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ABSTRACT

Positively charged nitrogen functional groups were introduced onto the internal and
external surface of granular activated carbons (GAC) which enhanced perchlorate anion removal
from drinking water sources. Nitrogéailoringinvolved: a) introducing oxygen groupsatothe
GAC, b) adding nitrogen groups using thermal ammonia treatment, gudteynering
pyridine groups tareatepositively chargegyridinium groupsEvolution of surface chemistry
and porosity ttoughout the tailoring procedure was analyzed usirayXphotoelectron
spectroscopy (XPS) analysis, argon adsorption porosimetry, surface charge titration, and rapid
small scale column test (RSSCTr.order to test the importance of starting material on
perchlorate removal, four different parent GAfdifferentsource meerials were tailored:
coconut, bituminous, handood, andwood Bituminous GAC offered the best performance after
tailoring procedures with up to 5500 bed volumes of removal untillibtéakthrough during
RSSCT for 30 ppb perchlorate spiked groundwater. The performanceva®&s better than
the parent commercial activated carbOridation with nitric acid at different treatment
temperatures resulted in surfame/gen atomic perceages of 825%, per XPS analysis.

Ammonia treatment introduced@% N.In addition, the conversion of pyridine to pyridinium

was confirmed by peak fittingnalysis of the XPS N1s signasd surface charge titration.

Redox functionalityof the alklyated grupswasexploredusing cyclic voltammetryPerchlorate
adsaption and desorption by altering the redox state of the GAC was observed by XPS detection
of perchlorate presence/absence on the GAC surface. Some capacity was also restored by bulk
reduction regneration after RSSCT and rerun in adsorption RSSCT. Composite of polypyrrole
and bituminous and hardwood GAC were also produced by both chemical and electrochemical
polymerization for electrically regenerable adsorption of sulfate. The composite sigfhyfica
increased sulfate removal from solution in both RSSCT and istotherm vs. the pristine GAC.
Removal increased with increasing pyrrole concentration during polymerization. Reduction
regeneration was achieved with approximately 2/3 adsorbed sulfateetklaasording to
guantification of adsorbed sulfate in the XPS S2p p&dde implications of redox regeneration

with a relatively inexpensive media could be highly transformative to the adsorption industry.
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1. INTRODUCTION

Perchlorate has been detected in the ground and surface water of 26JSafeA&,(2008).
Though naturally occurring isome parts o€hile, mostperchloratesources originatérom
anthropogeniactivities rocket fuel, fireworks, and explosivéSrinivasan & Sorial, 2009).
Perchlorate is a very strong oxidant; however, dutstbigh activation energy, at ambient
temperatures it is kinetically sleveacting and difficult to reduce (Urbansky, 1998). Perchlorate
incidence has receivedgulatoryattention due to recorded health effects, espedraiyruption
of development pragsses via reducing uptake of iodine into the thyroid gland. Consequently,
perchlorate is especially harmful to fetuses and pregnant women (Srinivasan & Sorial, 2009). In
2008, the USEPA set an I nterim DriSokesalteg Wat er
have much lower action levelghile Massachusetiand California have set state drinking water
regulations aP and 6ppb, respectivel{MDEP, 2012;CADPH, 2012. In addition the EPA has
set a Reference Dose of 0.008@/kg/day (Srinivasan & Soria2009).

Theoccurrencef perchloraten groundwater has been known since the 1950s, but
accurate detection of perchlorate concentration only benacessaras perchlorate legislation
gainedmomentumn the late 1990s (Sellers, 200Responding to theeed, the EPAublished
mary methods for detectiohe first EPA method for lon Chromatography (IC) analysis of
perchlorate was published in 1993 with a minimum detection limit of 0.53 ppb, and many further
improvements have beamade since then (Selle)07;MosierBoss, 2006).

Dueto its high solubilityand low reactivity at ambient temperatungsichlorate cannot
be removed by conventiahwater treatment technologies. The viablghniques currently in
useor developmentan be divided intgseparabn (ion exchange resins, membranes, and
activated carbon) and destruction (biological or electrochemical reduction) techiBeglless,

2007) lon exchange is the most common method for perchlorate treatment bedtise of
versatilityin removing largef varying concentrations, simple operation, and long record of
successful performance (Sellers, 200#Qwever, regeneration of ion exchange media creates
large amounts of waste brine, and maaogtaminanselective resins cannot basily

regenerated (Get al., 200). Also, the mass of salt required for regeneration can be as high as

0.2-0.5 grams of salts per gram of ion exchange meMemmbrane technologidsavealsobeen
1



shown to be effective for perchlorate remo¥ait producedvaste brinénas beems high ad5

20% of thevolume ofwater treated (CEPA, 2004). Biological reduction methods ard@ble
actually destroy perchlorate iohg transforminghemto chloride Facultative anaerobes are

able to use perchlorate as an electron accepter in sea@bof the oxygen, but usually require

an exogenous carbon sourda.addition, biological techniques are often ineffective at the low
concentrations of perchlorate typically present in contaminated soWcgsover, many water
utilities do not wantd use microbial processes, since they perceive that a primary goal of water
treatment is to eliminate microorganisms.

Activated carbon is not a conventional method for removal of inorganic ions, but the use
of tailored GAC has receivembmeattentionin the literature When using successftdiloring
methodshed life can be extended greatly, mak®AC into a very viable option when
compared to the other treatment opti¢firarette & Cannon, 2005However, the surfactants
which were added to the GAC weeiound to leak off and required an extra polishing bed for
removal.ln additona fAgr eeno met hod for regeneration wit
low energy consumption cost$ GAC could create an advantage over ion exchange

The objective of th research herein was to: @kaft pyridinium functionality into the
surface of several different commercial GAG®nhance ClQremoval, via a four step
procedure;(2) to characterize the four step procedure using pore volume analyais, x
photoeleaton spectroscopy (XPS3urface charge titratioulye adsorptionandperchlorate
removal experimentand(3) totest the conductivity and redetatecontrd of pyridinium-
grafted GAC. The proposed hypotheses were: (1) pyridinium functional groupsecan
introduced into GACs from many different parent materials and improve the perchlorate removal
capacity by increasingositivesurface charge and (2) the redox state of pyridinium functional
groups introduced into the basal planes of GAC can be cheynicalectrochemically

controlled to create positive or neutral charge.



2. LITERATURE REVIEW

2.1. Adsorption on Activated Carbon Surfaces

2.1.1. Types of Adsorption
2.1.11. Physisorption vs. chemisorption

Adsorption isa process of separationhaliquid-solid interface, in which two or more
unique products are divided from an initial mixture (Yang, 2003). For convenience, but also due
to fundamental differences, adsorption can be classified into two general categories: physical
(physisorptionland chemical (chemisorption). Both processes are generally exothermic but
involve differing amounts of heat of adsorption and extents\arsibility. Physisorption is
generally reversible, in that the concentration of molecules on the adsorbent depands
only on their partial pressure, similar to condensation, igéisephase, while chemisorptisn
generally thermodynamically irreversible (Patrick, 1995). The former isspenific, whereas
the latter depends on the chemical nature of both tharlaeint and the adsorbate. As an
example, adsorption of nitrogen on activated carbon is physisorption, whereas incorporation of
oxygen onto a carbon surface is well known as chemisorption (Mattson & Mark, 1971).

Only dispersive and electrostatic interansnot chemical bonds) are responsible for
physisorption, and these correspond with heats of adsorption in the range of heat of condensation
(< 10 kJd/mol) (Yang, 2003; Mattson & Mark, 1971). Physisorption will occur in any fluid/solid
system if the tempature and pressure conditions are suitable, and adsorption will increase with
increasing pressure and decreasing temperature (Patrick, 1995). Physisorption is rapid and
assumed to proceed with little or no activation energy. Conversely, chemisorptioregaal
actual sharing of electrons and heats of adsorption in the order of magnitude of bulk phase
chemical reactions (~3000 kJ/mol) (Mattson & Mark, 1971). Adsorption reactions from
solution that fall within the 180 kJ/mol net enthalpy change rangereat be accurately
classified as either chemisorption or physisorption (Mattson & Mark, 1971). Chemisorption
reactions are often slow and require catalysts or increased temperature for initiation. Increased
temperatures are also generally needed to liheakonds of chemisorption in desorption

(Patrick, 1995). However, some chemisorptions reactions may also occur relatively fast with
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little to no activation energy, which creates difficulty in classification (Matsson & Mark, 1971).
Therefore, knowledge @ chemical reaction which can occur between specific functional sites

and the adsorbate is often needed/assumed to confirm chemisorption. Chemisorption must occur
on a clean surface with specific adsorption sites unblocked, while phyisorption may oacur on
Adirtyo surface (Mattson & Mar k, 1971). Final

thick, whereas chemisorbed layers are strictly monolayer or less (Gregg & Sing, 1982).

21.1.2. Specific vs. norspecific adsorption

Physical adsorption cdnrther be divided into specific and ngpecific adsorption based
on the forces that govern the separation process. Dispersive and repulsion forces are responsible
for nonspecific adsorption and are present in all adsorption systems; converselsgrigag
coulumbic forces (induction energy, interaction between electric field and permanent dipole, and
interaction between field gradient and quadropole) may be present, in additiongpewiic
forces, and are attributed to specific adsorption (Gre@ing, 1982). The nature of the type of
adsorption is dependent on properties of both the adsorbent and the adsorbate. Adsorption on
adsorbents with no charged groups, such as graphitized carbon is solely duspeaibn
interactions. In addition, nepolar adsorbates (noble gases and saturated hydrocarbons), which
have fisphericall y-beydsmed r wi isdecifisalysvithtadsoriments d n
regardless of the adsorbentdés properties (Gre
those with concentrated positive or negative charges, will participate in a combination of specific
and norspecific adsorption with polar classes of adsorbates. The polar classes of adsorbates
i ncl ude: -dofds @ lene electroh pairs (aromaticunsaturated), those with positive
or negative charges concentrated on the peripheries of the molecules (ethers or tertiary amines),
and those with functional groups with both electron density and positive charge on the periphery
(hydroxyl or amine) (Grgg & Sing, 1982). The differences between different adsorbates can
further be fundamentally classified by examining polarizability, magnetic susceptibility,

permanent dipole moment, and quadrupole moment (Yang, 2003).

2.1.2. Adsorption Forces
2.1.2.1. Dispersion and repsion



The fundamental idea of attractive and repulsive forces has remained intact throughout
many decades of research. Every adsoradserbent interaction (Gregg & Sing, 1982) involves
dispersion (London) forces which will induce a moment due to the@namdectron density
motion present in every atom, leading to a-spgacific attraction between atoms or molecules,
with a potential energy equal to:

A

£n [Tj =—= (21)

s
When the molecules are in very close proximity, a repulsion force eventoaiinates
because of short range interaction (overl ap)

simplified to the energy:
B

() == (2.2)

The sum of the forces between two atoms is then the sum of equations 1.1 and 1.2, named
the Lennarellones potential (Gregg & Sing, 1982) (Yang, 2003). There are a number of different
expressions for the constant A from London, Slater and Kirkwood, and Kirkwood and Muller.
However, the most common is that of Kirkwood and Muller:

PR, 3
6+

Heremis the mass of an electranis the speed of light)is the polarizability, and is the

magnetic susceptibility (Gregg & Sing, 1982) (Yang, 2003). A sum of potential energy can then

be obtained accounting for each molecule in the fluid phagénahe top layers in the solid

adsorbent.

Next, the forces which are generated when either the adsorbate or adsorbent are charged
(ions, polar groups, " el ectrons) wil/l be con
physical (where the intermoleeuldistances are of the order ef 21m), such repulsive forces
are of much lesser practical significance than, say, electrostatic repulsioh,isvtiscussed in
Section 2.1.2.2next.

Dispersive (London ovan der Waals) interactions are the major meisdma for gas
phase adsorption and are likely the major cause of aromatic organic solute adsorption in aqueous
solution. However, inorganic adsorbates often involve electrostatic (diayeleforces), which

will now be explained (Radovic et al., 2001).



2.1.2.2. Electrostatic forces
Polar adsorbents give rise to electric fields and induce a dipole in the adsorbate, causing
an interaction energy:

-
r

a“F (2.4)

B |

¢p= —

Here F is field strength at the mol edcul e cent
molecule also has a dipole then an additional force is added:
$r, = —Fpcost (2.5)

Here € is the dipole moment of the adsorbate
the solid and the axis of the adsorbate dipole (Gregg & Sing, 1982).

Finally, a field gradient and linear point quadrupole can be calculated:
bro = ;QF (2.6)
HereF is the field gradient and Q is the linear quadrupole moment (Yang, 2003).

For physical adsorption, all of the forces on an adsorbatecule at a distance z from the
adsorbate surface can be summed:

qf:(z] = ¢p+¢p t+ ¢F,u + ¢F@ + @p (2-7)
The first two terms in equation 1.7 are r&pecific adsorption forces (dispersion and repulsion)
and are always present. The final three are specific adsorptielectrostatic forces, which are
present dependent on the nature of the adsorbent and adsorbate (Gregg & SintpriL982).
exchange can be classified as an electrostatic interaction which is reversible by brine

regenerationthough it would not technicallglassify as adsorption.

2.1.2.3. Chemical

Though the majority of widgpread gas phase adsorption processes are based on
physisorption (dispersion and electrostatic interactions), some adsorbents which rely on
chemisorption have been developed. The challentpeusing chemical bond adsorption is that
the bond strength needs to be strong enough for favorable adsorption but weak enough for
reversibility. Chemical complexation bonds offer stronger interaction and, hence, more
selectivity than physisorption butwersibility is more difficult, though many are weak enough to
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be practically reversible (King, 1980). Reversibility can be operationally defined adsorption
which has energy less than-80 kJ/mol (Yang, 2003). Covalent bonds have very high bond
energy (206600 kJ/mol). Other common chemisorption bond energies include: chela2® (8
kJ/mol), reversible chemical complexing{8 kJ/mol), and acitbase interactions {550

kJ/mol) (Humphrey & Keller, 1997).

One specific type o-tonpeRatiomhas edeived eecemt| e x at i on

attention. The bonding strength can be analyzed using these basic concepts: 1) the quantity of s

orbital outer shel | vacancies in the sorbento

target adsorbate moleculedan t he abi |l ity of these elogitat,r ons
and 3) the quantity of cationatbital electrons and the ability of these electrons to be donated to
the adsobate molecule (Yang, 2003). Understanding and optimizing these bongierggs by

proper design and selection of adsorbent can be understood by fundamentals explained by

molecular orbital theory.

2.1.3. Thermodynamics of Adsorption

The heat released during the process of adsorption of gas onto a solid surface is termed
the heabf adsorption. To determine the heat of adsorption, some terms must first be defined.
Molar energy, enthalpy, and entropy values can be defined for the adsabatbent
interactions from zero coverage to a certain surface concentration (Gregg &S&ap, After
some derivation, the istoteric heat of adsorptich ¢an be related to experimental data obtained
from adsorption isotherms at two or more closely matched temperatures (close enough to assume
g*'is temperature independent). Equation 1.8azdoulate for two temperatures, while equation

1.9 represents an adsorption isostere for multiple temperatures:

q™ === (Inp, — Inp,),, (2.8)
st
(Inp), =- j?_r + constant (2.9)

Myers (2002) argues that the model feDZurface adsorption must be adapted for miorep
to include: 1) isothermal gas compression and 2) isothermal immersion of adsorbent in

condensed gas, which can be based on solution thermodynamics.
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Surface adsorption is always exothermic, so it will always create a negative change of
free energyG) , regardl ess of the energy of interac

wi || al so create a decrease in entropy (pS) a

2.1.4. Gasphase vs. Aqgueous Adsorption

Though there is well over a century of ta&ure on adsorption, the development of
understanding on liquighase adsorption greatly lags that of gas and walpase adsorption.
Though there are some similarities between gas and liquid phase adsorption there is no direct
correlation to link the rests of adsorption in the different phases (Radovic et al., 2001). For
instance, the adsorption of gas phase organics in the presence of water vapor cannot be
extrapolated to aqueous phase adsorption of that same organic (Radeke at al., 1993). Also,
thoudh adsorption of solute is usually of interest, some adsorption of solvent, often water, will
occur. Solutesurface, solversurface, and solutsolvent interactions must be accounted for in
agueous phase, complicating the understanding of adsorptiorsgeed®ang, 2003).

