
thiol compounds also found similar results with respect to coordinationbers [66].
Three thiol containing compounds, 2-mercaptoethylamine (MPEA), 2-
mercaptoethylsulfonate (MPES) and 3-mercaptopropionic acid (Mg varied in
concentration while metal concentration was fixed. The coordinafolcd®* was
compared by EXAFS analysis. Figure 24 is reproduced from tlaly.st Thiol
coordination increases with increasing thiol concentration up to a maxiof 4 thiols
per Cd" (tetrahedrally coordinated). Oxygen coordination decreases as thiol
concentration increases since thiols form a stronger complexandisplace oxygen

complexes.
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Figure 24. Coordination numbers of Cd-O (a) and Cds (b) bonds. (Reprinted with permission from
IUCr) [66].

The ESIE system is comparable to this aqueous speciation baseplexsince
the concentration of available thiols on the reduced surface is higirern the oxidized
state. A greater concentration of thiols on the surface would prodesame effect on
speciation — a shift from oxygen coordination to sulfur coordination ddmium over
the surface of the electrode. The confirmation that multiptést associate with a single

cadmium atom necessitates a change in the adsorption model.
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4.4CADMIUM ADSORPTION M ODEL DEVELOPMENT

4.4.1 Baseline Model

This section establishes the foundation for a model of the pH dependent behavior
of metal adsorption. This model will be evaluated and refineddbaseexperimental
results in the following sections. The simplified ion exchange moslented in Egns.
2.1-2.4 does not account for proton-site interactions. The primary iteCd”
adsorption in the ESIE system is a thiol group. The protonation stdte tfiol group is
likely to have an effect on the complexation of a metal ion. Buswvork by Jurbergs
and Holcombe has established the pH dependence®sfa@sorption on PLC as shown

in Figure 25.
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Figure 25. Breakthrough curves for Cd* adsorbing to reduced PLC immobilized on controlledpore
glass. Influent concentration = 10 mg/L C8 [4]
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The breakthrough curves shown in Figure 25 shift to higher throughput volume
with increasing pH. This observation is consistent with the generalized trendeatsed
cation adsorption with increasing pH that was evident in the earptiges presented in
and Figure 17. The interaction of protons with surface siéesbe included in the
existing site limited model of adsorption by adding a proton to bd#gssif Eqn 2.1 as
shown in Stumm and Morgan [67]. The inclusion of a site protonation reagties

Eqgns. 4.1 through 4.4.

SH+Me* <> SMe +H* K= [[SSMH?AEHEZ Eqn. 4.1
SH& S +HT Ka:% Eqn. 4.2

If the total number of sites is assumed to be a constant, then a mole balance can be
added, and equations can be rearranged to give the concentraticupiedcsites as a

function of metal concentration and pH.
Sior = |SMé |+ [SH]+[s] Eqn. 4.3

[swe - 2o [ﬁﬁ”e‘fﬂ[L“fﬂ

Egn. 4.4

This model predicts a change in adsorption whenptioéon concentration is on
the same order of magnitude as the product of dseration equilibrium constant (K)
and the free metal concentration. Little or ngoion is predicted for conditions where

K[Me?*] << [H*], maximum adsorption is predicted where KfMe>> [H'] and the
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transition between these two regions takes plaee one to two orders of magnitude of
pH in a manner similar to acid base speciation.es€htrends are apparent for the
adsorption edges for €din the reduced state. For an adsorption edgeriexget the

initial metal ion concentration is fixed and pHviaried. A mass balance on total metal

can be added (Egn. 4.5) to give all other conctaatraas a function of pH.

Mero, = [SMé |+ [Me?] Eqn. 4.5

Once the metal concentration is known, adsorptaonbe represented as fraction

of total metal in the system (Eqn 4.6).

