
 
 

The Pennsylvania State University 

The Graduate School 

College of Engineering 

 

OXYANION  REMOVAL USING NITROGEN TAILORED ACTIVATED CARBONS 

WITH ELECTROCHEMICAL REGENERATION  

 

 

A Thesis in 

Environmental Engineering 

by 

Timothy M. Byrne 

 

©2012 Timothy M. Byrne 

 

Submitted in Partial Fulfillment 

of the Requirements 

for the Degree of 

 

 

Master of Science 

 

August 2012 

 

 



ii 
 

 

 

 

The thesis of Timothy M. Byrne was reviewed and approved* by the following:  

 

 

 
Frederick S. Cannon  

Professor of Environmental Engineering  

Thesis Advisor  

 

 

Nicole R. Brown  

Associate Professor of Agricultural & Biological Engineering 

 

 
Brian A. Dempsey 

Professor of Environmental Engineering  

 

 

William Burgos 

Environmental Engineering Graduate Officer  

 

 

 

 

*Signatures are on file in the Graduate School. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

 

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. Nitrogen tailoring involved: a) introducing oxygen groups onto the 

GAC, b) adding nitrogen groups using thermal ammonia treatment, and c) quaternerizing 

pyridine groups to create positively charged pyridinium groups. Evolution of surface chemistry 

and porosity throughout the tailoring procedure was analyzed using x-ray photoelectron 

spectroscopy (XPS) analysis, argon adsorption porosimetry, surface charge titration, and rapid 

small scale column test (RSSCT). In order to test the importance of starting material on 

perchlorate removal, four different parent GAC of different source materials were tailored: 

coconut, bituminous, hard-wood, and wood. Bituminous GAC offered the best performance after 

tailoring procedures with up to 5500 bed volumes of removal until initial breakthrough during 

RSSCT for 30 ppb perchlorate spiked groundwater. The performance was 5-6 times better than 

the parent commercial activated carbon. Oxidation with nitric acid at different treatment 

temperatures resulted in surface oxygen atomic percentages of 5-25%, per XPS analysis. 

Ammonia treatment introduced 2-6% N. In addition, the conversion of pyridine to pyridinium 

was confirmed by peak fitting analysis of the XPS N1s signals and surface charge titration. 

Redox functionality of the alklyated groups was explored using cyclic voltammetry. Perchlorate 

adsorption 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 regeneration 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 significantly 

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 sulfate released, according to 

quantification of adsorbed sulfate in the XPS S2p peak.  The implications of redox regeneration 

with a relatively inexpensive media could be highly transformative to the adsorption industry.
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NOMENCLATURE  
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-Q   After quaternization ï final product of 4 step met
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1. INTRODUCTION  

 

 Perchlorate has been detected in the ground and surface water of 26 states (USEPA, 2008).  

Though naturally occurring in some parts of Chile, most perchlorate sources originate from 

anthropogenic activities: rocket fuel, fireworks, and explosives (Srinivasan & Sorial, 2009).  

Perchlorate is a very strong oxidant; however, due to its high activation energy, at ambient 

temperatures it is kinetically slow-reacting and difficult to reduce (Urbansky, 1998). Perchlorate 

incidence has received regulatory attention due to recorded health effects, especially interruption 

of development processes 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 Interim Drinking Water Health Advisory level of 15 ɛg/L. Some states 

have much lower action levels, while Massachusetts and California have set state drinking water 

regulations at 2 and 6 ppb, respectively (MDEP, 2012;CADPH, 2012). In addition, the EPA has 

set a Reference Dose of 0.0007 mg/kg/day (Srinivasan & Sorial, 2009).  

The occurrence of perchlorate in groundwater has been known since the 1950s, but 

accurate detection of perchlorate concentration only became necessary as perchlorate legislation 

gained momentum in the late 1990s (Sellers, 2007). Responding to the need, the EPA published 

many methods for detection. The first EPA method for Ion Chromatography (IC) analysis of 

perchlorate was published in 1993 with a minimum detection limit of 0.53 ppb, and many further 

improvements have been made since then (Sellers, 2007; Mosier-Boss, 2006). 