There are several key mechanistic differences between gas phase and liquid phase
adsorption. First, gas phase adsorption is usually multilayer while liquid phase is not typically
monolayer (or less) coverage and can be highly dependent fact i veo surface ¢
properties (Mattson & Mark, 1971). Since miityer adsorption is infrequent for adsorption
from aqueous solution, surface coverage parameters cannot be used to distinguish between
physisorption and chemisorption (Mattson &ia1971). Second, the porosity of the
adsorbent plays a different role in liquid than gas phase, especially in kinetic limitations. Third,
it is difficult to differentiate between the physical and chemical interactions in adsorption from
solution (Mattsor& Mark, 1971).

2.2. Porosity and Surface Chemistry of Activated Carbon
2.2.1. Role of Porosity
2.2.1.1. External vs. internal surface area
When discussing adsorption on a surface, the distinction between external and internal
surface area is important. Though sometimdgcdif to differentiateaninternal surface has

been functionally defined as the area encompassed by the pore walls, while external surface
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includes all exposed surfaces including cracks and pores exposed which are (arbitrarily) wider
than they are deefsfegg & Sing, 1982). However, Bansal et al. (1988) argues that internal
surface area consists of only the micropores, whereas external surface area includes the
mesopores, macropores, and exposedamiimg aromatic sheets. By either definition, most
activated carbons have internal surface areas (~16@f) several orders of magnitude larger

than the external surface area-@ nf/g) , due to a large internal pore structure (Bansal et al.,
1988). Conversely, a ngmorous carbon black aggregate exemgdifa material with a large
external/internal ratio of surface area. Some pores form between particles, but the majority of the

aggregateds surface area exists on the extern

2.2.1.2. Pore size distribution

The porosity of adsorbents can vary widetyfact, the size and shape of pores within
any given adsorbent can be very diverse. The pores can be cylindricakbapktd. According
to the IUPAC, pores are classified as micropores (width < 2 nm), mesopores (\&RItm2),
and macropores (width >Bfn) (Patrick, 1995). Close proximity of walls in micropores results
in enhanced surface interaction and, as a result, enhanced adsorption. In mesopores, capillary
condensation occurs, creating a hysteresis loop during adsorption and desorption cygtes (Gre
& Sing, 1982). Macropores are largely considered transport pores, and, because of their role in
bulk diffusion, macropores are often considered as external surface (Patrick, 1995). In addition,
the relative pressures analyzed in an adsorption isotlugrad$orption in macropores are so
close to unity that they are difficult to accurately characterize.

Characterization of the porosity is achieved by fitting data obtained from an adsorption
isotherm to a model which can match pore volume or surfacecapese width ranges. The
adsorbate gas which is used in the isotherms must meet all or nearly all of these criteria: 1) the
isotherm must have a distinct inflection point, 2) the adsorbate must be chemically inert towards
the adsorbent, 3) the adsorbatusation pressure must be high enough to allow a wide, yet
practical range (<R atm), 4) the working temperature should be practically obtainable
(refrigerant bath temperature), and 5) the adsorbate shape must not greatly deviate from spherical
symmetryso that the area and volume can be known independent of orientation (Gregg & Sing,

1982). Argon and nitrogen are the most commonly used adsorbates, but krypton, carbon dioxide,



benzene, alkanes, and others can offer advantages in certain situations(Gneggl1982;

Garrido et al., 1987). There are numerous models which exist to describe the porosity based on
isotherm results including the Dubiritadushkevich (DR) equation, BJH model, Horvath
Kawazoe (HK) approach, and density functional theory (DFTry{@aet al., 1987;Yang, 2003).
Surface area models include the Brunauer, Emmett, and Teller (BET), Langmuipland t

among others (Bansal et al., 1988).

The BJH model which is derived from the Kelvin equation has been critiqued for an
inability to acount for fluidwall interactions which leads to incorrect values at pore sizes below
~ 7.5 nm (Yang, 2003). The original HK model is criticized for incorrect interaction energy
calculation, which when combined with other shortcomings, has been obsergsditan
underestimation of pores in the upper micropore region. The modified HK model addresses the
energy profile failings which allows for application to a higher pore range (Yang, 2003). The
DR equation (and its modified form) does not properly antéor porosity in the higher
micropore range (Valladares et al., 1998). Fairly recent analytical and statistical mechanics
approaches such as Monte Carlo simulations and DFT have been used to obtain pore size
distributions (PSD) using empirical paramstty solve the models and can be used for wide

ranges of pore sizes.

2.2.1.3. Size exclusion

Due to the branching nature of the porosity in porous solids, an adsorbate molecule must
pass through one pore into another, of a different size. Exploiting thisdransgchanism,
separation of a target molecule by adsorption can be achieved in three ways: kinetic, steric and
equilibrium. Kinetic separation involves selecting a solid with a porosity that falls within the
kinetic diameters (usually defined by molecudédfusion coefficient) of two molecules that are
to be separated (Yang, 200Byuilibrium separation is the most common adsorption process,
and it relies on the most fundamental properties of the adsorbate and adsorbent. However, in
equilibriumprocessefor adsorption from solution, the kinetics of adsorption are much slower
than gas phase, so they often become a relevant factor.

Differences in size, shape, and potential energy of adsorption sites can lead to a steric

separation (sieving effect) when thective diameter of the adsorption site and adsorbate
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molecule approach the same size (Patrick, 1995). When controlling the porosity of the adsorbent,
this phenomenon can be used to separate one molecule from another by molecular sieving. For
instancepn the basis of kinetics and having sufficient energy for adsorption, microporous
carbons can either selectively adsorb oxygen or nitrogen molecules (Patrick, 1995). Also, using
an adsorbate with known molecular dimensions, an unknown sorbent can be@matkz

molecular probes to analyze porosity, as porosity in certain ranges can be correlated with

adsorption of certain dye molecules (Krupa & Cannon, 1996; Pelekani & Snoyeink, 2000).

2.2.1.4. Surface and pore diffusion

The transport of an adsorbate moleculariadsorption site is determined by diffusion
rates both in the bulk phase and in the pore system of a porous solid. In order for the adsorbate to
reach the adsorbent it must be transported through the bulk solution to the boundary layer of
fluid surroundng the adsorbate particle, which can be achieved by mixing, turbulence, or
diffusion. Once the adsorbate enters the static boundary layer it must diffuse to the surface or
into the pore; the thickness of this layer and the time to transport througleiermined by the
speed of fluid flow around the adsorbent particle/surface. Once inside the pores, the adsorbate
molecule may transport by molecular diffusion or surface diffusion (jumping between adsorption
sites). Finally the adsorbate molecule musbda®nce it has reached an adsorption site, which
is very rapid for physisorption and can be slow for chemisorption. These kinetic steps occur in
series so the slowest step will be #taiting. Molecular diffusion may be rate limiting for a
large adsorate molecule, whereas adsorption maybe limiting for a chemisorption process
(Summers et al., 2011).

Another important distinction is the importance of kinetics and adsorption in gas versus
liquid phase. Because of the large size and slow diffusion ksneftimolecules in the liquid
phase, significant pore volume is needed with pore diameter >3nm for liquid phase adsorption,

whereas for gas phase pores in the range2ob hm are typically utilized (Yang, 2003).

2.2.2. Role of Surface Chemistry

2.2.2.1. Surface acidi@and basic functional groups
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Though a large surface area in large enough pores is essential for favorable adsorption, it
is not sufficient for adsorption of ions from solution. The other necessary attribute for adsorption
of ions is compatible surface chestny (Radovic et al., 2001). The nature of the surface
chemistry and its effect on adsorption are somewhat controversial, but it is well established that
it relies heavily on the acidic and basic nature of the carbon surface and heteroatom functional
grouws.

Evidence of interactions with specific functional groups on the GAC surface, especially
for inorganic ions, can be found when examining the surface coverage of adsorption. For
inorganic ions, unlike organic species, there is little interaction Wwélgtaphene planeas
evidenced by low surface coverage (Radovic et al., 2001). Adsorption by general electrostatic
adsorption would create higher surface coverage, so specific surface functional groups are
responsible for the majority of the adsorptidnnmrganic ions. Inorganic iorere thus the focus
of this thesisso great attention will be gimeo specific functional groups, though electrostatic
interactions will also be discussed in section 2.2.2. The most common and relevant class of
surface futional groups are complexes with oxygen, hydrogémnpgen, sulfur, and halogens,
as well as aromatic °~ electrons electron dono

The most abundant and most influent functional groups are, usually, oxygen complexes.
The list of acidic oxygen groups includes phenols, carbonyls, casbayd their anhydrides),
guinones, and lactones (Radovic et al., 2001; Yang, 2003), with acidic strength of the order:
hydroxyls > lactones and lactols > carboxyls (and their anhydrides). These groups are very
important in determining the acidic, catatytand adsorption properties of the activated carbon.
Possible basic oxygen functional groups include pyrone and chromene, which involve an oxygen
heteroatom in the aromatic ring (Yang, 2003). Basic groups will always exist with acidic groups,
but usuallyin lower concentration, especially after oxidation (Boehm, 1994).

Carbonrhydrogen complexes typically occur on edge sites of graphene sheets, and they
act as a quench for free electrons because each hydrogen atom can bind one mobile electron.
These hydrgen groups are more tightly lmad than oxygen groups, desorbing only after
treatment to 100A60C°C for carbon blacKKinoshita, 1988). The presence or absence of
hydrogen groups has no direct effect on adsorption, but their presence as neighboring to othe

functional groups can effect charge and electron location.
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Carbonnitrogen complexes are typicallyw, sometimes negligiblén natural
bituminous and lignocellulosic activatedrbonaceous materials. Some basic amino groups may
be present which can Ipeotonated in acidic medium to carry a positive charge (Radovic et al.,
2001). However, reaction with urea, melamine, dimethylamine or ammonia at high temperature
after surface oxidation can result in relatively high concentrations of nitrogen compdegel,
having basic characteand thesean improve the removal of anions and acidic gases)(CO
(Kinoshita , 1988; Pevida et al., 2008; Mangun et al., 2001; Chen et ala,B00%e evolved
nitrogen groups can have the form of pyridine, pyridniumrgdgr N-oxides, amino, and
recessed quaternary ammonium (Arrigo et al., 2010; Jansen & van Bekkum, 1994).
Carbonsulphur and arborthalogen complexes occur$mall concentrations and
typically have little bearing on the acid/base character of a carb@esubut they are worth
noting. Carborsulphur complexes ammmony present in activated carbons which come from
coal or petroleunibased feed stocks in amounts varying frefi?0. Carborhalogen complexes

mostly come about after treatment with halogé€iedshita, 1988).
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2.2.2.2. Nature of electric double layer

A crucial aspect of adsorption is theuna of the solidiquid interface that develops
where the solution interacts with the surface of solid. This interfacial region has long been
termed the fAelectric double | ayero, which, th
nature of thenterface is an electrochemical multilayleatcan contain three or more distinct
regions, which are formed by both electrostatic and short range chemical interactions (Mattson &
Mark, 1971). As a matter of convenience, the electric double layer is typloatled into 3
levels: the solid phase, the inner layer, and the outer (diffuse) layer.

The solid phasalefined here athe adsorbent surface, usually has some net charge,
created by a net deficit or excess of electrons. In the case of activated, cartace functional
groups may play a | arge role in some cases, b
layered electrons (Mattson & Mark, 1971). The inner layer is directly adjacent to the adsorbent
and consists of a monolayer of orientedseat dipoles as well as any specifically adsorbed ions.
Specific adsorption allows for an ion of the same charge as the surface to be adsorbed, and
relates to ease of stripping of the solvation sheath from the adsorbed ion. Because of the
specifically adsdoed ions, an inner and outer Hemholtz plane (IHP and OHP) forms with
opposite charges (usually anions in the inner and cations in the outer) (Hamman et al., 2007).
The OHP is composed of solvated ions which interact with the surface only througlamgag
columbic forces, and are said to be +specifically adsorbed. A layer of oriented water dipoles
separates the OHP from the IHP and solid surface (Mattson & Mark, 1971). Finally, the diffuse
layer, which extends from the OHP into the bulk solutios,snsi dered the 3D fAio
at mosphereo of the 2D charged surface (Mattso
exponential form, either falling or rising from the solid surface into the solution bulk. The
thickness of the double layer depends ughanionic strength of the solution and can extend up
to 10 nm in very dilute solutions (Hamman et al., 2007). Therefore, the net surface charge
determines just how many ions of opposite charge must be adsorbed to balance the local charge

of the surface

2.2.2.3. Competitive adsorption of ions
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Because of the diffuse nature of the charged surface with some dispersed specific sites, it

is important to understand which types of ions are preferentially adsorbed, as it is often necessary

to target one specific ion foemoval over all other competing ions. When considering the effect

of proton removal with various iongnorderof removal capacity was found: SCNI" > NO; >
Br > CI > SO (Mattson & Mark, 1971). This order will also describe which ions intewittt

a positively charged proton on a surface. Though this hierarchy cannot be easily changed, the

type and nature of the charged surface functional groups can be tailored for better and more

selective adsorption. For instance, the exact functionalityeofon exchange site on ion

exchange resin greatly affected the amount of perchlorate adsorbed with and without the

presence of a competing anion (Xiong, 2007). Muhmudov and Huang (2011) found that nitrate

had the largest competitive effect on perchloeateorption because they compete for similar

sites on the GAC surface (specific interaction). The slight reduction in removal from competition

with other anions, such as chloride, iodate, phosphate, and sulfate, was attributed to
Amodi f i cat iiodouble fayert [lesilting inJea ddcrease ofeleco st at i ¢
Therefore, Mmudov and Huang (2011) argue that even on commercial, &la@rostatics

forces play a smhtole for adsorption of anionand specific chemical interaction is the major

f orces

mechanism for adsorption of anionBor a strong base anion exchange resin with a quaternary

ammonium functional groups separation factors have been calculated for many anions relative to

chloride as shown in Table Ratterson et al. (2009,2010,2011) fodmadsulfate competition

decreased the removal of perchlorate on cationic surfactant tailored GACs.

Tablel. Separation factors for quaternary ammonium functional groups on strong base anion

exchange resin (Clifford, 1999).

Anions Separatiorgl—)Fac
Z-
Uo (Co3) 3200
clo4 150
-
Cr04 100
-
Se04 17
p
SO 9.1
4 -
HASO. 4.5
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HSO4_ 21
NG 3.2

3
B 2.3

>-
se0 13
HSOS- 12
NG 11

2
- 1.0
BrO 0.9

3
HCO3 0.27
CHBCOd 0.14
= 0.07

Similarly, the presence of natli@ganic anions can also cause competition and fouling
issues. Because natural organic matter (NOM) is large and negatively charged, it can take away
specific and nosspecific adsorption sites that could have been utilized for adsorption of a target
anionin natural systems. Large NOM molecules are weakly adsorbing but can block pores and
slow diffusion kinetics, but the small NOM molecules can be strongly adsorbed and are a main
competitor for adsorption sites (Summers et al., 2011). By a similar pheaopntke addition of
small soluble organics such as toluene, phenol, aryl alcohol, picric acid or methylene blue had
the ability to desorladsorbed acidéviattson & Mark, 1971).