[sme |
Méror

Y%ads= Eqgn. 4.6

Figure 26 shows the predicted percent adsorbed fotal metal concentration of
1x10* M metal, 2x10" M sites, K of 0.05, and Kfor surface sites of 1xI§ M. This
behavior is common among metal cations adsorbestiifaces [67]. The slope of this
curve is a function of the coefficient on the proto Eqn. 4.1 as well as the initial solute
concentration. The location of the edge is depeinda the initial solute and sorbent

concentration as well as the value of the equiitrconstant for Eqn. 4.1.
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Figure 26. pH dependent site-limited model predictin of metal adsorption (Meor = 1x10* M, S;or =
2x10* M, K = 0.05, K, = 1x10™° M)

The pH modified site-limited model does not contie complexity necessary to
represent both the oxidized and reduced edgesmntessm and Figure 17 because of the
difference in pH behavior. The parameters avalablthe baseline model are the total
number of sites, {r, and the equilibrium constant for the adsorptieaction, K. The
stoichiometry of the reaction forces a small ranfeeasonable values on the value of
Sror. The maximum quantity of metal that can be adsbrten be estimated from
isotherm experiments presented in Section 4.3,thadassumption that each metal is
adsorbed to a single site. Thgfiér the site was taken from the value for cystelfG#?,
though this value may be slightly lower for PLC.[6This leaves K as the only variable
parameter, and preliminary attempts to fit bothdkilized and reduced adsorption edge
under these constraints are shown in Figure 28.beAt fit K was estimated by

minimizing the absolute square error between theem adsorption for the predicted
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edge and the experimental data. An outline ofutations performed are included in the

appendix. The resulting parameters are shown laeT&

Table 9. Best fit parameters for the baseline model
K Siot (M) Sq.Error

Reduce 15  9.8x1C° 0.10¢

Oxidizec 04S¢  5.4x1(° 0.07¢

Though the reduced isotherm had a maximum adsarpfidl0 mg/m at pH 7,
the Sor of the reduced edge in the model was increasdd.® mg/ni Cd* to account
for slight disagreement between the edge and isotireorder to obtain a satisfactory fit.
The reduced edge showed 100% adsorption at highahtés and the total metal initially
added to the experiment was 11.6 nfgth Cf*, so it followed that there must be at

least that many sites in that experiment.
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Figure 27. Baseline model fit for C4" on reduced PLC-RVC. K = 1.5, §; = 9.8x10° M
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Figure 28. Baseline model fit for C4" on oxidized PLC-RVC. K = 0.49, §; = 5.4x10° M

The model fit of adsorption on the reduced eledradhs not steep enough to
capture the total adsorption at high pH and oveneséd adsorption at low pH. The
model fit to the adsorption data for the oxidizddctode using the same binding
constant (K) but a reduced site density was togpste match the experimental data. To
fit the data for this electrode, it was necessargetiuce the binding constant by a factor
of three and the total site density by a factormpproximately two. Even with these
modifications, the model overpredicted most of swption data at high pH and
underpredicted sorption at low pH. Thus, the baseinodel poorly predicted the pH
behavior of both oxidized and reduced adsorptiogesd Additional complexity is
necessary to describe the pH dependent behavithieadxidized and reduced electrode.
Insights gained from spectroscopic data and retefibby literature provide a rationale to

modify the baseline model.
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4.4.2 Multidentate model for Cd* sorption

A single site-single metal interaction model doesfolly capture the complexity
of the adsorption edge experimental results. Tdgesof the transition region of the edge
is not properly characterized by the baseline mottetorrect stoichiometry in the model
could explain the inability to correctly model tspe. A rationale for changing the
stoichiometry of the adsorption reaction is presemt this section.

Coordination numbers derived from EXAFS imply npli sulfurs interacting
per cadmium. The EXAFS data for the reduced PLUSRAlectrode showed average
Cd®* coordination of 3.5 sulfurs per cadmium and thiiaed PLC electrode showed
average sulfur coordination of 2.2 sulfurs per cagm Previous studies of PLC-
cadmium binding also find multiple thiols per cadmi[4]. Multiple sulfurs complexing
a single cadmium could release multiple protonschange in proton stoichiometry has a
direct effect on the slope of the adsorption edygeneralized n site model for cadmium

surface complexation and x protons released is shumhow.

nSH+Me* « S MeH, ,“ ™" +xH" Eqn. 4.7

X

_ s, MeH, @ [H-]

: -n
K [SH]”[MeZ* units M‘ Eqgn. 4.8
SH&S +HT Eqgn. 4.9
_Is']n]
K, = [SH] Egn. 4.10
Sor = N|S,MeH, " |+ [sH]+[s] Eqn. 4.11
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Meor = [S,MeH, " |+ [Me*] Eqn. 4.12

This includes two additional parameters to the rhedd¢he number of sites
coordinating per cadmium and the number of prot@htsased per cadmium adsorbed.
The coordination numbers estimated from EXAFS asialguggest that the reduced PLC
has 3.5 sulfurs per cadmium and the oxidized PLE2ha sulfurs per cadmium. Since
EXAFS is an averaging technique, the non-integeluess indicate that multiple
coordination numbers are possible. However, fawpticity only a single whole number
was used for the value of n. Multiple values fonatessitate multiple reactions with
different stoichiometries and binding constants. réVlexperimental data under a wider
array of conditions are required to differentiateltiple reactions.