Due to its high solubility and low reactivity at ambient temperatures, perchlorate cannot 

be removed by conventional water treatment technologies.  The viable techniques currently in 

use or development can be divided into separation (ion exchange resins, membranes, and 

activated carbon) and destruction (biological or electrochemical reduction) techniques (Sellers, 

2007).  Ion exchange is the most common method for perchlorate treatment because of its 

versatility in removing largely varying concentrations, simple operation, and long record of 

successful performance (Sellers, 2007). However, regeneration of ion exchange media creates 

large amounts of waste brine, and many contaminant-selective resins cannot be easily 

regenerated (Gu et al., 2000). 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 mediea. Membrane technologies have also been 
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shown to be effective for perchlorate removal, but produced waste brine has been as high as 15-

20% of the volume of water treated (CEPA, 2004).  Biological reduction methods are able to 

actually destroy perchlorate ions by transforming them to chloride. Facultative anaerobes are 

able to use perchlorate as an electron accepter in the absence of the oxygen, but usually require 

an exogenous carbon source.  In addition, biological techniques are often ineffective at the low 

concentrations of perchlorate typically present in contaminated sources.  Moreover, many water 

utilities do not want to 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 received some attention in the literature.  When using successful tailoring 

methods, bed life can be extended greatly, making GAC into a very viable option when 

compared to the other treatment options (Parette & Cannon, 2005).  However, the surfactants 

which were added to the GAC were found to leak off and required an extra polishing bed for 

removal. In addition, a ñgreenò method for regeneration with low TDS electrolyte solutions and 

low energy consumption costs of GAC could create an advantage over ion exchange.  

The objective of the research herein was to: (1) graft pyridinium functionality into the 

surface of several different commercial GACs to enhance ClO4
-
 removal, via a four step 

procedure; (2) to characterize the four step procedure using pore volume analysis, x-ray 

photoelectron spectroscopy (XPS), surface charge titration, dye adsorption,  and perchlorate 

removal experiments; and (3) to test the conductivity and redox-state control of pyridinium-

grafted GAC.  The proposed hypotheses were: (1) pyridinium functional groups can be 

introduced into GACs from many different parent materials and improve the perchlorate removal 

capacity by increasing positive surface charge and (2) the redox state of pyridinium functional 

groups introduced into the basal planes of GAC can be chemically or electrochemically 

controlled to create positive or neutral charge.  
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2. LITERATURE REVIEW  

 

 

2.1. Adsorption on Activated Carbon Surfaces  

2.1.1.  Types of Adsorption 

2.1.1.1.   Physisorption vs. chemisorption  

 Adsorption is a process of separation at a liquid-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 

(physisorption) and chemical (chemisorption). Both processes are generally exothermic but 

involve differing amounts of heat of adsorption and extents of reversibility. Physisorption is 

generally reversible, in that the concentration of molecules on the adsorbent surface depends 

only on their partial pressure, similar to condensation, in the gas phase, while chemisorption is 

generally thermodynamically irreversible (Patrick, 1995). The former is non-specific, whereas 

the latter depends on the chemical nature of both the adsorbent 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 interactions (not chemical bonds) are responsible for 

physisorption, and these correspond with heats of adsorption in the range of heat of condensation 

(< 10 kJ/mol) (Yang, 2003; Mattson & Mark, 1971). Physisorption will occur in any fluid/solid 

system if the temperature 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, chemisorption involves an 

actual sharing of electrons and heats of adsorption in the order of magnitude of bulk phase 

chemical reactions (~10-400 kJ/mol) (Mattson & Mark, 1971). Adsorption reactions from 

solution that fall within the 10-60 kJ/mol net enthalpy change range cannot 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 break the bonds 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 of a 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 occur on a 

ñdirtyò surface (Mattson & Mark, 1971). Finally, physisorbed layers may be several molecules 

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

 