2.2.3. Effect of pH on adsorption
2.2.3.1. pKa of surface groups

It is well known that the nature of surface functional groups is dependent on solution pH,
which can, at least some of the time, be explained by protonation/deprotonation. Surface charge
and isoelectric poinlEP) titrations are carried out tanalyze surface charge améta poéntial,
respectivelyas a function of pH. The pH vakiat which thesurfacechargeand zeta potential
equal zero arelassified as the RiicrandPHgep, respectively, and these two values are
approximately the same, inamycases (Radovic et al., 200The majority of carbon materials

have a net negative surface charge at neutral pH, as acidic groups tend to domigpte. H
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carbons are classified as carbons wiffHep greater than neutral, andtype carbons have
PHepless than neutral (Radovichad., 2001). In natural activated carbons, it has been argued
that the positive charge originates from protonation of the basal graphendrpkutdition to
oxygen functional groups (Radovich et al., 2001).

Typically, the large majority of the surfageoups on activated carbon are acidic oxygen
functional groups. The pKa of specific functional groups Kiydroxyl) can vary based on
neighboring groups and graphene plane size, but different functional groups vary enough that
they can be distinguishdddy t hei r di stinct Aneutralizati on
di fferent acid classes can be fdel i gCOpanck d as
NaHCG; (Yang, 2003).

The net surface charge of GAC is positive at pHsfHand negativetgoH>pHozcr.
Foranionadsorptionjower pH values result in highadsorption, whereas for cation adsorption
higher pH values result in higher adsorption. The charge of the surface in the presence of an
electrolyte will produce an electric double laydri@h can either create ion exchange for
oppositely charge anions or electrostatic repulsion for ions of like charge (Yang, 2003). In spite
of the repulsion, ions of the same charge as the net surface charge can be adsorbed by specific
functional groups ofhe opposite charge. A list of common GAC surface functional groups and
t heir pKabs c ayheoband Radouwichd199%)n L eon

2.2.3.2. pKa of adsorbate

Not only does the pH affect the characteristics of adsorbent, but it can also change the
charge of thedsorbate molecules. Though many common ions in natural water are stable within
the pH ranges of adsorption processes, some adsorbate molecules speciate with
protonation/deprotonation at one or many pKa value(s). Some metphasphatéons are pH
dependat adsorbates within the typical adsorption pH range, so a combination of adsorbent
charge and adsorbate charge will affsgsorption For example, depending on the pHuoe#
solution phosphate can exist asf0,, H,PO;, HPQ?, and P@*, which affectghe strength of
interaction with the GAC surface (Kumar et al., 2010). As another example, adsorption of phenol
on activated carbon was lower at pH 12.1 than at pH 188 &t pH values above its pKa of

9.89, phenol exits primarily as a proton and anubinch creates electrostatic repulsion with the
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acidic GAC surface (Snoeyink et al., 1969). Metals likewise speciate with changing pH as metal
hydroxides and double hydroxides are often formed at higher pH values, such a Cr(VI) (Pehlivan
et al., 2011).

2.3. Applications of Anion Adsorption with Activated Carbon
2.3.1. Anion adsorption on untreated activated carbon

Some of themajor anions of concern in municipal water and waste water are phosphate,
nitrate, perchlorate, arsenate, bromate and fluoride. Activatedrearboth treated and
untreated, have been studied as anion adsorbents; however, this section will focus mainly on
unmodified GACs, as surface modifications with Imdssed in depth in section 2.33veral
types of GACs have been tested for nitrateaemhwith some success (up to 2.03 mmol/g);
however various types o$urface modification proved to be better tipaistinecommercial
activated carbon (Bhatnager & Sillanppa, 2011). Mahmudov and Huang (2011) examined
removal with Filtrasorb F400 GAC aridund removal abilities for different oxyanions, as such:
perchlorate > nitrate > chlorate > bromate > iodate > phosphate > sitatall tested ions
except suliite, free energy of adsorption was positively correlated with hydration number and
Stokes wlume and negatively correlated with hydration enthalpy and free energy of hydration.
Specific chemical interaction played a much larger role than electrostatic attraction fidrees.
bromate and chlorate removal mechanisms were found to be a combafaitsorption and
reduction (Mahmudov & Huang, 2011). Several other authors have also appraised the reduction
of bromate on the surface of GAC, mentioning that NOM and competing anions block anion
exchange/reduction sites and decrease bromate redudlion(&lirisits et al., 2000; Bao et al.,
1999). Some field systems have used conventional GAC to remove perchlorate, including
Redlands, California and the Massachusetts Military Reservation (MRHR¢tte & Cannon,
2005 Parette et al., 2003)06;Sellers et al., 2007). In Redlasydhe GAC pilotscale system
removed 75 ppb perchlorate to below 4 ppb for 1150 bed volumes at an empty bed contact time
(EBCT) of 60 minutes. At MMR, 5.6 ppb perchlorate was removed to below detection time to
20,000 bed volums at an EBCT of 20 minutes. Brown anevaarkers (2002) used two GAC
types, as received and acid washed@agsed (AWOGQ explaining perchlorateemoval by ion

exchange, verifyingo evidence of chemical reduction.
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Mercury anionadsorption was obserd&t basic pH on hydrophilic sites, which were also
responsible for Cr(VI) and As(V) removal, on steam activated bituminous GAC (Di Natale et al.,
2011). Mohan et al. (2008) achieved moderate to minimal removaboidFC] from industrial
wastewater, usg GAC created from coconut shell fiber, coconut shell, and rice husk. Oak wood
charcoal removed Cr(VI) most effectively at pH 2, and adsorption was found to be a function of
both the adsorbent and adsorbate pH dependency (Pehlivan et al., 2011). Thuaigiosganic
anion removal has been achieved with eat#d GAC, the greatest successes in the literature
involve treatment or tailoring of the GAC to enhance removal ability.

2.3.2. Effective modifications techniques

The modification of activated carbon candb@ssified into chemical and physical
alteration. Though it is difficult to impact the chemical properties without changing the physical
characteristics (and vis versa), chemical modification can further be subdivided into acidic
treatment, basic treatmigrand surface impregnation (Yin et al., 2007). Most intentional attempts
to alter only the physical characteristics involve heat treatmemtiimert or reactive atmosphere.
2.3.2.1. Acidic treatment

Acidification of the carbon surface can be achieved by trgdtie GAC with an oxidant.
Common oxidants are dilute aqueous acids and acidic gases. Mastilta and cavorkers
(1995) found that nitric acid wet oxidation treatments produced more oxygen groups than
treatment with hydrogen peroxide and ammoniunoygtisulfate. However, ammonium
peroxydisulfate was found to produce oxygen groups with the highest acidity and did not
significantly decrease the surface area or texture. Though acidic treatment introduces many
acidic oxygen functional groups, it can alstroduce basic functional groups. For example,
Diafullah and coworkers (2007) demonstrate that activated carbon from rice straw oxidized with
nitric acid, hydrogen peroxide, and potassium permanganate can improve fluoride removal. The
removal decreasedith increasing pH, indicating the importance of low acidity constant oxygen
functional groups. Also, Lach et al. (2007) found increased removal of Cr(VI) after CO
treatment at elevated temperatures. Finally, electrochemical oxidation of activatedobattbon
increased Cr(VI) removal at pH 8; however, the treatment reduced removal at pH values of 4 and
6 (Harry et al., 2008)Fang & Chen (2012) demonstrated that oxidation of double wall CNTs
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with nitric acid improved the removal of perchlorate. They psag a mechanism which
attributed higher adsorption to electrostatic interactions abdrdling with the increased
number of oxygen functional groups; however, the overall perchlorate removal capacities were
low.
Though some fAaci di ®omdvabkaaiong) theytare tymcallpmastmp r o v
useful as a prreatment step to introduce large amounts of thermally instable oxygen groups to
be utilized during basic treatment. For instance, Shafeeyan et al. (2011) found that basic
character and C{adsoption increased with prexidation before thermal ammonia treatment.

2.3.2.2. Basic treatment

GAC surface basic character arises from either delocalized pi electrons on the graphene
sheet or basic functional groups, which are usually oxygen or nitrogen con{@hafgeyan et
al., 2010). Increasing the basic character of activated carbon often involves a heat treatment
either in inert atmosphere, removing acidic oxygen groups and creating sites with delocalized pi
electrons, or in a reactive nitrogen environmergating basic nitrogen groups.

Basic nitrogen can be introduced into the carbon matrix by two methods: reaction of an
oxidized material with an Montaining reagent (i.e. NHurea, melamine, HCN) or preparation
of a carbon from an Nontaining precurscsuch as carbazole, nitrogen enriched polymers, and
acridine (Jansen & van Bekkum, 199995 Menendez et al., 1996;-HSayed & Bandosz, 2005;
Pietrzak et al., 2007; Wang et al., 201)r the first method,xygenation of the carbon surface
can be achiead by oxidizing the GAC with a strong oxidaat discusseith the previous section
(2.3.2.1.) After oxidation, subsequent thermal treatment can decompose@her C=0 groups
into CO/CQ gas, leaving behind reactive sites that can bind N (Wang etGa).Zlhe presence
of oxygen groups significantly increases the amount of nitrogen that can be subsequently added
during reactive N thermal treatment. Jia and coworkers (2002) found an N content of 5.3% with
HNO; pretreatment and 2.3% without HM@retreanent, after subsequent NHeatment at 800
°C for 3 hours. Jansen and van Bekkum (1994) applied 30%;tN&2tivated carbons and then
followed this with thermal treatment in 5% Mplus N,, and they were able to create 16% N in
the product GAC.
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For heatreatment with Ncontaining reagents, the overall findings were: at temperatures
<600°C carboxyl, hydroxyl, lactone, and carbonyl decomposition leads to incorporation of
predominantly aliphatic N (imide, amine, nitrile), and at temperatures 6€66the-like
functionalities decompositioallows reactive N species to create predominately aromatic N
(pyrrole and pyridine) (Vinke et al. 1994; Mangun et al. 2001; Jansen & van Bekkum 1994). For
example, Mangun et al. (2001) found that at°8Q@yridine group comprised 4%6% of the
nitrogen groups, pyrroles were-36%, and protonated pyridines werd 1. Also, the
nitrogen mass fraction of activated carbons increased as the temperature of the ammonia
application increased, from 0.6% in the native activatrbon, to 2.8% after 680 treatment,
to 6.7% after 700C, and 8.0% after 86Q treatment (Mangun et al. 2001). The authors found a
correlation between H@hemical adsorption energy and weigh nitrogen on the GAC surface,
which was their measure bésic character. Chen et al. (2@Dalso created basic functional
groups using thermal ammonia treatment. Their results exemplify the importance of positive
surface charge on the removal of aqueous perchliordebut they also do not expound upon
which basic functional groups are importada surface charge production.

QuaternaryN and pyridine groups are favored at temperatures 6B00GC; however,
much of this quaterna+ is recessed within the graphene planes as observed in
pyrolysis/thermal treatent of coals, polyacrylonitrile, activated carbon, and carbon nanotubes
(Kundu et al. 2010; Pels et al. 1995; Kawashima et al. 2002; Xiao et al. 2005; Keleman et al.
1994, 1999; Jansen and van Bekkd®05). In additionotherN functional groups weriund
to exhibit transformatioto other N typesinder treatment at varying temperatures. Stanczyk et
al. (1995) studied the influence of carbonization temperature on chars containing N groups, such
as pyrrole, pyridine, amino and cyano groups. At low tenmpers, pyridine and pyrrole
structures transformed into each other, while they transformed into more stable quaternary N
(perhaps recessed) at hi-Ntasfountd satle a teraperatures ( 8 0 0
as high as 60kC. Above that, it convéed gradually into pyridinidN or quaternanN. Pels and
coworkers (1995) found that for lignite cahbt had beepyrolysizedataround 456C, pyridine
began gradually converting to quaterndfybut it was stable above 68D. In order to keep the

produced edgssite pyridine groups from recessing back into quateriagyoups, thermal N
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treatment needs to be carefully employed in light of the discussed behavior of N groups in
carbonaceous materials at high temperatures.

In order for most effective ioexchange, nitrogen must specifically appear as an-edge
site pyridinium (or some other quaternary ammonarrositively charged dge group). Once
pyridine groups are introduced into the carbon structure, the reaction of Menschutkin (1890a, b)
can be usetb convert the pyridine groups to pyridinium groups. The reaction of Menschutkin
involves a pyridine or tertiary amine plus an alkyl halide that react to form a positively charged
guaternary nitrogen group. A number of researchers have employed tienretivienschutkin
to add a quaternary ammonium group under a variety of conditaogsly in lignocellulosic
materialg(Perrier and Benerito 197876;Chauhan et al. 2004, Saxena et al. 2007, Biesalski
and Ruhe 1999, Cen et al. 2003).

Reaction ratesof pyridinium formation have been highest with alkyl iodides, and the
least with alkyl chlorides. Also, the rates decreased with increasing alkyl chgtin (Berrier
and Benerito, 1978lenschutkin 1890a). Alkyl chlorides (other than methyl chloridié) not
react with triethylamine (Menschutkin 1890a); therefore it is likely that we will need to run
reactions with either an alkyl iodide or alkyl bromide species. We can then replace chloride for
these other ions once the reaction is complete.

Much ofthe literature that cites alkyl halidaduced pyridinium pathways has involved
carbon structures that are relatively simple and pure, when compared to the great complexity of
activated carbons. The activated walaidebonds com
reaction pathways that can alter the desired
that are employed in the alkylation of many different compounds (Liotta 1979; Sternberg et al.
1979). Alkyl bromides can still react favorably withdbe risk of as many side reactions.

Though less commowther methods for creating $ia character have been studied
including electrochemical reduction as welltzsat treatment with séen, methane/steam, inert
gas, anchydrogen (Harry et al., 2008;gdding et al., 2009; Aggarwal et al., 1999; Shafeeynan et
al., 2010).

2.3.2.3. Pore loading and/owusface impregnation
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Themost effective ways to enhance the removal of anions with GAC is to introduce
some basic groups by loading or impregnating a basigpound Penn State researchadded
cationic surfactants individually and as mixtures to beds of bituminous (BA@tte & Cannon,
2005, Parette el.a2005; Patterson et al., 2010,2DIMhese tailored GACs were very effective
for removal for perchlorate alRDX. When preloading with iroxalic acid, tailored GAC
couldimprove perchlorate removal, but not nearly to the same degree as the sur(bletatts
al.,2002). Xu and coworkers (201)1and Cho and coworkers (2011) also confirm that adding
guaternary ammonium surfactants t6AC improves the removal @ions (perchlorate, nitrate,
and Cr(VI)). Hong and coworkers (2008) loaded cationic surfactant on powdered AC for
removal of arsenate, chromate, and ferricyanide. They found that centrifugation adttorfiltr
removed the problem of leaching surfactants and resulted in improved removal, suggesting
anions bind to the APAC monol ayer by electros
largely attributed to ion exchange (Hong et al., 2008).

Rytwo & Gona (200%,b)adsorbed quaternary ammonium salts and dyes onto the
surface of activatedacbon, which were very effective for perchlorate removal enhancement.
Other complex organic molecules which have been shown to improve the anion removal
capacity of GACare a pyrimidinebased anion receptor (HL) agdaternized poly(4
vinylpyridine) (QPVP) (Arranz et al., 2010; Fang et al., 2007). Removal of Cr(VI) was enhanced
by QPVP and well explained by ion exchange across a pH range f6rflRehg et al., 2007).
Theremoval of five different anionsasenhanced when HL was loaded onto GAC, and two
active sites on the HL were stated to be responsible for anion removaiz Atral., 2010).