Using the EXAFS coordination values as a guidelihe,adsorption edge for the
reduced electrode was fit with n = 3 and n = 4, #ral oxidized model incorporated
values of n = 3 and n = 2. All values of k lesartlor equal to n were tested for each n.
As with the baseline model, the range of reasonahblees of $or is determined by
results from the isotherm experiments. Again gusithent to increaserSr was made
to account for disagreement between the reducdigeisu and edge. Since each metal in
this model takes n sites the value g§Smust correspond to n times the maximum metal

concentration. A summary of the sources for eachrmeter are listed in Table 10.
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Table 10. Multidentate model parameters

Paramete Sourct
Stot Isotherm/Edge maximum adsorpt
n Estimation from EXAFS coordinatis
X Assumption that :<n
Ka Literature value for cystel
K Fitted paramet

Egn 4.8 and Eqns. 4.10-4.12 were solved for a gipéh to give metal
concentration which was then converted to fractmsorbed. The model predicted
fraction adsorbed was calculated at the same prhets data point. The square absolute
error between the model prediction and the datasuasmed and minimized by varying
K. Square absolute error was chosen as it weitjetéransition area of the edge more
than the high and low adsorption areas. Changpsrirent adsorption with respect to pH
are small at both ends of the edge. Further etratuaf the fits was carried out by
examining the fit of the log of the free metal centration for the data and the fits with
the least error. Additional description of the miodalculations is included in the
appendix. This was repeated for each combinatfom and x. The minimum square
error for each n/x/K combination was tabulated enshown in Table 11. Plots for the
two best reduced fits are shown in Figure 29 aedo best oxidized fits are shown in

Figure 30.

72



Table 11. Best fit parameters for the multidentatenodel

Scuare

n x KM Sot (M) Error

Reduce 1 1 1.5 9.82x1C° 0.107¢
Reduce 3 2 200( 2.95x1C* 0.062;
Reduce 3 1 2.3’ 2.95x1¢* 0.436¢
Reduce 4 4 0.c21 3.9%x1C* 0.033¢
Reduce 4 3 39C 3.93x1¢* 0.034:
Reduce 4 2  4.3x1C° 3.93x1(¢* 0.119¢
Reduce 4 1 5.1x10" 3.93x1(¢* 0.620:
Oxidizec 1 1 0.4¢ 5.36x1C° 0.079:
Oxidizec 2 2 0.1¢ 1.07x1¢* 0.136:
Oxidizec 2 1 560( 1.07x1¢* 0.042:
Oxidizec 3 3 0.03¢ 1.61x1C* 0.164(
Oxidizec 3 2 150( 1.61x1C* 0.098(
Oxidizec 3 1 3.20x1( 1.61x1¢* 0.034"

Examination of Figure 29 illustrates that incregsihe value of n, increases the
slope of the predicted edge in the transition negidhe baseline model underpredicted
adsorption at high pH and overpredicted at low @dause of the inability to capture the
slope of the experimental data. The multidentateleh allows flexibility in the slope
through the n and x parameters which are exponantse characteristic equilibrium
expression shown in egn. 4-10. The slope cank@socreased by increasing the value

of k as shown in the difference between the twdt@tbparameter sets.
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Figure 29. Multidentate model fits for Cc?* on reduced PLC-RVC as percent adsorbed (a) and log
Cd?* concentration (b). Corresponding parameters are $ited in Table 11.
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Figure 30. Multidentate model fits for Cd** on oxidized PLC-RVC RVC as percent adsorbed (a) ah
log Cd** concentration (b). Corresponding parameters are $ited in Table 11.
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The parameter sets with n = 4, x = 4 and n = 4, X lad the lowest summed
square absolute error in percent adsorption. Shwtk fits were very close in square
error values, they were further evaluated by examgipredictions of isotherm data for
both fits as shown in Figure 29b. The set with d,= = 4 fit the high end of the
adsorption edge more closely than the n = 4, xset3 Equilibrium data for isotherms
were taken at the high end of the edge becausegthaange is more characteristic of
most wastes. Both sets underestimated adsorptiorergt low pH where there is no
predicted adsorption. The underprediction at Idtvhas been observed in other surface
complexation modeling efforts and may be the resulidsorption to a small set of high
affinity sites [68].