2.1.1.2.  Specific vs. non-specific adsorption 

 Physical adsorption can further be divided into specific and non-specific adsorption based 

on the forces that govern the separation process. Dispersive and repulsion forces are responsible 

for non-specific adsorption and are present in all adsorption systems; conversely, long-range 

coulumbic forces (induction energy, interaction between electric field and permanent dipole, and 

interaction between field gradient and quadropole) may be present, in addition to non-specific 

forces, and are attributed to specific adsorption  (Gregg & Sing, 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 due to non-specific 

interactions. In addition, non-polar adsorbates (noble gases and saturated hydrocarbons), which 

have ñspherically symmetrical shells or ů-bonds,ò will interact non-specifically with adsorbents 

regardless of the adsorbentôs properties (Gregg & Sing, 1982). The other classes of adsorbents, 

those with concentrated positive or negative charges, will participate in a combination of specific 

and non-specific adsorption with polar classes of adsorbates. The polar classes of adsorbates 

include: those with ˊ-bonds or lone electron pairs (aromatic or unsaturated), 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) (Gregg & 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 repulsion 
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The fundamental idea of attractive and repulsive forces has remained intact throughout 

many decades of research. Every adsorbate-adsorbent interaction (Gregg & Sing, 1982) involves 

dispersion (London) forces which will induce a moment due to the random electron density 

motion present in every atom, leading to a non-specific attraction between atoms or molecules, 

with a potential energy equal to:  

         (2.1) 

When the molecules are in very close proximity, a repulsion force eventually dominates 

because of short range interaction (overlap) of the atomôs electron, and repulsion can be 

simplified to the energy:  

          (2.2) 

The sum of the forces between two atoms is then the sum of equations 1.1 and 1.2, named 

the Lennard-Jones 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:  

         (2.3) 

Here m is the mass of an electron, c is the speed of light, Ŭ is the polarizability, and ɢ 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 phase and in the top layers in the solid 

adsorbent.  

Next, the forces which are generated when either the adsorbate or adsorbent are charged 

(ions, polar groups, ˊ electrons) will be considered. In adsorption phenomena, especially 

physical (where the intermolecular distances are of the order of 2-4 nm), such repulsive forces 

are of much lesser practical significance than, say, electrostatic repulsion, which is discussed in 

Section 2.1.2.2. next. 

Dispersive (London or van der Waals) interactions are the major mechanism for gas 

phase adsorption and are likely the major cause of aromatic organic solute adsorption in aqueous 

solution. However, inorganic adsorbates often involve electrostatic (double-layer forces), which 

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

Polar adsorbents give rise to electric fields and induce a dipole in the adsorbate, causing 

an interaction energy: 

        (2.4) 

Here F is field strength at the molecule center and Ŭ is the polarizability. If the adsorbated 

molecule also has a dipole then an additional force is added: 

         (2.5) 

Here ɛ is the dipole moment of the adsorbate molecule and ɗ is the angle between the field from 

the solid and the axis of the adsorbate dipole (Gregg & Sing, 1982). 

 Finally, a field gradient and linear point quadrupole can be calculated: 

          (2.6) 

Here  is the field gradient and Q is the linear quadrupole moment (Yang, 2003). 

For physical adsorption, all of the forces on an adsorbate molecule at a distance z from the 

adsorbate surface can be summed: 

      (2.7) 

The first two terms in equation 1.7 are non-specific adsorption forces (dispersion and repulsion) 

and are always present. The final three are specific adsorption, or electrostatic forces, which are 

present dependent on the nature of the adsorbent and adsorbate (Gregg & Sing, 1982). Ion 

exchange can be classified as an electrostatic interaction which is reversible by brine 

regeneration, though it would not technically classify as adsorption.  

 

2.1.2.3. Chemical  

 Though the majority of wide-spread gas phase adsorption processes are based on 

physisorption (dispersion and electrostatic interactions), some adsorbents which rely on 

chemisorption have been developed. The challenge with using 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 but reversibility 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 60-80 kJ/mol (Yang, 2003). Covalent bonds have very high bond 

energy (200-600 kJ/mol). Other common chemisorption bond energies include: chelation (8-200 

kJ/mol), reversible chemical complexing (8-70 kJ/mol), and acid-base interactions (5-150 

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

 One specific type of chemical complexation, ˊ-complexation has received recent 

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

orbital outer shell vacancies in the sorbentôs surface cation, 2) the quantity of ˊ electrons in the 

target adsorbate molecule and the ability of these electrons to be donated to the cationôs s-orbital, 

and 3) the quantity of cation d-orbital electrons and the ability of these electrons to be donated to 

the adsobate molecule (Yang, 2003). Understanding and optimizing these bonding properties 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 heat of adsorption. To determine the heat of adsorption, some terms must first be defined.  