Further activatiorof lignite GACwith ZnCl, of increased the removal of niteatiue to
incorporation of ZA" complexes on the GAC surface (Khan et al., 2011). Similarly, Bhatnagar
and ceworkers (2008) treated coconut GAC with ZpQinding removal of nitrate increased
from 1.7 to 10.2 mg nitrate/g GAC in spite of decreased sudiaaze Silver-supported activated
carbon (silvetAC) increased bromate removal efficiency by 25% qrestineGAC, and the
proposed mechanism was bromate reduction, which decreased with increasing pH. The affinity
of the anions for silveAC sites decresed in the following order C&> PQ* > SQ > NO; >
Br > Cl > F (Dong et al., 2009).
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A number of researchers have improved anion removal of GAC by impregnating with
Fecontaining compounds, including: Fe(lll) oxide, iron/oxalic acid, ironAaotylic acid, zero
valent iron, nano zero valent iron, and hydrous iron oxide (Shi, 2011; Dou et al., 2010; Na et al.,
2002; Gu & Deng, 2007; Zhu et al., 2009; Chen et al., 2007,2008; Jang et al., 2008,2009; Zhang
et al., 2008). Gu and Deng (2007) found aiteesind arsenate removal in iron/p@lsclyic acid
loaded order mesoporous carbons could be fitted with iron complexation models. The overall
consensus from the authors was that complexation with iron complexes and the adsorbed anion
accounted for removaMost of the studies investigated arsenic, but selenite and perchlorate
removal were also explored by Zharigk (2008) and Na et al. (2002espectivelyJang and
coworkers (2009) also found that loaded hydrous ferric oxide was much less effective for

perchlorate removal than were quaternary ammonium surfactants.

2.4. Perchlorate Properties
2.4.1. Occurrence and regulation

Though perchlorate is not ubiquitous in the U.S., known sources and contamination are
well distributed through the entire countBerchloate has been detected in the ground and
surface water of 26 statagd Puerto Ricas shown in Figure @ SEPA, 2008). Though
naturally occurring in some parts of Chied the Southwestern U, 8nost perchlorate sources
originate from anthropogenic aaties from production and use nocket fuel flares, fireworks,
explosivesairbags and other produci{Sellers, 2007Srinivasan & Sorial, 20095ix
perchloratecompound$ave been manufactured in the U.S. inclugimgnonium, sodium,
potassium, lithiumand magnesium salts as well as perhcloric acid. Ammonium perchl@ate w
most abundantly produced with 609 million pounds from 18847 (Sellers, 2007Rerchlorate
can also be formed during the storage of sodium hypochlorite, which is used as aydvixtien
disinfectan{Gu & Brown, 2006a)

Perchlorate incidence has received regulaatigntionat both the state and national level
due toits threat to human healtiPerchlorate competes with iodine uptake in the thyroid gland,
which caninterruptsensitive hormone levels controlled by the thyrd@idese disruptions can
effectdevelopmental processes such as skeletal growth in infants (Brown & G@a).2006

Therefore perchlorate is especially harmful to fetuses and pregnant women (Srinivasan & Sorial
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2009).With knowledge otheseand othehealth effectstheU.S. Environmental Protection
Agency EPA) hasprescribedh Reference Dose of 0.0007 mg/kg/@dayg an Interim Drinking
Water Health Advisory leveket in 2008p f 1 5(Gle&gBfown, 2008). Massachusetts and
Californiaare the only statdbat have passesiate drinking watemaximum contaminant levels
(MCLs) at 2 and 6 ppb, respectively (MDEP, 2012;CADPH, 20d2wever many other states
have set action levels, health based guidance |eaisening levels, planning levels, and public
notification levels, with the lowesteinga 1ppb screening level in New Mexi¢8rinivasan &
Sorial, 2009).
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Figure2. Perchlorate release and detection sites (Branduber, 2005)

2.4.2. Size and shape

The perchlorate ion is a tetrahedral shape with a chloride atom surrounded by four
oxygen atoms. The redox state of the center chloride is +7 and the overallafitheg®nis -1.
The negative charge is distributed over four oxygen migscareating low nucleophilicity and
coordinating ability.The molecular diameter is 0.236 nm though the ions will carry some spheres
of hydration(Gu & Brown, 200®). The hydration number as defined by the enthalpy is 1.2 for
perchlorateas shown in Takl2 (Muhmadov & Huang, 2011Muhmadov and Huang (2011)
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found that adsorption on GAC was correlated with the hydration parameters shown in Table 2.
They observed thapG°,qsbecame more negative (more favoralaleNyq- decreasd, (G hyar
increasedoH’hyarincreased, and Stokes Volume decreaBedchlorate is one of the largest
monovalent anions, enablitgw hydration energy for its chargéherefore, because of the
structure of perchlorate and its associated hydration properties, adsorptiorhtdrpegovas

more favorablen commercial bituminous GAtan the other common anions testeidh

higher or lower hydration properties

Table2: Hydration properés and Gibb's free energy for common drinking wabesres
(Muhmaav & Huang, 2011Urbansky, 1998

1 (o]
Anion ¥ G hyar Y H e e v?)tlzl:ﬁ: Y
(kj/mol) (kj/mol) 3 (kj/mol)

(cm /mol)
C|o4' -1270 -1326 1.2 96.9 -8.5
NO, -1362 -1423 2.0 95.3 -109
cl -1404 -1470 2.3 97.7 -131
so,” .32 -3326 6.9 123.0 744

2.4.3. Chemical Interactions andérmodynamics

Perchlorate is a very strong oxidant; however, due to its high activation energy, at ambient
temperatures it is kinetically sleveacting and difficult to reduce (Urbansky, 1998@caise of
this, perchlorate is commonly used in electrochemistry as a stable electrolyte and counter ion in
metal complexing studies (Gu & Brown, 2@)&Perchloratdonsdo not easily complex with
metalsbecausef theirlow charge densityAdditionally, dl perchloratesalts are very soluble
and stable, so precipitation and volatilization do not occur readily (Sellers, 2007).

Reductionof perchlorates thermodynamically favorabigith many compoundas shown
in Figure 3 butkinetic limitationsprevent tie oxidation of water (or other compounds) at
ambient conditiondBecause of these limitationset reactivity of perchlorate strongly depends

on temperature (Sellers, 200The activation energy can be lowered by catalyst
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bioreduction methods whiclodallow some reduction of perchlorate at ambient conditions
though it is often limiteqUrbansky, 1998).

As a result of these properties, perchlorate anions are very mobile and stable in the
environment. Perchloratenswill not complex with soils or miarals, except for those with
large anion exchange capacity (AE@)ich are usually highly weathered (Gu & Brown,
200&). Other natural perchloratemevalcan occur by biological uptake and anaerobic

bioreduction, but these processes do not typicallyribarte significantly (Sellers, 2007).

(:10'_; +8H +8¢e — kl— + 4 HEO E°=1287V
ClO; +2H +2 e« ClO, + H,0 E°=1201V
YH,0 .= 4H +0, —-E°=-1229V

Figure3: Thermodynamic equations for pbklarate reduction and water ab&tion(Urbansky et
al., 1998)

2.5. RecentMethods for Perchlorate Removal
2.5.1. ElectricallyInduced Regeneration on RedSersitive Surfaces

Several researchers have recently reported the use of materials wittactigiex
functional groups in conductive electrodes for selective adsorption of ions (Lilga et al. 1997;
Rasat et al. 1999; Lin et al. 202611 Zhang et al., 2010WWhen the electrode is electrically
oxidized, it produces local charges that must be balanced by the doping of oppositely charged
ions. When the electrode is reduced, the previously doped ions-dopeeé back into solution,
allowing a repeatable elgcally switched adsorption/desorption process. This is fundamentally
different from electrodialysis and capacitive deionization in that adsorption/ion exchange is
through interactions with localizedharged functional groups and not a dispersed electridelou
layer.Capacitive deionization (CDI) induces an enhanced electrical double layer (EDL) by
applying current from an external current, and charged molecules are absorbed into the EDL of
the cathode and anode (Villar, 2010). This type of adsorptionily emagersible, but it does not
offer selective removal of ions such as perchlorate or nitrate.

Nickel hexacyanoferrate has been used as an electrically switched ion exchange (ESIX)

electrode for removing cesium cations (Lilga et al. 1996; Rasat et98l). Folypyrrole
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polyaniline,and poly(anilineco-o-aminophenol) electrodes haak beensuccessfully used for
ESIX of aniongLin et al. 2006; Zhang et al., 2010ui et al., 2011 All 3 conductive polymers
have nitrogen functional groups which aredized to carry a positive charge for selective
removal ofanons.Polypyrrole andpoly(anilineco-o-aminophenolplemonstratselective
removal of perchlorate over chloride with an advantage <#71#ld. In addition, viologen
polymers have been well dmmented as being redox sensitive, switching from positively
charged to neutral when redugcéabugh they have not been used for selective anion removal
(Ageishi 1983). According to the literature, oxidized nitrogen functional groups in aromatic
carbon sgtems offer great possibility for selective anion remadwalidinium groups in the

graphitelike matrix of GACmayprovidesome similar redoactive behavior.

2.5.2. Mechanistic removal with commerci@lACs

When testing the perchlorate removal of 10 diffecemhmercial GACs (2 bituminous,
4 wood, and 4ignite), Muhmadov & Huand2010) offered several conclusions. Firkg t
speciation of the GAC surface functional groups resulted in pH dependent adsorption, and there
was no correlation found between sodaea and perchlorate removal. Secontlyasite
model with two acidity constants fit the adsorption dataHe two GACs well. Free energies
adsorption 0f26.43 and21.06 kJ/mol were found for F400 and Nuchar SA, respectively. The
adsorption was alsenthalpy driven, at least for F40hird, FTIR analysis of adsorption
revealed interaction with single bound oxygenated functional groups on the F400 and
precipitation on the Nuchar SA. XPS and FTiicated that perchlorate adsorption was a
complex praess which occureat least partially through specific interactions of perchlorate with
specific functional groupgn a follow up paper the same authors reported thabtheninous
GAC, Filtrasorb F400adsorked perchloratenore favorably that all otherxyanions tested
including nitrate, chloride, chlorate, bromate, iodate, and sNatbmadov & Huang, 2011)
When testing thefect of competing ionsn perchlorateemoval it was found that other single
charged ions (chlorate, bromate, iodatdoride), excluding nitratehad little effect even when
present at much larger concentrations than perchlorate. Therefore, the role of general

electrostatic attraction was minimal when compared to specific chemical interactions, similar to
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what is observed fobn exchange functional groups. Nitrate did strongly compete with

perchlorate, indicating a similar affinity for specifidsorptiorsites.

2.5.3. Perchlorate Removal with Tailored GACs
Paretteet al. (2005,2006) an Pare&eCannon 2005 added cationic surféants

individually and as mixtures to beds of bitumous GAC. The best tailored GA®ith
cetyltrimethylammonium chloride, removed influent 75 ppb perchlorate to a breakthrough of 4
ppb for 34,000 BV for an EBCT of 2Z22min, which was 30 times better thie virgin GAC. In
comparison, when preloading with iroxalic acid, tailored GAC could only improve
perchlorate removal by 42%, which was then decreased-By%bafter regeneration with
sodium borohydride (Na et a2002). Xu and coworkers (20Ldnd (o and coworkers (2011)
also confirm that adding quaternary ammonium surfactar@\to improvedthe removal of
perchlorate.Rytwo & Gonen (2008,b adsorbed quaternary ammonium salts and dyes onto the
surface of activated carbon, including crystal viotetrberine, benzylalkonium chloride, and
methyl green chloride. When loading quaternary ammonium cationic dyes, tailored GAC with an
EBCT of 5 minutes was able to remove 700 ppb to initial breakthrough at 5000 BV, at pH 7.8
with 40 ppm nitrate and 22 ppaohloride (Rytwo & Gonen, 20@. This removal was 1000
times more effective than tpgistineunmodified carbon

Chen et al. (2005Db also created basic functional groups using thermal ammonia
treatmentBy nitrogen grafting with thermal ammonia treatmeaiiored bituminous GAC was
able to remove perchlorate to an acceptable level about 4 times longer than pristine bituminous
GAC. A high correlation between surface charge at 7.5 pH and the removal of perchlorate to 4
ppb breakthrough was observed. Thotlggrmal ammonia treatment did not create any
guaternary ammonium surface functional groups, it did increase the positive surface charge
likely by the loss of negatively chargeaygen groupsnd the introduction of some positively
charged nitrogen group$heresults exempliedthe importance of positive surface charge on
the removal of aqueous perchlorate, but they also do not expound upon which basic functional

groupswereimportart to perchlorate removal. Lukens (2007) also ammonia tailored GACs with

29



guaternization by methyl chloride gas. However, these treatments did not increase perchlorate or

pertechtanate removal significantly.

2.5.4. Novel Anion Exchange Media

lon exchange media are a field tested removal technology for ions of many types,
including pechlorate. However,drause of the high concentration of competing ions
when adsorbing low levels of perchlorate, highly selective ion exchange resins are
needed to be effectivBlon-selective ion exchange resins remove ions somewhat
indiscriminately and mportionately. Perchlorate selective ion exchange resins are
necessary for removal with a fast flow rate and small system, but they are difficult to
regenerate (Gu & Brown, 2006Non-selective resins can be easily regenerated, but
they need to be regemaged frequently. Eaclegeneration creates significant amounts of
waste brine, which is difficult tpermit, especially in some states.

Traditiogal ion exchange media has two major components: the polymer resin matrix and
the exchange site functional gmpwEach component matters when determining selectivity. For
instance, for the same functional group perchlorate selectivity was in the order:
polyvinylpyridine > polystyrene > polyacrylic resin (Tripp & Cliffored, 2006ype-1
polystyrenic quaternary ammium strongbase anion exchange resins are selective toward
poorly hydrated ions like perchlorate since the resin matrix is largely hydrophobic (Gu &
Brown, 2006b). Typ4l resins haveone of the trikkyl groups on the quaternary ammonium
functional groupreplaced with an ethanol, making the exchange site mah@philicand less
selective to perchlorate than Typeesins. Also, the length of the alkyl chains on the quaternary
ammonium functional group can be increased with increasing hydrophobicitglantisty,
but thedecreasegtineticscreated byhe steric hindrances are aloimportantfactor. A
bifunctional resin was develogkwith severalery selective functional groups with long alkyl
chains and somfeinctional groupsvith shorter chains fdoetter kinetic§Gu & Brown, 2006h)
This bifunctional aniorexchange resirtreated40,000bed volumesof 450 ug/L perchlorate
spkedgrounavater beforeinitial breakthrough(Gu etal., 2002 200§. Xiong et al. (2007
astudiedperchlorate sorption cgpacty of the bifunctional resin, Purolite-B30E.This resin

offeredthe best perchlorate selectivity and capacity when compareeaiebaseanion
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exchangersstandardtrongbase aniomxchangesanion-exchangeyber, andpolymeric ligand
exchangers

The same selectivity which makes bifunctional resin very appealing for perchlorate
removal createsnpracticality and even impossibility regeneration with traditional 12 wt%
sodium chloride brine solutigeven with large volumes (Gu & Brown, 2006Hpwever, a
large poorly hydrated iorkeCl;, was discovered as a way to regenerate spent perchlorate

selective exchange resins (Gu et al., 20@h.employingl M FeClg and 4 M HCI nearly

all adsorbed perchlorate was released in only 5 bed volumes of ratiener
solution. TheFeCl, speciates int&l, which replaces perchlorate as the counter ion on the
ion exchange functional groupend F&", FeCF*, and FeGI" which easily desorb by repulsion.
The ion exchange resin experiedo® deteriorationn perchorate removal ability through 7

cycles in the laboratory study (Gu & Brown, 2006b).

2.6. Electrochemical Properties of Activated Carbons
2.6.1. Surface loadin@f conducting polymers
In order to improve the electrochemical properties of a carbon material, malifica

with a conducting polymesan creat@ composite with properties unique to each of the
components. Conducting polymers have high intrinsic conductivity, low band gaps, fast charge
discharge kineticsaand are easy to manufacture as thin films by etthemical or
electrochemical polymerization (Snook et al., 201thddring coductive polymer films have
especially beeexplored because tfeir promise for application idevelopment of
electrochemical sensofsizondo-Sabater et al., 2004energy storagé~rackowiak and Beguin,
2001, and ion exchange techngles(Cui et al., 2011Li et al., 2011 Lin et al., 2009. For
charge balancing purposes, oxidized polymers muptdmped with a anion(equation 2.1Q)
which can reach as high asi360% (w/w), depending on the size of the courgarand the
synthesis proceg®tero et al., 2004 When reduced, the conducting polymer-daped with a
cation to balance the char(gguation 2.11).