For the oxidized edge the parameter sets thaffibds¢ experimental data were n
=3,x=1and n =2, x = 2. Both sets had simidguare error, so both the percent
adsorption and log metal concentration plots we@mened. As in the case of the
reduced edge, the high pH region of the edge wesntas the second criterion for
deciding the best fit. In Figure 30a it is clehattboth models flatten out in terms of
percent adsorption below the data point near ptbince there is only one point in this
region its significance in the square error is distied in relation to the other regions of
the edge. Since the n = 2, x = 1 set more clossbgures this point, and the total error
between these two sets is comparable, the n =22 1xset was chosen as the best fit
parameter set for the oxidized electrode.

The multidentate model has the ability to descabsider range of pH behavior
because of the inclusion of proton release. Théipheisite interaction also affects the
pH dependence since the key characteristic ismlgttbe number of protons released but
the stoichiometric ratio of protons released t@ssitconsumed. It is possible that an

additional adsorption contribution from carboxyl&dectional groups would improve the
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model fits in both cases, but especially for thaedimed electrode for which the
coordination number with oxygen increased. Thiditawhal complexity along with the
addition of multiple sites and electrical interacs in the double layer could be pursued

if more experimental data, specifically that witkiaaied ionic strength, were available.

4.5NICKEL ADSORPTION RESULTS

The section presents results from nickel adsorp&gperiments and compares
Ni?* adsorption behavior to previously examined*Cddsorption behavior. The
selection of Ni as a second metal ion probe foiuatang adsorption in the ESIE system
was due to its reduced binding constant to thiougs compared to &d In addition,
binding constants for Kii to the carboxylate group of amino acids such atagiate are

greater than reported values for’td

4.5.1 pH dependent adsorption behavior of i

Oxidized and reduced electrodes were exposed tdi@aoé containing a total
metal concentration of 6.3 mg/L and 22.8 mg/L fog teduced and oxidized electrodes,
respectively. In both cases, the step-wise ineeasthe pH of the recirculating solution
resulted in typical adsorption behavior for surfacenplexation of metal ions in which
protons are released as the metal ion adsorbsoasish Figure 31. This behavior was

evident for both the oxidized and reduced PLC-RVC.
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Figure 31. Nf* adsorption edge on DTT reduced and kD, oxidized PLC-RVC. The two conditions
have different total metal concentrations of 6.3 VL for the reduced and 22.8 mg/L for the oxidized.

Both cases produced a change in adsorption ovedeanange of pH in a manner
similar to the C8" oxidized electrode. As previously seen, this badtds more typical
of a weakly binding cation. The reduced staterdiishow a shift to stronger binding as
in the case of Cd. In fact, the Ni* binding is stronger on the oxidized electrodehes t
two edges have similar fraction adsorbed but thdioed edge has a much higher total
metal concentration. The ratio of metal adsorberdgpam solid (g to metal in solution
(ce) was calculated for both conditions at the poimtled in Figure 31 which was
approximately pH 7. The oxidized edge has a dlightteater ratio (gc.) of 0.326 L/g
compared to the reduced value of 0.311 L/g. Addidlly the slope of the pH-adsorption
transition decreased as a result of oxidation fdf*Cbut for NF* the slope of the
oxidized edge is actually slightly steeper. Thessallts imply that either there are more

sites available on oxidized electrode, the cootibnao the sites (and hence the binding
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constant) is greater, or Nibinds to different types of sites in the oxidizew reduced
systems. However, broad edge, that encompassegeapgH range, indicates relatively

weak binding in both cases.

4.5.2 Ni Adsorption Isotherm results

The result of stronger binding in the oxidized eti confirmed by the Ki
adsorption isotherms. The oxidized isotherm shawscrease in capacity for nickel. A
possible explanation for this reversal in behawetween cadmium and nickel comes
from the nature of ions and the functional groupshe PLC-RVC surface. SinceNis
a hard metal acid it has a greater affinity forbeamylic acids than Cd. For example,
glutamic acid is an amino acid with a carboxyliadatunctional group and forms
complexes with Ni". Stability constants for Ki and Cd* with glutamate and cysteine

are shown in Table 12.