Cp — Cp"* (A7), + ne” (p — doping) (2.10)

Cp+mne” = (C*), Cp™ (n— doping) (2.11)
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However, many Ncontaining polymers, such as polypyrrole and polyaniline, are anly p
doped because large negative potential are requireddoping (Snook et al., 2011). However
for these polymers it has beeroaim that doping with large immobile anions (e.g., polystyrene
sulfonate) impart cation specific adsorption under reducing cond{tonset al., 2011Li et al.,
2009 Migdalski et al., 2003Neoh et al., 1997Sin et al., 2009Saleh et al., 2006 Doping
with small mobile anions (e.g., TImpart anion specific adsorption under oxidizing conditions
(Cui et al., 2011Cui et al., 2006Gao et al., 201;1Gelin et al., 209; Li et al., 2011 Li et al.,

2009 Zhang et al., 203Zhang et al., 20)Qandrelease during reduction to a neutral state
(Figure 4)

Polymerization

Reduction

Oxidation

Reduction -
e B

O pyrrole @"O‘ Reduced PPy @‘O— Oxidized PPy @ A, ® B, Amon
Figure4. Electrically switchable ion exchange with yoyrrole (Li et al., 2006)

Severalktudies have shown thaolypyrrole and polyaniliacan be deposited onto
carbonaceous materials to form composite thin film electrodes with enhanced capacitance,
conductivity, and ion adsorption ability, while maintaining electrochemical stability through
cycling at ambient temperatures (MuthulaksmileR@06; An et al. 2010; Ferenets 2007; Lin et
al. 2006; Zhang et al. 2011.layer of polypyrrole(Ppy)adds extra charge storage locations and
allows for quick faradic reactions (Frackowiak & Beguii01) PPy also adds ion exchange
functionality, whee studies have shown the removal of anions (e.g4 FRQSQ?, PQ*,

CrO,%, and NQ) (Cui et al., 2011Cui et al., 2006Gao et al., 20L11Gelin et al., 2009Li et al.,
20171 Li et al., 2009 Zhang et al., 203 Zhang et al., 201,200 Lin et al. 2006; Lin2011;
Bajpai 2008; Bhaumik 201 Karthikeyan 2009) and cations (e.g.,'HK*, C&*, Mg*") (Kim
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et al., 2011Li et al., 2009 Migdalski et al., 2003Sahin et al., 200%Baleh et al., 2006rom
solution, and both chemical regeneration and electrolytic reggore methods have been
performedIt is noted that the anion adsorption could be achieved without a current applied to
the polypyrrole as long as it was in its oxidifed polymerizefistate.The best dopant anion for
anionselective polymers is C|Cui et al., 2005 whereas moledes such as polystyrene
sulfonate, 1,3 $apthalenetrisulfonic acid, and adenosine triphosphate have been used for
cationselective polymergMigdalski et al. 2003 Sahin et al., 200%aleh et al., 2006

Deposition of polypyrrole on the surface of porous carbonaceous materials has been
achieved by chemat or electrochemical polymerization. The most common chemical
polymerization agent is ferric chloride, which is employed by the large majority of the literature.
Electrochemical polymerization can be controlled by altering parameters such as polypyrrole
concentration, potential, time, and counter an{@=oh et al., 1986; Sadki et al., 2000; Kupila,
1993. Chemical depositionf Ppyhas also been used for many porous carbonaceous materials
for both improvement of capacitance and removal of ani@tigernitrogen containing polymers
also possess similar redaxtive nitrogen functional groups though they have not yet been used
to create electrolytic ion removal: poly(anillee-m-aminophenol), poly(anilineo-2,4-
diaminophenol), and viologen polymers (MuYang 2008; Zhang et al. 2007; Mu et al. 2009;
Ageishi 1983).

The stability of polypyrrole drastically increases when it composited with a carbonaceous
materials. Carbon nanotubes and graphene polypyrrole composites were stable for over 100
cycles (Linet al. 2006; Zhang et al 2011). Carbon aerogel/polypyrrole composites saw some
degradation but stabilized at a fixed capacitance value above 500 cycles, remaining stable out to
2000 redox cycles, with a 10 wt% polypyrrole film maintaining stability throughll 2000
redox cycles (An et al., 2010).

FTIR can be used to assess the presence of polymer films which are coated onto activated
carbon and also their doping state (An et al., 2010). Peaks at 1210 and9&5senfrom the
bipolaron band whicidentifies polypyrrole in its doped state (Selvan 1998). AFRIR
characteristic peaks occur when pyrrole is present due to pyrrole ring stretching (1513 cm
conjugated €N stretching (1430 ci), C-H stretching vibration (1082 ¢f, and GH
deformation 957-825 cnmi* ) (Bhaumik et al. 2014). In addition, the NH stretching vibration
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(3442 cm') and C=C stretching vibration (1559 ¢jwill be present. Other redox active
conductive polymers can also be analyzed using FTIR analysis including aniline psoéyrde
copolymers (Zhang et al., 2010; Ghorbani et al., 204Bp can also be used to asses<thi,
N-H, and N+ groups (Ba& Zhang,2001Saoudi et al., 199,2004.

2.6.2. Electrochemically active surface functional groups
2.6.2.1. Electroactiveoxygen functional graos

The presence of oxygen functional groups on the surface of GAC can introduce-a quasi
reversible psued@mpactivereaction. This behavior is commonly attributed to the quénon
(CxO)hydroquinongC,OH) couple, which islescribed in equations 2-P213(Frackowiak &
Beguin, 2001)Equation 2.14lescribes the reduction with partiadidation of the hydroxyl
group; this second mechanism wagothesized to be significant when examining the theoretical
and actual electron transfeehaviousrom the Nernst plas of the electrochemical behavior of

oxygen functional groupdakula et al., 1995).

>C—0He>C=0+H  +e” (2.12
—COOH < —COO0+H" + e~ (2.13
=C=0+4+e &>=C—-0" (2.149

The presence of these groups is fairly common on carbonacextesalsespecially after
oxidation. In factthe size of the associated peaks has been found to increase with increasing
oxidationseverity (Kinoshita & Bett, 19%). Kaplan et al. (1993) found moderately reversible
surface redox functionality (quinone/hydroquinone type) with svmgepiae voltammetry of 12
commercialACs. Kinoshita (1998) collected redox potentials for electroactive oxygen species on
various different carbonaceous materials reported in the literauglanost of the values for
hydroquinone/quinone were in the rargés00-700 mV vs. NHE (30503 Ag/AgCl) in
aqueous sulfuric acid electrolyte. However, others also noted reductiec®o€€0, hydroxyl,

and aromatic heterocycles as the active species responsible for psuedofaradic peaks.

2.6.2.2. Electroactive nitrogen funanal groups
The presence of N heteroatoms in graphene oxides, CNTs, and other carbonaceous
materials has been studied for enhancement of electrochgopelrtiesand catalytioxygen
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reduction reaction (ORRYhere is some contention about the importapicdifferent types of
surface N for ORR enhancement. Huan and coworkers (2012) concluded that qudNesaary
found to be correlated with OR&tivity while the pesence of pydinic-N was notHowever,
others have shown pyridinid to be important foR electron reduction or equally as important as
guaternaryN for ORR catalysis (Wang et al., 2012). Theoreticaimechanism of ORR

reduction on Ndoped graphene has been related to high spin density and low charge density
created in carbon atoms bondedttrogen (introduction of unpaired electron) (Wang et al.,
2012). Sidik and coworkers (2006) proposed that substituted N groups in graphite are more
effective for oxygen reduction the further they are from the sheet edge.

In additionto enhancing ORRatalysis quaternary N can improve capacitance by
increasing conductivitySun et al., 2012)Sun ad coworkers (2012) proposed a redox reaction
with a nitrogen functional group on the surface of graphene oxide:

—CH=NH +2e” + H,0 < —CH— NHOH (2.19
Pyridinic-N and pyrolic-N were also proposed to show pseudocapative behavior due to
adsorptiotintercalationof cations(Li* or K*) in basic media (Sun et al., 2013un and
coworkers (2012) also attributed enhanced conductivity to quatern&yéchanism has been
propased that attributes electron donor properties to the graphene edge site pyridine groups (Kim
et al., 2008).

2.7. Introduction to Analytical Methods
2.7.1. X-ray photoelectron spectroscof¥PS)
2.7.1.1. Introduction to XPS
As its name indicates, XPS is a technique whittilies the energies of emitted
photoelectrons when a sample is irradiated with photons in-tiag Xange. The modified
Einstein equatio2.16is used to identify the binding energy (BE) of an emitted photoelectron,
knowing the energy of the-kaysoure used (hg), the detected kine

work function of). the spectrometer (0

BE =i KEQUsp (2.16
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Because the binding energy of the core electron released depends on its originating
atomic species, different atoms can be idieal from their spectrum of photoelectrons released.
The amount of atoms released can also be related to a concentration of the emitting atom (Ratner
& Castner, 2009). In addition, binding energy is dependent on the nuclear charge and the effects
of bondng interactions (covalent or ionic) with other atoms. Binding energy is ultimately the
difference between the initial (ground) and final states of an electron, so shifts in binding energy
can, for the most part, be divided into initial and final stafteces (Ratner & Castner, 2009). The
primary initial state effect is the chemical shift. Generally, binding energy increases when
valence electrons are removed and decreases when valence electrons are added. Final state
effects, which result from the reangement of the surrounding electrons around the hole created
by the emitted electron, include sgrbital splitting, atomic relaxation, multiplet splitting,
shakeup satellites, anBlasmon peak3.hough Xray radiation can penetrate deep into a
samplethe emitted photoelectrons released from a sample during XPS can only be detected
from depths up to 10 nm due to inelastic scattering. In addition, this inelastic scattering creates a
background that must be properly fitted when analyzing data

Using theimmense theoretical background and rich information provided by XPS

analysis, many researchers have studied graphitic carbonaceous materials using XPS. Due to the
aromatic nature of the samples, certain challenges have been met and addressed to better
understand the XPS response of graphitic samples. In addition, derivatization methods have been
developed to better distinguish between atomic species which possess a binding energy too close
(to other species) to be separately quantified. The major funkcgomgps which form on
graphitic carbon samples contain nitrogen (N), carbon (C), and oxygen (O) atoms, as well as
hydrogen, which cannot be detected using XPS. Therefore, the analysis of the C1s, N1s, and O1s
peaks, which are viewed using a high resotuioan, is essential to surface functionality

identification.

2.7.1.2. Cls Peak Fitting
The fitting of the C1s peak is well developadhe literaturehowever, when chemical,
mechanical or thermal treatment changes the chemical and physical nature of thatazabon,
also alter the nature of the@bonds. The chemical shift of foreign atoms bonded to C is usually
simple and straightforward, but the changes of e f@&ak often involve complex final state
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effects, especially in carbonaceous materials with atiorstiuctures (Estrad®&zwarckopf,
2004). Much of the literature lists@peaks with twgeaks usuallattributed to bonds with
foreign atoms, usually O. The satellite peaks have been attributed teughakelastic
scattering, and Plasmon excitatigBszhezinskaya, 2009). Estra@dewarckopf and coworkers
(2004) state that three-C peaks are present in nearly all carbonaceous materials. The first peak
(BE=284.6 eV, FWHM<1eV) is dissymmetric and originates from aromatic layers in graphitic
sp2 configuations. The next peak (BE=285.6 eV) which corresponds tdilsp8efect areas is
broader (FWHM=1.5 eV). The third peak (BE=282.® 0. 6 e V) -aeldctoes f r om
transitions and is much broader (FWHM=&.%V). However, other researchers found thmesa
three peaks in carbon nanotubes at binding energies of 284.6, 285.4, and 291.6 eV, respectively,
but they also cited the need for an asymmetric peak for graphitic C and a Guassian peak for the
aliphatic/defect C (Chiang et al., 2011). Though the bindimgrgies may be slightly shifted
between different samples and instruments, many have used the fitting of these peaks to
determine valuable information about the nature of the graphene layers and defects within
carbonaceous materials (Darmstadt, 200Bg graphite (sp2) peak beconmere asymmetric,
narrower, and shifts to lower binding energy as graphitic character increases, in addition to the
i ncr e as-e peakfarea (Ketemén, 1998yazi, 2005). Nikitin (2008) and others also
claimed a GH bond(dangling bond) peak at BE = 285.1 eV, which has also been mentioned by
some researchers but omitted by much of the literature.

Many researchers have used XPS to understand the change in the graphitic structure of
carbonaceous materials. For amorphoubarafilms, both Schafest al. (1996) and Yamamoto
(2009) found the sp3 and sp2 fractions found by XPS (BE= 284.5 and 285.5 eV) were in good
agreement with values found by electron energy loss spectroscopy (EELS). Haerle and
coworkers (2002) found an avgeadifference of 0.9 eV when fitting the C1s peak of amorphous
carbon samples for sp3 and sp2 hybridization peaks, as well as a correspondence between the sp3
value found for XPS and EELS. Nanodiamond sammlagh were largely sp3 carbpwere
convertedo graphitic carbon by annealing, with sp2/sp3 ratios of 0.44 with no annealing, 0.55 at
900°C, and 6.08 at 1500°C (Xie, 2010). In addition, thHe¢ o mponent was seen to

dramatically decrease relative to annealing temperature. The results were consirmyatel D
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parameter method with the Auger peaks in XP& sample annealed at 1500°C had the largest
differenceby the Dparameter methoathich confirms the larger sp2 character.

With graphitic carbon, Estraeggzwarckopf and coworkers confirmed theipbthesis
that milling of graphite destroys the graphitic structure, by using XPS quantification of the sp2
peak andhe sp3like C-C 1 d e f e. intadditionm,dhe kigh temperature treatments of
ant hhracene coke show the 800 &0O%atp25OIC| at i ono
indicating complete graphitization at 2050°C. In activated carbons derived from fruit stones and
polymer, the content of graphitic (sp2) carbon decreases where atii@is increase with
activation temperature (Puziy, 2008).order to determine the basic sites on carbon black
samples, the FWHM of the graphitic peak was to found to be highly correlated with the amount
of basic sites found by titration (Darmstadt, 2003). The ability of graphene layers to act a Lewis
bases by dnating delocalized pi electrons decrease with increased disorder and defects. In
addition, FWHM has been related to the heterogeneity of the graphite peak, so a narrower peak
relates more heterogeneous graphene layers, and, hence, fewer basicestgsarfimeters
derived from XPS weralso correlated to the electrically conductivity of carbon blacks. For
natural and synthesized graphites, Schlogl and Boehm (1983) found that width of the C1s peak
increased with disorder in the graphite structure. Desimial. (1992) found that contamination
of carbon fibers lead to a decrease in graphitic (sp2) carbon (284.6 eV) and increase in aliphatic
(sp3) carbon (285-285.3 eV).

When observing carbon nanotubes (CNT), the changes to the graphitization by acid
oxidation and heat treatmenwereobserved using the-Cs peak. A correlative decrease in sp2
and an increase of sp3 caused by varying acid treatments implies a disruption of thi graphi
structur e. 4 relectranh ttansitions also decrbased with acid treatment, signifying
a decrease in aromatic systems; however, they were then increasedtivethiaat treatment
(Chiang, 201) (Rosenthal, 2010). XPS was also confirnasdan accurate and simple method to
determine the sp3/sp2 carbon ration in single wall CNT, when compared with high resolution
transmission electron microscopy (Fang, 200dhowski (2009) checked the purity of graphene
sheets fabricated from unzipped CHBId found the graphitic peak to be wide in addition to the

presence of the characteristic oxygen peaks, indicating some oxygen contaminants. Using only
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the three Cls sub peaks associated with bonding to oxygen, some information can be gleaned but

even moe can be found in the-Os peak.

2.7.1.3. O-1s peak fitting

The O1s peak spectrum is much easier to astign the Cls spectrumthough the peak
shifts betwee different species are smalleecause all peaks are only associated with oxygen
functional groupsin addition, due to atomic sensitivity factors the XPS intensity is about 2.6
times higher than the oxygen peaks associated with-ttelfonding signgRosenthal, 2010).

The fitting of the Gls spectrum of carbonaceous materials is usually can evadhi
with three main peaks: carbonyl, phenol and/or ether, and chemisorbed water ariBiora®,

1997). Other authors have deconvoluted the O 1s peak into four peaks, with an additional (non
carbonyl) ester and anhydride peak (BE=5333.8) and a choxyl peak replacing the
chemisorbed water and/ok Peak (BE=534.8535.4 eV) (Plomp, 2009). Therefore, it is clear

that depending on the materialsalyzedhe values of these can shift. In fact, reference values
for polymers end up with different valudean the ones for oxygen groups on carbonaceous
samples; however, the trend is the same (Proctor, 1983). Lahaye and co{@88j<ite5
components for the O1s peak, though their sample is a fairly well defined vinylpyridine
divinylpyridine copolymer.

Plomp and coworkers (2009) found the O/C ratios determined by XPS to be in agreement
with acid titration results, confirming that heat treatment decreased the amount of oxygen surface
groups. XPS also revealed the loss of phenol groups during heat treafriencarbon
nanofibers, but was unahbtie resolve the carboxyl grougdsing XPS combined with stepwise
heating, Rosenthal et al. (2010) found oxygen groups producegytidatment of carbon
nanofibers to be more thermally stable than ther@duce oxygen functional group€arboxyl
groups were found to decompose at T<800 K and OH groups were removed at T>1000 K,
restoring the disrupted pi system. The research also revealed that a sophisticated deconvolution
of the XPS O1s would be suitable to phie stepwise heated XPS with TPD results (Rosenthal,
2010). For carbon nanotubes, Lakshminarayamahcoworkers (2004) found from XPS C1s and
O1s deconvolutiothatcarboxyl groups were removed and ester, anhydride, quinoid and

phenolic hydroxyls were a@&d by oxidation with nitric acid, with varying optimal times for the
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greatest increases in each of the 3gebks assigned. For multiwalled CNTs, Kundu et al.
(2008) found evidence with a 2 sub peak deconvolution of the O1s peak for conversion of
carboylic groups to phenolic groups at 3@in a hydrogenatmosphereln activated carbon,
Biniak et al. (1997) found with XPS that oxidation of activated carbon increases the
concentration of surface oxides, especially on esiigs of aromatic planes. Alsihe XPS
evidenced decrease in surface oxide sites supports the results of titration experiments after

thermal annealing.

2.7.1.4. N-1s peak fitting

Three different binding energy regions can be assigned to nitrogen functional groups
using XPS: NC bonds (BE=39800 eV), NH bonds (BE=400-401 eV), and NO groups
(BE=403406 eV) (Arrigo, 2010). In 1997, Biniak et al. mentioned an insufficient amount of
literature on the N1s peak but ultimately assigned 7 peaks: nitridic or aromatio&llike
species, pyridinicpyrrolic, pyridineN-oxides, chemisorbed nitrogen oxides, unknown, and
shakeup satellitesTable 3 displays a variety of N1s peaks fitting values frioenliteratire,
which highlightsthe variatiorobservedetween different materials and XPS instruraeAtrigo
et al. (2010) assigned 5 spkaks within the 3 nitrogen bond groups. Pyridike groups (N1),
which are spzhybridized and contribute angdectron to the pi conjugation system, were given
BE=398399 eV. At BE=399.50.1 eV, N2 groups could lsssigned to amino groups on
aromatic rings, amide groups, and/or nitroso groups. Quaternary N (N4) is found a04D1.1
eV, and it is either alkyl, graphitic, recessed, or on an edge site with hydrogen bond or bond to an
akyl group. In the NH bond regio, pyrrolelike (N3) groups, which donate 2 p electrons, are
found at BE=400.40.1 eV. Within the NO bond groups, pyridine oxide (N5) and nigmups
(N6) are shifted 4.5 and 6.5 eV, respectively, from pyridine (Arrigo, 2010). However, many
other resealters only deconvoluted the N peak into four components. Kundu et al. (2010)
used pyridine and nitrile (BE=398398.8 eV); amine, amide, lactam, and pyrrole (BE=399.9
400.2 eV);

N atoms bonded to 3 C atoms in the graphene layer or quaternary N (B=£48)LeV;
and pyridine Noxide (BE=403.7404.2 eV). Much of the literature uses four main classification
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for nitrogen groups using XPS: pgmic-N (N6), pyrrolicN (N5), quaternanN (NQ), and N
oxides (NO), as presented in many of the results to follow.

XPS offers essential analysis for the evolution of nitrogen in carbonaceous materials at
high temperatures, which is one of its greatest uses. On carbon nanofibers, it is clear that after
oxidation with nitric acid the nitrogen is largely present in rggroups. But after subsequent
heat treatment in ammonia, pyriditike groups increasefmation up to 500°C, whereas N5
(amine)groups are dominant at lower treatment temperatures (Arrigo, 2010). Using TPD, XPS,
and Raman spectroscopy for CNTs, Kundul.e2®10) found that thermal treatment in
ammonia showed the highest amount of pyridinic N at 400°C, while nitrile, lactam, imide, and
aminetype functional groups were formed at temperatures below 300°C. Above 500°C pyridinc,
pyrollic, and quaternary N spies were the predominant species formed (Kundu, 2010). When
activating aramiebased activated carbons, Boudou et al. (2006) demonstrated increased recessed
guaternary N with increasing activation temperature and with increase phosphoric acid
impregnatio ratio at constant temperature. Stanczyk et al. (1995) studied the influence of
carbonization temperature on coal chars containing N groups, such as pyrrole, pyridine, amino
and cyano groups. At low temperatures, pyridine and pyrrole structures trargsfotameach
other, while they transformed into more stable quaternary N (perhaps recessed) at higher
temperatur e (NwadfoutdGtahle atgmperatutes as high ad®Bodbove
600¢C it converted gradually into pyridinid or quaternarN. Pels and coworkers (1995) found
pyridine gradually converted to quaternastarting at 456C, but the remainder became stable
above 600C. Pyrroliclike N was stable to 50X, but converted to pyridinic and quaternary N

above that.

Table3. Binding energies assigned to N functional groups in the literature (Arrajo 2010)
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type of N pyridine amine amide pyrrole’pyridone quarter. M-cocidednitro material ref

BE [eV] 398.3 400.1/399.5 4013 403.1 AC 53
3087 £ 0.3 400.3 £ 0.3 4014 £ 035 402—405 Char 54
398.9 £ 0.1 400.9 4031 £ 05 NC 26
3983001 400.1 £ 0.1 4013 £ 0.1 403.1 £ 0.1 Char 55
398.7 399.9 399.9 400.7/399.7 4025 £ 05 AC 56
3087 £ 0.3 4004 £ 0.3 4014 £ 03 402—404 Char 57
398.6 £ 0.1 399.6 400.3 4015 Coal 58
3988 £ 0.1 400.2 £ 0.1 4014 £ 0.1 402—404 Coal 59

400.2 399.4 CNT 60
399.7 SWT 61
399.7—403.1 MC 62
400.2/406 CNT 63
3984 £ 0.1 3994 £ 0.1 400.1 £ 0.1 400.1 £ 0.1 406 £ 0.1 CNF this work

2.7.2. Rapid Small Scale Column Test (RSSCT)

Rapid small sale column tests (RSSCTwgre developed to more efficiently screen and test
the performancef GAC materialsCrittendenand coworker$1986,19891991) proposed a lab
scale predictor of full scale performance based on the basic model described in equation 2.14
The model was creatdry analyzingdimensionless parameters for advection, film niesssfer,
intraparticle diffusion, and adsorption processes. The empty bed contact time (EBCT) ratio was
found to be a function of the particle diameter and processing time ratio when assuming the
intraparticle diffusion to be constant dependent of parsde (Summers et al., 201[k).order
to completely define the full scale RSSCT, 14tlleastipdsorption capacity and kinetics factors
need to be accounted for, but this model provides a very accurate pre@iittenden 1991,
1986;Patterson, 2009).

EBCTsc _ {dﬁ)x — Isc (2.17

EECTp dr- t

WhereSC =small column LC = large columnd = carbongrain diametey x = diffusivity (1 or
2), andt = time to breakthrough.

The intraparticle difusion coefficient, denoted asxequatior2.14 determines the
predictedrate of adsorption. The parameter is needed becatigagarticle diffusionchanges with
thenature of theadsorbatend other compounds in the watéor NOM the larger proportion of
micropores to mesopores in smaller partgiiintroduces a differene between full scale and
RSSCT.When the internal diffusion coefficiemtiries linearly withparticle size thethe diffusivity

is referred to as proportional diffusivi{i?D), where x= 1. When theinternaldiffusion coefficients
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were assumed not tee dgpend on particle size,=2, this is referred to as constant diffusiigD).
With CD, theamount of spreading in the breakthrough curve is identical to the column length
(Patterson, 20095 mall, charged particles typically are governed by CD desigre(ldh, 2002).
However, PD or CD cannot always be seleeguliori, especially for VOCs, pesticides, and PPCPs
(Summers et al., 2012).

For hydraulic loading, or superficial velocity, cm/s), the equation that ensures proportional
diffusivity, is givenby (Crittenden et al, 1991):

Y5 — (dF.LE)l % Regomin (21&

Reyp

Wherev (cnvs) is the superficial velocity ariRigscminis the minimum Reynolds number for
which the effects of external mass transfer and dispersion in the small column do not

exceed those of the largelumn.

3. MATERIALS AND METHODS

3.1. Materials

The primary water source for experiments, Penn State Universitgdatersampled
from Penn State Well 17, was spiked with 30 ppbdé@d then was used for GjJ@emoval
experiments. The groundwater contd 54.5 mg/L chloride, 180 mg/L hardness (as GRCO
7.2 mg/L sulfate, 4.2 mg/L nitrate (as BYY0.77 mg/L TOC; and it had a pH of 7.5. Deionized
(DI) water used for preparing stock solutions and standards was treated by a Millipci@ Milli
Academicsys em wi t h ¢ ondu c f Standatdyand Gtock @TdlutiokYvere m
prepared by dissolving ACS grade solid anhydrous sodium perchlorate (EM Science) in DI

water. Other chemicals used throughout the work herein were ACS grade 99.5% iodomethane
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stablized wit Copper (Alfa Aesar), concentrated nitric acid (J.T. Baker), anhydrous sodium
hydroxide pellets (Fisher$2% methylene blue dye powder (Fishegixcial acetic acid (J.T.
Baker),and sodium borohydride (Sigma Aldrich). GTS Welco provided tsegyased: 99.99%
anhydrous ammonia, 99.999% nitrogen, 99.999% argon, and 99.999% helium.

Five differentcommercially availabl@p r i st i ned car bopcocosiour ces
based Aquacarb 1240C (AC 1240C) &itdminousbasedJltracarbon 1240C (UC 1240)
manufactured by Siemens/Westates Water Technologiesnicallyactivated hardwood dhar
RGC40manufactured by MeadWestva@d wood-basedohosphoric acid activategdran C
manufactured by NORIT Americas Ifelaza et al., 2010)It is noted that the hansod,wood,
and coconut activated carbons are biomakéased. The hardwood afidoodd originate from

American sources.

Before the tailoring process for the carbons begamrisBnesamples were first ground,
sieved, and rigorously washed with Water to removeust particulates The groundsAC was
first dry-sieved through a series of US mesh #200 #40G&ieves. The carbon remaining on the
400 mesh sieve was then vgtved to remove some particles that may have been
electrostatically prohib&d from passing through during dry sieving. This carbon was then also
washed thoroughly to remove any fine and floatable particles. This carbon was then dried
overnight in a 90°C oven. TH@AC was processed to a US Mes208 x# 400 size distribution
3774 em) in order to be the appropriate size

small scale column tests (RSSCT).

Table4. Characteristics of pristine GACs

GAC type
AgquaCarb UltraCarb Nuchar Gran C Aquacarb
1240C 1240 RGC40 1240CAT
Abbreviation AC1240C UC1240 RGC GC AC1240CAT
Base material coconut shell bltucrglglous hardwood wood coconut shell
BET area (m2/g) 859 967 1460 1545 917
C (%) 92.23 93.3 95.78 85.95 90.93
N (%) N.D. 0.350 N.D. 0.81 0.59
O (%) 7.77 6.35 4.22 12.30 8.47
P (%) N.D. N.D. N.D. 0.940 N.D.
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o/C 0.084 0.068 0.044 0.143 0.093

N/C N.D. 0.0038 N.D. 0.0094 0.006
Slurry pH 8.95+0.21  6.43+0.04  9.07+0.02 4.00+0.01
Pack Density (g/ml) 0.512 0.503 0.383 0.291 0.555
BET area (m2 /g) 1009 862 1483 1211 917

Micropore (<20 A)
volume (cm3/g)
Mesopore (205004)
volume (cm3/g)

0.399 0.303 0.371 0.348 0.106

0.022 0.113 0.679 0.651 0.361

3.2. Preparation of Nitrogen-Tailored GACs

3.2.1. Four step pyridinium tailoring protocol

Positively-charged Nfunctionalitywasintroducedinto GAC bya multistep process: (1)
selectinga parent activated carbon, (2) oxygenating the carbon surface, (3) introducing nitrogen

as pyridines, and (4) converting the pyridines to positively charged pymaaiFigure 5.
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ure5. Pyridinium tailoring method
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3.2.2. Introduction of Oxidized Functional Groups

Oxidation of the activated carbon was performed with a 50% dilaticoncentrated
(69.0-70.0%) nitricacid, resulting in a 7.9Mitric acid solution The reaction was sustained for
6 hours at different treatment temperatures (20, 50, 80, 95 and 105 °C). The solution was stirred
and attached to a condensing column to allow reflux. The residual acid was removed by
filtration andthe treated carbon was washed in distilled water until constant pH. Treated and
washed samples were dried in an oven and stored in a vam@saiccatorThis procedurevas

mostly performed by Gu Xin

Reduction with sodium borohydride (NaBHvas complete bynixing 6 g of GAC with
60 ml NaBH, (4.4M/14M NaOH) and 120 mL DI water for 24 hours at room temperatures. After
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reaction the GAC was washed with DI water and bgtloric acid until neutral and dried at

5 0 eT@is piocedure was performed by Gu Xin

3.2.3. Nitrogen Tailoring

Ammonia tailoring was carried out using a cylindrical glass fluidized bed reactor (sealed
or unsealed) in &urnace/overmodel3210manufactured by Aplied Test Systems, Inc. (Butler,
PA). Pure nitrogen gas and anhydrous ammonia were obtained from\8IES (Allentown,
PA). Flow meter and flow regulators were calibrated and used to set flow rates. Ramping at
5°C/min was carried out in a pure ammonraa ¢jow. Ammonia gas flow was chosen to be 25
ml ATAHBAC, though other flow ratdsmmonia fractions (in nitrogen gasgre
characterized. All samples were then held at a predetermined temperature (450, 600, 700 or 800
°C) for 15, 30, or 60 minutes tinbeing cooled in oxygetrapped nitrogen atmosphere to
ambient temperature. The samples were then washed until constant pH, dried in a 90 °C oven,

and stored in a vacuum desiccator until use.
3.2.4. Quaternization Reaction

Quaternization was accomplished byxing 1-2 grams of GAC witil5 ml of Methyl
lodide and stirring the mixture edom temperature for 5 days. Due to the light sensitivity of
methyl iodide, samples were reacted and stored in amber glass vials covered in the aluminum
foil. After reactionthe samples were allowed to dry overnight in a vacuum oven and stored in a
vacuum desiccator. Longer chain alkylating reagents were also tested, inclugity@r,C
CeH13Br, and GeH33Br. These reagentsere reacted with the 1 gram of the GACs at 801CLfo
day in a mixture of 35 mhlkyl halide and 15 mL methanol (This work was largely performed
by Gu Xin).