Table 12. log K values for complexation of Ni and @ with two representative amino acids

Glutamat:  Cysteine

NiL 6.5 10.7
NiL > 10.€ 20.¢
CdL 4.& 13
CdL, 19
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Carboxylic acids are present at the terminal enth@fPLC molecule and also on
the oxidized surface of the RVC electrode [69].thié carboxylic acid concentration on
the surface were high enough, it could drivé*Nidsorption even though Nihas a
significant complexation interaction with cysteind?revious research with this same
electrode by Strong et al., demonstrated that gtacid addition increased both the
number of carboxylate groups and*Nadsorption to the unmodified surface of the RVC
electrode [69]. Cd adsorption would not be affected as significartifcause the
difference between its carboxylate and thiol com@ii®n constants span eight orders of

magnitude, whereas the difference in nickel is doly orders of magnitude.

4.6 SUMMARY

Metal cation adsorption was examined on the ESIE&igips to evaluate binding
capacity and study the mechanisms of binding inottidized and reduced state. Batch
equilibrium experiments showed approximately 3 nfg@u’* of reversible capacity
between the reduced and oxidized states. Totalcitgpvas found to be 10 mgired™
for reduced PLC-RVC and 6 mgfradf* for oxidized. NaBH irreversibly increased the
capacity of the electrode by 3 mgimAdsorption edge experiments showed a distinction
between pH dependent adsorption on the oxidizedraddced surfaces. The reduced
surface displays a typical pH dependence for stlonding cation metal adsorption with
a transition from no binding to complete bindingeo\v-2 units of pH. The oxidized
electrode adsorption edge had a much broader timsver 3-5 units of pH.

Analysis of XAS data for Cd adsorption to the electrode further confirmed the
distinction between the oxidized and reduced sw@itéd C-RVC by yielding a difference
in coordination. Reduced PLC-RVC had sulfur angigex coordination numbers of 3.5
and 1.9, respectively. The oxidized state hadedessd sulfur coordination and increased

oxygen coordination of 2.2 and 2.8, respectivelfe shift to greater sulfur coordination
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in the presence of a higher concentration of th®lsonfirmed by aqueous experiments
found in the literature [66]. Bonding distances @d-S and Cd-O were similar for both
the oxidized and reduced state in this work as vesllin the study of aqueous
complexation done by Frenkel et al. [66].

To explain the difference in pH behavior on addompta pH dependent model
was developed by extending a site limited modetgmeed in Chapter 2. Proton release
was incorporated into the adsorption reaction tonfa baseline model. This model did
not fully capture the effect of pH as it underestied high pH adsorption for the reduced
electrode and overestimated high pH adsorptiortheroxidized electrode. The reduced
experimental data had a steeper slope in the ti@msegion and the reverse was true for
the oxidized region. The model was further refifgdallowing for multiple sites to
interact with a single metal in a multidentate memand multiple protons to be released.
The rational for multiple site interactions is ded from the XAS analysis and
reinforced by literature observations of peptidgahimteractions.

Ni?* adsorption edge experiments showed a broad ti@m§iom no adsorption to
maximum adsorption over 3-5 units of pH in a marsietilar to the Cd oxidized edge.
Nickel adsorption and edge experiments showed axrednd opposite that of cadmium
— more adsorption in the oxidized state. A possédplanation for this is the population
of carboxylic acid groups on the PLC-RVC surfadethe concentration of these groups
is high enough the carboxylate group could drivé" [didsorption even though cysteine

has a higher affinity for Nf.
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Chapter 5: Conclusions and Recommendations

The ESIE system was developed and studied to ireptgnon existing metal
removal technologies. Since metal contaminantsi@abe degraded, the character and
subsequent treatment of waste are important iretiaduation of the sustainability of a
process. A maodification to traditional ion exchanghich employs a conductive resin
and polypeptide functional group was consideredttier purpose of reducing chemical
regeneration requirements and subsequent wasterajene  The ability to
electrochemically change binding affinities allometals to be released without having
to completely overcome selectivity for contaminaohs. Several substrates were
evaluated to provide a support material for theambtnding functional group while
providing a conductive path for performing redoxaaons on the functional group.
Reticulated Vitreous Carbon (RVC) with poly-L-cyiste (PLC) functional groups
provided a system selective for heavy metals andithee to redox chemistry.

Three primary hypothesis were tested on this system

l. Distinct oxidized and reduced states of the PLC-R&l€ctrode could be
produced.