3.2.5. Sample Naming Protocol
The GACs produced during the different treatment steps were labeled as defliadxdeird

The best found temperature for gen treatment for each of the pristine GACs are specified in

the table. As an example, B signifies prisitine bituminous GAC, BO signifies oxidized
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bituminous GAC, BON signifies oxidized bituminous GAC after thermal ammonia treatment,

and so on.

Table5. Sample naming protocol where each position represents a diffatlening step

" 2nd Position (O or  3rd Position (N or  4th Position
1st Position

OR) N2**) Q)
- Oxidation Ammonia .
Full Label Pristine GAC Temperature* (°C ) Treamant Quaternization

B = Bituminous
BONQ (Siemens UC1240) 80

C = Coconut (Siemer|

Ammonia treated

CONQ AC1240C) 95 at 700°C with a 3C
min dwell time | Quaternerized
HONQ '1‘ Hardvt;/oocFIeMWX 20 and 25 ml/min*g | with CH3I for 5
quanuchar RGC40 pure NH3 flow | days at room
S = Softwood (Norit temperature
SNQ Gran C) No Treatment
U=Urea treated
uQ coconut (Siemens No Treatment No Treatment
AC1240CAT)

*OR= The protocol of 'O’ followed by reduction with 4.4M NaBH4 for 24h at room temperature
**QOxidized at most favorable temperature for GAC type in 7.9 M HNO3 for 6h
***Nitrogen treated at 700C with 30 min dwell time and 25 ml/min/g flow

3.3. Characterization

3.3.1. Pore Volume Analysis

Analysis was in accordance with Meoet al.(2001). To analyze pore structure, Density
Functional Theory (DFT) was used to analyze gaseous argon adsorption isotherm data from
Micromeritics(Norcross, GAAccelerated Surface Area and Porosim&®@0 and 2010
analyzers (ASAP)Adsorptionisothermswith argon gasvere carried out in liquid argon bath
(87.3 K). Before analysiGAC sampl es wer e fi rldpmHyélgiansgase d at
adsorption was analyzed by DFT to obtain the free space analysiardhthjs numbewas then
included inthe pore volume distributiotalculationsSeveralduplicates and triplicates were run

and were within 5% of each other for both BET surface area and cumulative pore volume.
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The singlepoint adsorption value(cm3 of gaseousrgon/g of GAC) was used for screening

of the oxidized GACdeforeconducting aull porevolume distribution. The analysis

characterized the amount afgongasadsorbed a9.5 x 10" 3atm and 87.%. At this pressure

andtenperature,DFT theory predictshat argorcondensation wilbccur in slit poresup to

a 10-12 g2width (RangelMendez& Cannon, 2005). Since the free space adsorption only
required one analysis point it lastedyf6 hours versus 486 hours for a full pore volume
distribution.Single point adsorption data for coconut and bituminous GAC was performed by
Colin Cash.

3.3.2. Slurry pH

Slurry pH is an indication of the aggregate acidity of the carbon surface. A lowstrry
indicates a surface with functionalities having low pKa values (i.e. oxidized functional groups
such as lactones and carboxyl groups). In contrast, a high slurry pH could be indicative of
nitrogen functionality, such as quaternary ammonium, pyridinamd,amines. Therefore, slurry
pH was used to indicate the extent of the oxidatioaminationof the carbon surface. The
slurry pH method usedag adopted from Chen et al, 200Bor thisprotocol,17.5 mL of DI
was added td.75 grams o6GAC in a20 miglass vial. After the addition of glass beads, the
vials wereshakerfor 24 hours at 30°C, and tleguilibrium pH was measuredll pristine and

oxidized GACs were tested by this proto@hmples were tested in duplicate.

3.3.3. Dye Adsorption

Methylene ltue dye powdewas dred in a vacuunoven overnighto determinets
hydrate content and stock solutions were prepacedrdingly.Stock dye was created 200
mg/L and b@ered to pH 2.6 using#v% AceticAcid, Glacial. Methylene blueadsorption
testswere carried out in triplicatesing150 mL of 200mg/L dye solution with 60 mg of
carbon adsorbent. Dymlutionsin a 250 mL cylindrical beakavere shaken for 20 hours at
30°C on an orbital shaker. Thepernatant dye was theemovedby centrifugatiorat 5000 rpm
for 20 min. Samples were then diluted within the randgesfrs law standard calibration {1
10 mg/L) and measured usingShimazdul601UV/Vis spectrophotometeat a

wavelength of 620 nm.
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Methylene blue is a cationic dye with molgar dmensions of 16 x 8.4 x 4.7 A (Krupa
& Cannon, 1996)Kasaoka, et al.(1989) determined the critical pore diameter to be 15.2 A,
which corresponds to the uppmartion of the micropore regioMethylene blue dye adgation
tests were used to rath@pidly characterize the extent of larger micropore volamenegative

surface charge afample carbons.

3.3.4. Oxyanion ConcentratioAnalysis

Perchlorate concentrations were measured using a Dionex Dér30&1100Ilon
Chromotography univith AS40 and ASDVauto samples, respectivelyBoth units were
equipped with a4nm AS16 column, a-.nm AG16 guard column, ahm ASRS 300 ultra
suppressor, and a DS3 detection stabiliX¥hen using degass@® mM NaOHeluent with a
1 0 0 Joop, themethod detection limi(MDL) was approximatelg ppb. A 25 gL
used foranyperchlorate concentrations in the range above 1 ppm. Standard taiilotates
were rin (R? greater than 0.997pr each new elent producedi.e. every 210 days)

Sulfate concentrations weemeasure using a Dionex DX 1@0ICS1100lon
Chromotography univith AS40 and ASDV auto samplers, respectiv8gth units were
equipped with a4nm AS22 column, a-;nm AG22guard column, a-inm ASRS 300 ultra
suppressor, and a DS3 detection stabiliX¥hen using degass& mM NaOHeluent with a

25¢ Uoop, themethod detection limit (MDL) was approximatéhs ppm

3.3.5. Rapid SmalScale Column Tests

To conduct Rapid Sma$cale Column Tests (RSSCTSs), several plastic columns were
used. These plastic columns featured a narrow, circular shaft that vedscheanly down the
vertical axis of the column. The top and bottom of the column were threaded for attaching
influent and effluent lines. The column measured 0.36 cm in diameter, and 8.2 cm long; yielding
a 0.8 mL BV.

It is assumed that proportional fdiivity applies to these RSSC{l'¢a et al, 2002) The
appropriate flow rate for the RSSCT was determined using the following equation for Empty
Bed Contact Time (EBCT) for constant diffusivity:

EBCTscl EBCTLC = dsc/ d|_c
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where SC = small column, LC =afge column, d = carbon grain diameter

Since the AC was ground, washed and sieved to US mesh #2000 xthe average gin
size for the small column §g) is 56 pum. e average @in size for the large column, () that
was simulated was.06 mm (US mest12 x#40). Additionally, the EBCI¢ is assmed to be
20 minutes. This gavan EBCTc of 1.05 minutes. Therefore, the desired flow rate is indicated
by BV/EBCTsc, which, in this case, is Or@L / 1.05 min = 0.76 mL/minWaters(Milford, MA)
HPLC 510 pumpwereused to maintain this flow rate. Slight deviatioam$low were
normalizedat each sample poiti get an accurate numberaxftualbed volumes processed.
Columns were allowed to sit overnight in test water before the RSSCT was started in order to

allow gasto diffuse fromthe poresSome of the data was obtained from Pin Hou.
3.3.6. Oxyanionisotherm

Oxyanionadsorption isothermsere conducted usingbottle-point method.The
isotherms used only.02 gof GAC for each isotherm pdinso as to use thesarbons sparingly.
Specifically, 0.02 gof GAC wasmixed with 23 mL oDl water that had been spiked with
perchlorate at levels of 102.3 ppb, 350 ppb, 1.2 ppm, 4 ppm, 13.5 ppm, 50 ppm and 100 ppm
sulfate at levels af0, 50, 100, 250, 400, and 500 ppihesewere mixed in sealed glasgls
by shaking thenon a rotary shaker for 24 h at room temperatéyier that,the carbon particles
were removed on @.45 pm nylon fiberifter (VWR), andthe separated solution was analyzed
for perchlorate conceration The test was repeated at each perchlorate concenjration
duplicatesvaried by less than-3%. This work was largely performed by Pin Hou.

3.3.7. Surface Charge and pKa Titrations

Surface charge distribution was conducted byntletiod reported by Cheet al. (2005a
using aMettler Toledo DL53 titrator (Columbus, OHlhe totalnet surface charge distribution,
pH of Point of ZerdCharge (pHzcr), and pKa of surface functional groups were measured
Titrations started at low pH and then NaOH was inemetally added. Two NaCl solutions (0.01
and 0.1 N) were used as electrolytes in the titratiime quaternarnized samples were washed

with sodium hydroxide to reate other counter ions with GFsince the titration method
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assumes that only protons andlifgxyl molecules are exchanging during the titration (moniterd
by a pH probe), the data was undepresentative. The release of&ld [ counter ions from
positive surface groups would not be seen as a change in pH. This protocol produced
reproducible esults This work was performed by Cesar Ni€®elgado.

3.3.8. Electochemical Measurements

Cyclic voltammetry (CV) scans were performed using a 3 mm carbon paste working
electrode (BASiWest Lafayette, IIN Ag/AgCl reference electrode (BASI), and coiled platm
counter electrode with a Biolog{€laix, FranceVMP3 potentiostaandEC Lab V10.02
software.The electrochemical cell was a 20 mL BASi polymer vial (commonly used for
electrode storage) including a lid with 4 holes for the 3 electrodes and nitrogenlipe(Figure
6). GAC samples were loaded on the carbon paste working electrode after freshly preparing and
polishing per the online BASi manual. The mass added was determined by weighing the
electrode before and aft& AC loading (typically 0.40.2mg). Before cyclic voltammetry, the
electrode cell was filled with 10 mL of electrolyte. The electrolyte lvdxbled for 20 minutes
with nitrogen gas before analysis and blanketed with nitrogen during analysider to test the
impact of reaction withidsolved oxygen, the electrolyte was also bubbled with air in the same
way in certain experiment$he GAC loaded carbon paste working electrode was allowed to
Awet 0 dur i ng tCydlic vatengnatss svas pegforreid at a scan rate of 10 mv/s
unless otherwise stated.

N, Purging

/ Ag/AgCl Reference

Electrode

Platinum Coil
Counter Electrode

[

—X 10 mL ofNaCl
electrolyte

Carbon Paste
Working Electrode
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Figure6. Three electrode cell configuration used for electrochemical measurements (adapted
from BASi.com)

3.3.9. Spectroscopy
A Kratos Analytical Axis Ultra XPS machine was used feray Photoelectron

Spectrosopy analysis. Casa XPS software was then used for peak fitting of N 15489833
0.2 eV), C 1s (284:288.9+0.2 eV)O 1s (531.1536 eV) signals (Gu, 20L1Normally, a
quick suney scan was completed for each sample to identify the elements préheathigh
generation energy and short dwell time. Once the elemental composition had been
determined, narrower detail ssan of sel ected peaks were coll ect
chemical state information with a low generation energy and long dwellGraend carbon
sampleg(about 0.1 grould bedirectly analyzedoy XPSwhen mounted on a copper piece with
double siled conductive polymer tap¥PS is particularly suited for the recognition of the
surface species on carbon material as the med&E shift is sensitive to thedectronic
structure of the photoemitting atom (Arrigo et al., 2008,2018PS data prade information
on the surface chemical nature of the functional groups through analysis of the Cls, N1s
and O1s spectrXPS data collection was done by Gu Xin and Vince Bojan.

Scanning electron microscopy (SEM) was performed using a FEI AW&30 FESEM.
GAC samples were analyzed under high vacuum with a field emission lens at high
magnification. Distortion effects were eliminated by adjusting the astigmatism and lens

alignment.

3.4. Bulk Electrochemical Processes
3.4.1. Redox regeneration with sodiuborohydride

After full breakthrough in RSSCT with perchloragpiked groundwater, the spanedia
was regenerated by reduction w0 mg/LNaBH, solution prepared fron#.4M/14M NaOH).
100BYV of the solution wa pumped at 0.81/min with a Water 510 HEC pump under a fume
hood to vent anhydrogen gas that could be produced. The column was then washe&d with
liters of DI water. The perchlorate concentration was monitored by perchlorate ion selective

electrode (Thermofisher Scientific) and the redoxllexas monitored by an ORP probe
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(Thermofisher Scientific)The ion selective electrode was calibrated with perchlstatedard
solutionsprepared in #00 mg/LNaBH, background. The ORP probe was calibrated with an
ORP standard (Fisher scientific). Onbe ORP value of the rinse DI water was at thiele
obtained for pure DI, the GA®@as loaded with 30 ppb perchloratgeiked groundwater and

rerun inan RSSCTor perchlorate removal from 30 ppb spiked groundwater
3.4.2. Electrochemical regeneration of GA@adel electrode

For analysis of electrochemical regeneration at an electrode scale, a circular piece of
carbonconductive tap€s mm diameter) was attached to the polished and freshly prepared
carbon paste electrodehe tape and electrode were weighed bedowik after loading the GAC
sample (approximately 0.5 mg). 10 mL of the appropriate electrode was added to the
electrochemical cell and degassed for 20 minutes with nitrogen gas. Oxidation was peiriormed
thechronoampeaymetry mode with a set positive vade(vs. the reference electrodey a
defined time (5, 20, or 30 min). If the same sample was reduced, the electrode was washed with
DI and then placed in eew degassed electrolyte. Redantwas also performed in the
chronoamperometry mode wittpeeceterminechegativepotential (vs. refand seteduction
time. The current was recorded to assess the progress of the reaction. After the set
electrochemical treatment, the carbon tape loaded with GAC was washed with DI and allowed to
dry in a vacuum oveat 60 °C. After dring, the tape was removed and stored in a desiccator
until XPS analysis. XPS analysis was performed to collect the survey, C1s, N1s, O1ls, and CI2p
or S2p signal.

3.4.3.Bulk electrochemical regeneration of spent GAC

After full perchlorate beakthrough during RSSCT, spent GAC was removed from the
small scale column and dried at 60°C in a vacuum oven. The dry GA§pvesl onto a US
#400 mesh size polyester screen which had been bonded to a rubber gaskétul&r the
electrochemicagbrocessell shown in Figure 7. The polished graphite working electrode was
then tighteedagainst this GAC bed by tightening the adjacent wing nuts. Next, 17 mL of
electrolyte were added to the cell and the solution was stirred for 2 hours to allow electrolyte

Awtting. 06 The electrolyte was t handreddaianas s ed
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was achieved by applying negative potential (vs. ref) for a predetermined time in the
chronoamperometry modafter regeneration, the GAC sample was washed with @ewand
allowed to dry in a vacuum oven. The GAC was then loaded into a column to rinse the remaining
desorbed perchlorate ions from the pawg DI water and 0.000.02V1 NaCl. Samples were
taken throughout the regeneration process to monitor the doatto@m of desorbed ion in
soluion.

After perchlorate no longer was appreciably diffusing from the pores, the GAC was
reactivated. For reactivation, the GAC was loaded back into the bulk electrochestlieald
oxidized at 0.9V for @ min in degassed@ M NaCl. The regenerated GAC was then analyzed
by RSSCT removal of 30 ppb perchlorate in groundwater.

Pt Gauze Counter m Ag/AgCl Reference

Electrode Electrode

Graphite/Packed GAC
Bed Working Electrode

Figure?. Bulk electrochemical process kel

3.4.4.  Polymerization of pyrrole on the surfacEGAC

Pyrrole is a clear monomer ligl which polymerizes when exposed to air or light,
turning the liquid brown. To enhance and ensure the purity of trecaved pyrrolethe
pyrrolewas distilled under nitrogen atmosphere. The distilled pywalke then stored in a sealed
bottle wrappd in aluminum foiled. The bottle was vacuum evacuated and then purged and filled
with nitrogen gas. All work done with pyrrole was performed in an anaerobic glove box or by

anaerobic transfer between bottles.

Pyrrole was first polymerized electrochemigainto bituminous and hardwood GAC to
test the redox ability of the polymer/GAC composite. Polymerization was achieved by
chronoamperotometric treatment at 0.8 V vs Ag/AgCl in 0.1 to 0.25M pywithe0.2M NaCl
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electrolyteat 30°C After polymerizationhe electrode was removed, washed with DI water, and
placed in degassed 0.2M NaCl electrolyte for 50 CV cyé@lkextrochemical polymerization was
also achieved by placing2.g of GAC into the bulk electrochemical process cell. The GAC was
allowed to mix br 2-16 hours with 0.25 M pyrrole in 0.2 M NaCl inside an anerobic glove box.
Polymerization was also achieved by chronoamperotometric treatment at 0.8 V vs Ag/AgCl at
30°C.After polymerization the GAC/polypyrrole composite was washed with DI water and
allowed to dry at 60°C in a vacuum oven. Temperatures above 60°C could destroy the polymer

structure.

Chemicalpolymerization was achieved by first loading pyrrole monomer onto the surface
of GAC for 16 hours. 23 mL of 0.1, 0.3, 0.5, 0.8, 1, or 2 M pyrsolation was mixed with 5
grams of either bituminous or hardwood GAGter pyrrole loading, the GAC was separated by
glass fiber filtration and added te42M Ferric Chloride (Mallinckrodt Chemicalspfter 6 hour
reaction the GAC is washed with DI watend dried at 60°C in a vacuum ové&his work was

done by Siqi Hong.

Adsorption isotherms were performed as described in 3.3.9. excedtQy#i0, 100, 250,
400, and 500 mg/L sulfate. Likewise, RSSCTs were performed with 500 mg/L sajiiked

groundvater in column with a bed volume of 2 fthis work was also done by Sigi Hong.

4. RESULTS AND DISCUSSION
4.1. Performance of Tailored GAC
4.1.1. Perchlorate removal ability

The introduction of pyridinium functional groups significantly increaseg#rehlorate
(ClOy4) removal ability of thepristineGAC. For bituminous GACs, which had the best
performance among the tailored GACs, breakthrough at 6 ppb (the California regulation) with 30
ppb spiked groundwater influent increased frorh B&d volumes (BVjor thepristine GAC to
5110 BVfor thefinal tailored GAC sampl8ORNQ (Figure2 and 4(. The sample after thermal
ammonia treatment, BORN, removEétD, to 3514 BV before 6 pp8l0, breakthrough. All
breakthrough curves exhibda rapid CIQ breakthrouglturve, wheh implies a small mass
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transfer zone for both the pristine and tailored samples. The tailoring procedure greatly
increased th€lO4 removal ability without any nitrogen compounds leaching off the surface, as

they were incorporated into the GAC surfabemistry by chemicaleaction
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Figure8. RSSCT breakthrough curves for perchlorate removal using 30 ppb perchlorate spiked
groundwater

4.1.2. Effect on surface properties

In order to further elucidate the mechanssof enhance@lO, removal, the authors
analyzed the impact of each tailoring step on the properties of the bituminous GAC by XPS,
surface charge titrationnd pore volume analysis (Tablg 80xidation with nitric acid
significantly increased the suda oxygen contenfireatment with nitric acialsointroduced
1.2% N, but this N was completely in the oxidized form, which does not create basic character.
The surface oxygen content was increased t8%@luring nitric acid treatmeaind then
subsequelht decreasetb 3.4% after thermal treatment with ammonia. Ammonia treatment
resulted in €% N by reaction of ammonia with reactive sitesated whewxygen groups left
as CO and Cg@gases during pyrolysis. The decrease in % O correlated with the mane4sN

when analyzinggmmoniatreated samplesom coconut GAQGu, 2011) The changes in
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nitrogen and oxygen surface content after methyl iottement arevithin the expected

experimental errofor XPS analysisso no actual changescontentwereassumed.

Table6. Properties of bituminous GAC during each tailoring stefN @ elemental
compositions are in At. % by XPS analysis

GAC Sample
Pristine B BO BOR BORN BORNQ

Micropore
Volume (ml/g)

Mesopore Volume

0.313 0.290 0.229 0.296 0.233

0.113 0.146 0.145 0.167 0.146

(ml/g)
BET s(l:;%:)e Area  ggp 831 800 888 693
C (%) 94.7 852 885  90.7 91.9
N (%) N.D. 14 16 49 5.1
0 (%) 53 134 106 3.4 3.1
oIC 00559  0.1568 0.1198 0.0375 0.0332
N/C N.D. 00168 0.0175 0.0540 0.0553
pHpzcr 5.9 27 65 83 10.4

By peak fitting the N1s peak, trdevelopment of the types of nitrogen throughout the
tailoring procedure wasxplored. The peaks were fit with-®&(pyridine-like), N-5 (pyrrole-like,
including amines) N-Q (quaternaryN), and NX (nitrogen oxide groupspeaks(Wang et al.,
2012).During nitric acid treatment some nitrogen was introduced but primarily as mitraso
or noxide (N6) groups After reduction with sodium borohydride (NaBHthe nitrogergroups
are reduced to an aminerm (N5 peak). During thermal ammonia treatmenitrogen
functional groups of each sub groups are introduced though the largest percentage (40.5%) are
pyridinic-like (N6). Finally, quéernization with methyl iodide decreed pyridinic-like groups
from 40.51% to 34.85% and increased quaterlikeygroups from 18.01% to 22.54%. Based
on the semguantitative XPS peak fitting of the N1s envelope, quaternization converted pyridine
(N6) groups to pyridinium groups (NQEorversion from N6 to N-Q via analysis of the N1s
spectrum from XPS was also used by Perrier and Benerito (1975) for quaternization of cellulose
cottons using methyl iodideThe significant increase in pktt(Table 3) between BORN and
BORNQ provides furtheevidence for the conversion, as pyridinium exhibits a much higher

charge density than pyridine groups from which it originates. In addition, the decreased
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micropore volume and BET surface area exhibited by BORNQ can be explaynpdre
blockingfrom the methyl groups which extend from graphgi@needge sites.
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Figure9. High resolution N1s peaks and fitted sub groups of tailored bituminous GAC after each
step(XPS data from Gu Xin)

4.1.3. Effect on surface charge

The pHzcrchanged from 5.9 for thepristineto 2.7 after nitric aciéxidation. Therefore,
not only did oxidation introduce oxygen surface groups, but also many of these groups are
acidic. Whentheseoxygen groupgand the GAC surfaceyerereduced with sodium
borohydrice, the pHzcrwas increased to above the value forghstineGAC. This increase
can was expected to be a conversion of the oxygen functional groups from more oxidized forms
such as carboxylic acids to more reduced forms such as carbonyls which hgiver gpKa.
However, the results of treirface group pKétration show that the increase in gtdis likely
due to los®f acidicoxygen groupsthough no major conversion is apparent (Figure Irijact,
a decrease of O% by XPS from 13.4 to 10.6 wss abserved after reduction of BORN
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addition the total surface groups decredseah2.62 mmol/g for BO td..97 mmol/g for BOR
(Table 7. Therefore, a loss of acidic oxygen groygsvides more of arexplanatiorfor the

increased phkycr than a conversioaf acidic groups to more basic oxygen groups.
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Figurel10. Surface charge titration of bituminous GAC throughout different treatment steps
(titrations completed by Cesar Nieelgado).

After thermal ammonia treatmentiet pHzcr further increased to 8f8r BORN. It is
noted that this value is less than thajority of values obtained for TGA ammonia tailored
bituminousGAC, which was also prexidized with nitric acidin previous workfrom this lab
(Chen et al., 2009bA significant decrease in the total surface groups was also obsawé®d7
mmol/gfor BOR decreased to 0.99 mmol/g for BORNble 3. The amount of acidic
functional groups (low pKa) greatly decreased as well which was caused by the release of
oxygen functimal groups upon heat treatment (Figure IlHe remaining functional groums
BORN correspond to theemaining 3.4% oxygen and the introduced nitrogen functional groups
(amines, amides, pyrroles) which have pKas less than 12.

After quaternization with ethyl iodide the piB;cr wassignificantlyincreased td.0.4for
BORNQ.In addition, an increase in the total surface groups, especially those at a high pKa, was

observedThese large increases (shown in Figure 11) indicate that methyl iodide may beyreactin
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with more than pyridine, as surface groups increased over the range of three different pKas. In
addition, the pKa of pyridinium is expected to be at a pH greater than 12, though the effects of
neighboring atoms could have some effect on the pKa.
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Figure 11. Surface group distribution determined by pKa titration (results from Cesar Nieto
Delgado)

Table7. Surfacecharge anghKa groups (by pKa titratiorgf thepristinebituminous GAC and
after each treatemt steg(data from Cesar Nieto Delgado)

Surface Chemistry Properties
Total Surface
AC Treatment Groups

pHpz Carboxylic!  Lactonié  Phenolié

Step (mmol/g) c (mmol/g) (mmol/g) (mmol/g)
Pristinte 0.32 5.9 0.1 0.22 0
Bituminous
BO 2.616 2.7 0.34 0.78 1.49
BOR 1.97 6.5 0.42 0.44 1.11
BORN 0.99 8.3 N/A N/A N/A
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BORNQ 1.23 10.35 N/A N/A N/A

1pH < 6.37,%6.37 < pH < 10.25%pH > 10.25 groups by surface titration but comparable with Boehm titration
(Contescu et al., 1997

4.1.4. Effect on structural properties

The effecs of each synthesis step on the physical and chemical characterishies of t
bituminous GAC arsummarized in Table &nd represented in Figure.Ithe pyridinim grafted
GAC (BORNQ) had increased mesopore volume, decreased micropore volume,ecrdasdd
surface area after all treatment steps. The nitric acid treatment step involved pore widening as the
micropore volume decreased, converting to mesopdezsding to an increase in mesopore
volume.Treatment with sodium borohydriddtered the sdiace chemistry, but id not
significantly affect the porosity of the GAEeat treatment with ammonia further increased the
mesopore volume and also enhanced the surface area. As expected, the methyl iodide
guaternization reaction decreased pore volantksurface are@verall, the tailoring process
did not significantlyaffect the porosity of the GAC, preventing substantial hindrancerte

particle diffusionrates
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Figurel2. Progression of porosity through the 4 stepdituminous GAC
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4.2. Electrochemical Properties of the Rilored GAC
4.2.1. Effect on redox properties

Because of the unique structure created by alkylating pyritirgcoups within the
graphene planes and on the graphene edge sites of GAC, unique electroghvemectes were
observed. The redox activity of the tailol@AC wasmonitoredby cyclic voltammetry (CV)
throughout each of the steffSgure 13. Thetypical capacitive behavior of GAC was observed
whenprisitine bituminous GAC was added to the surfatéhe carbon pasteorking electrode.
Oxidation with nitric acid introduce electroactive oxygen groups which create a broad
pseudocapacitive peak centered around 0.05 V for oxidatiorD2&lV for reduction for BO.

For BOR, the peak current is reducedakhs consistent with a loss in oxygen functional groups
(Kinoshita& Bett, 1983). After thermal ammonia treatment, the oxygen functional groups have
disappeared but the capacitance still remains higher than the pristine bituminous. Nitrogen

functional goups have been known to increase capacitance ingr@pulxides (Sun et al., 2012).
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Figurel13. Progression of cyclic voltammograms for each of the four steps on bituminous GAC.
All scans at 10 mV/s in 0.2 M NaCl.

Characteristioxidation and reduction peaks were tlodrserved aftequaternization
These peaks were not observed before treatment with methyl isditteey are attributed to
functional groups which are created only after alkylation, namely pyridinium which has
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prevously been identified. These peaks also occurred at a unique potential where the well know
redox activity of oxygen functional groups was not observed fosyistem on pristine and
oxidizedGAC. In order to confirm that these peaks were not associatiedxygen reduction
reaction(ORR)as has often been ascribed to quaterNgrBORNQ was cycled in nitrogen
purged electrolyte and then switched to air purged electrolyte (Figdieluan et al.,
2012;Wang et al., 2012).

Thereduction peak found around30Vv and the broad oxidation peak at-0.8 V
gradually disappear with increaseytling, sothis rex behavior appears to baused by a
guastreversible redox process and not a consumption of oxygerfirneh®& CV scansn air
purged electrolyt¢Figure 14)were performed on the same GAC for which the first five scans
were performed in anaerobic, nitrogen purged electrolyte. However, after air purging the
reduction peak continues in the same decay pattern for cydl@snbaerated electrolyte. If the
reductionpeak at 0.3 V were associated with oxygen then the peak would increase with an
introduction of dissolved oxygen to the electrolyte. However the redox continues to decrease and
a broad, stable peak starting@®5 V is formed which can be attuited to theORR Therefore,
it is hypothesized that a quasiversible redox reaction occurs in the pyridinium grafted GAC
(BORNQ) which is able to create a positive charge when oxidized and a neutral charge when
reduced, similar to polypyrrole or polyang (Li et al., 2006; Zhang et al., 2011; Cui et al.,
2011). The gradual degradation could be caused by the instability of the electron reconfiguration
which take place in the aromatic structure of the GAC graphene plane during the redox

reactions of th@yridinium and pyridinium like functional groups.
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Figurel4. BORNQ cyclic voltammograms at 10 mV/s in 0.2 M NaCl purged with nitrogen (N2)
and air

4.2.2. Reduction regeneration

Though the overall capacity for perchlorate removabiscompetitive with adsorption
offered by ion exchange resins, it does offer the possibility of sustainable redox regeneration
which avoids the issue of disposal of high salste brine solutions and allows for more frequent
regenerationkirst, the regeeration of the pyridinium grafted GAC was tested with a strong
chemical reductant, sodium borohydrideegeneratiomvolved 50 BV of500 mg/L sodium
borohydride, which was prepared from 4.4 M sodium borohydride in $6duim hydroxide.

After sodium boohydride treatmen(tL00 BV), the column was then washed with DI water until

the ORP was equal to that of watgpgeoximately2L). Regenerationesulted in alug with a

mass of perchlorate equal topsoximately8000 BV of 30 ppb spiked water. After regeation,

the processed GAC was able to remove perchlorate again to an initial breakthrough of 2000 BV
as shown in Figure 13. Also, a very gradual breakthrough was observed, which offers evidence
that the oxidizing nature of the test water (ORP ~680 m\) may have been increasing the

positive surface charge of the GAC through an oxidation reacliba.capacity of the original
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GAC tested was restored and exceeded with redox regeneration. In addition, to reducing the
GAC surface the sodium borohydride htemove oxygen groups which may have been added

during oxidation with sodium hypochlorite.

Instead of using a chemical reductant, electrochemical reduction was also used to desorb
ClO4. Electrochemicalregereration was performedising BORNQ as the elzode material.
Four conditions were tested to provide evidence for reduction desorption of perchlorate. For the
first sample, the electrode was oxidized at 0.9 V for 20 minutes in 0.2 M NacCl electrolyte (a).
This sample was then analyzed by XPS. Nexgw electrode with fresh BORNQ was oxidized
in 0.2 M NaCl with 0.02 M NaCl@at 0.9 V for 20 minutes (b). The sample was removed from
the electrode and analyzed by XPS. For the third sample, fresh BORNQ was applied to the
working electrode, and the electmdvas firstoxidized in 0.2 M NaCl with 0.02 M NaClCat
0.9 V far 20 (c). Then the same sample\{@s rinsed with DI water and redac@ 0.2 M NaCl
for 20 minutes at0.8V. The sample was then analyzed by XPS. The fourth sample was a
control sample. lesh BORNQ was loaded on the working electrode, and the electrode was
oxidized in 0.2 M NaCl with 0.02 M NaClcat 0.9 V for 20 minutes (d). The same sample (d)
was rinsed with DI water placed in a 0.2 M NacCl electrolyte with no voltage applied.

Figure15. RSSCTof original pyridiniumgrafted GAC(BONQ) in oxygenated water and the
same carbon after reduction regeneratitth 30 ppb perchlorate spiked groundwater
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