Il. The two oxidation states of the electrode haveetkfit metal ion adsorption
properties.

[ll. The oxidation states of the electrode can be sedtdhy application of a

potential.

Bulk adsorption data and spectroscopic data weesl s test each of these
hypotheses. First, it was shown that distinct med and reduced states of the PLC-RVC
electrode could be produced. Two metal ions, Cafid Ni(ll), with differing affinities
for thiol and carboxylate ligands were used to prabe adsorption behavior of the
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electrodes. The differences in adsorption behdwioeach of these metal ions were used
to compare differences in substrate character.effixents showed that Niadsorption
was enhanced by oxidation, whereas*‘Cddsorption was enhanced by reduction.
Reduction increases the number of free thiols wircheases the adsorption of d
Oxidation reduces the number of free thiols by esting them to disulfides and
sulfonates, but also creates additional carboxadid functionality on the surface. The
increase in carboxylate concentration will increasekel binding. C& adsorption
would not be affected as significantly becausedifference between its carboxylate and
thiol complexation constants span eight orders agmitude, whereas the difference in
nickel is only four orders of magnitude.

Second, the two oxidation states of the electrodesvghown to have different
metal ion adsorption properties. Cdadsorption edge experiments showed distinct
behavior for reduced and oxidized states. In #ueiced state, adsorption showed a sharp
transition from little binding to complete bindirayer 1-2 units of pH. On the other
hand, the oxidized electrode showed a much broadesition region over 3-5 units of
pH. In addition to different pH behavior, the redd electrode had greater®8inding
capacity than the oxidized electrode. Isothermeerpents run with reduction followed
by oxidation decreased the total ®ctapacity by 0.3 mg over the surface of the
electrode. The difference in adsorption behavias wdependently verified by X-ray
Absorption Spectroscopy (XAS) experiments. Theuced electrode showed greater
coordination by sulfur (N = 3.5) than the oxidizetectrode (N = 2.2). As sulfur
coordination decreased, oxygen coordination ineedsom N = 2.9 to 1.8. Bonding
distances were found to be similar in both condgjowhich indicates that the nature of
the Cd-S atomic interaction is similar in both sas€he difference in binding can be

explained by a greater quantity of Cd-S interadifor each Cd atom.

84



Application of a multi-dentate model for Edadsorption was consistent with this
explanation. A Langmuir site limited adsorption deb was first modified by the
addition of proton release with metal binding. Sfmodel could not fully describe both
the sharp change in metal adsorption pH behaviothenreduced electrode and the
shallow change in metal adsorption pH behaviortendxidized electrode. The model
was further refined with the addition of multi-dat& complexes (n) and multiple protons
released on metal binding (x) based on the coadidmanformation from EXAFS
analysis. For the reduced €@dsorption edge, the parameter set n = 4, x =4 0K021
best fit the experimental data. For the oxidize"@dsorption edge, the parameter set n
=2,x =1, K = 5600 M best fit the experimental data. These paramaters in general
agreement with the values obtained from EXAFS coaiten.

Third, the oxidation states of the electrode carswéched by application of a
potential. Comparison of reduced and oxidized gutsm isotherms that were conducted
sequentially showed the ability to reduce and @edihe PLC-RVC electrode with a
variety of redox agents. A DTT treated reducedtedele was oxidized with #, and
Cd?* capacity decreased. Subsequent reduction by etdemical potential restored the
lost capacity to that of the DTT electrode. A danseries of experiments was run with
an NaBH modified electrode. The modified electrode wasctbchemically oxidized
and capacity was decreased by the same quantdy (Gd) as the unmodified electrode.
Chemical redox by DTT and 8, was equivalent to application of -0.8 and +0.8%/ v

Ag/AgCI potentials in the ESIE system, respectively

5.1ENGINEERING |MPLICATIONS

The total capacity of the ESIE electrode for cadmiuas 10 mg/mrelative to a
0.1 M HNG; rinsed electrode. On a mass basis this is 1.39 migctrode or 0.012

mmol/g electrode. The redox reversible capacityhefelectrode was 3 mgfrof Cof*
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(0.42 mg/g or 3.fumol/g). Previous work with PLC on controlled paykass reached
capacities of 2Qumol/g [4] and 4.8umol/g [3]. While ESIE represents an increase in
total capacity over previous work, the process fatils an order of magnitude below the
range of existing ion exchange resins (0.1 to 10otfgn[9].

The reduced specific capacity requires a largatiment unit to process a similar
volume of water. The general design of the ESI&ey is scalable, though one of the
primary limitations is ensuring that the electratieal processes are complete while
minimizing current required. The size of the aledé can be increased until the voltage
drop across the electrode or the voltage drop actims solution becomes significant
relative to the total voltage applied. The geomeiirthe system and properties of the
materials dictate the resistance of each comporeut,therefore the voltage drop. In
addition to electrode size and geometry, electeobgncentration is a significant design
parameter in the overall performance of the systéhopugh the electrolyte concentration
and its corresponding ionic strength are not tiaan@g parameters, it provides another
variable which can be modified to adjust the perfance of the ESIE system. The
complexity of the electrochemical aspects of thecess requires a systematic
optimization between these parameters and cursageufor large scale systems.

This increase in capital cost could be offset gy dlecrease in regeneration costs.
The ESIE process used 0.05 M ionic strength solstitm perform oxidation and
reduction to regenerate the resin. Typical ionhexnge uses 1 to 2 M solutions for
regeneration, which is 20 to 40 times greater mcistrength [8]. ESIE regeneration
solutions would be much easier and cheaper to &egiroposed at the outset of this
work. The reduction in ionic strength can be sae@ tradeoff for the decreased capacity

and immediately makes ESIE more competitive wiglditional ion exchange.
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5.2RECOMMENDATIONS

The system has potential for improvement in pertoroe and capacity and
several characteristics remain to be studied. ehs#s in capacity can be made by
lengthening the PLC peptide as seen in other peptetal binding designs [33].
Additionally an increase in specific surface aréahe RVC electrode would increase
capacity. The efficiency of the peptide attachnremiction directly affects the surface
density of the peptide. In addition, areas ofdtleetrode which are not accessible to long
PLC molecules could be reached by subsequent ateatthof cysteine to increase total
surface coverage. The effect of competing ion$ |ag sodium at high concentrations
has yet to be established and plays an importdatwih respect to the ability of the
ESIE system or any ion exchange system to operaterwa variety of conditions.

Several electrochemical parameters of the systesd hather study in order to
develop a method for optimizing a scaled up verssbrthe process. The current
consumed by the electrochemical process is spliongmthe reaction of PLC, the
charging of the double layer at the surface ofdleetrode, the resistance through the
electrode material, and resistance in solutionddgstanding the relative contribution of
each of the these current sinks is essential tmphsnization of the ESIE system.

It is clear that the ESIE system is applicablehe temediation of heavy metal
contaminated waters, but further work is necessamystablish the scenarios for which
the system is economical in comparison to traddioion exchange. Further
development in ionic strength behavior, competitiovith other metals and

electrochemical behavior will establish the robastof the process.
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Appendix — Model Calculations

The following description applies for both the Hase model and the
multidentate model. The multidentate model reduoethe baseline model when n =1
and x = 1.

To calculate the percent adsorption predicted leyntiodel, Eqn. 4.8 and Eqns.
4.10-4.12 must be solved simultaneously. Sinceethe no analytical solution for
arbitrary values of n and x, the equations mussdiged numerically. The equations
were rearranged in terms of metal concentration.sdive the system of equationso®
n, X, and K must be specified. For each pH where there iata doint a non-linear

solver was used to find a value for [Mesuch that:

2+ _ 2+ + X
Sior = n(Me2+TOT B [Me2+])+ ri/(Me ToTK [I\[/Il\gij ]IH ] (1+ |-||_<|iJj Eqn. A.1

[Me®] was then converted to percent adsorbed by Eqgn Ait& series of model
percent adsorbed values was then compared to gegierental percent adsorbed values
at each data point. The absolute square of tlereifce between the percent adsorbed
was summed over all data points to give an evaoatf the fit for that given set of
parameters. The absolute difference in percermrbadd was chosen as it weights the

points in the transition area of the edge the most.

88



Glossary

ESIE - Electronically Switchable lon Exchange

PLC - poly-L-cysteine

RVC - Reticulated Vitreous Carbon

CV - Cyclic Voltammetry

MALDI-TOF - Matrix Assisted Laser Desorption/lontian - Time of Flight
XAS - X-Ray Absorption Spectroscopy

XANES - X-Ray Absorption Near Edge Structure

EXAFS - Extended X-Ray Absorption Fine Structure

DTT - dithiothreitol

SHE - Standard Hydrogen Electrode
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