Molar energy, enthalpy, and entropy values can be defined for the adsorbate-adsorbent 

interactions from zero coverage to a certain surface concentration (Gregg & Sing, 1982). After 

some derivation, the istoteric heat of adsorption (q
st
) can be related to experimental data obtained 

from adsorption isotherms at two or more closely matched temperatures (close enough to assume 

q
st
 is temperature independent). Equation 1.8 can calculate for two temperatures, while equation 

1.9 represents an adsorption isostere for multiple temperatures:  

  
      (2.8) 

        (2.9) 

Myers (2002) argues that the model for 2-D surface adsorption must be adapted for micropores 

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 energy (ȹG), regardless of the energy of interaction (Mattson & Mark, 1971). Adsorption 

will also create a decrease in entropy (ȹS) and will result in a net decrease in enthalpy (ȹH). 

  

2.1.4.  Gas-phase vs. Aqueous Adsorption 

 Though there is well over a century of literature on adsorption, the development of 

understanding on liquid-phase adsorption greatly lags that of gas and vapor-phase adsorption. 

Though there are some similarities between gas and liquid phase adsorption there is no direct 

correlation to link the results 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, 

though adsorption of solute is usually of interest, some adsorption of solvent, often water, will 

occur.  Solute-surface, solvent-surface, and solute-solvent interactions must be accounted for in 

aqueous phase, complicating the understanding of adsorption processes (Yang, 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 on ñactiveò surface chemical 

properties (Mattson & Mark, 1971). Since multi-layer adsorption is infrequent for adsorption 

from aqueous solution, surface coverage parameters cannot be used to distinguish between 

physisorption and chemisorption (Mattson & Mark, 1971). 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 (Mattson & 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 sometimes difficult to differentiate, an internal 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 deep (Gregg & 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 exposed out-facing aromatic sheets.  By either definition, most 

activated carbons have internal surface areas (~1000 m
2
/g) several orders of magnitude larger 

than the external surface area (10-200 m
2
/g) , due to a large internal pore structure (Bansal et al., 

1988). Conversely, a non-porous carbon black aggregate exemplifies a material with a large 

external/internal ratio of surface area. Some pores form between particles, but the majority of the 

aggregateôs surface area exists on the external surface.  

 

2.2.1.2.  Pore size distribution  

The porosity of adsorbents can vary widely; in fact, the size and shape of pores within 

any given adsorbent can be very diverse. The pores can be cylindrical or slit-shaped. According 

to the IUPAC, pores are classified as micropores (width < 2 nm), mesopores (width 2-50 nm), 

and macropores (width >50nm) (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 cycles (Gregg 

& 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 isotherm for adsorption 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 surface area to pore 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 adsorbate saturation pressure must be high enough to allow a wide, yet 

practical range (<1-2 atm), 4) the working temperature should be practically obtainable 

(refrigerant bath temperature), and 5) the adsorbate shape must not greatly deviate from spherical 

symmetry so 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, 
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benzene, alkanes, and others can offer advantages in certain situations (Gregg & Sing, 1982; 

Garrido et al., 1987). There are numerous models which exist to describe the porosity based on 

isotherm results including the Dubinin-Radushkevich (DR) equation, BJH model, Horvath-

Kawazoe (HK) approach, and density functional theory (DFT)(Garrido et al., 1987;Yang, 2003). 

Surface area models include the Brunauer, Emmett, and Teller (BET), Langmuir, and t-plot, 

among others (Bansal et al., 1988).  

The BJH model which is derived from the Kelvin equation has been critiqued for an 

inability to account for fluid-wall 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 observed to result in 

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 account for 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 parameters to 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 this transport mechanism, 

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 molecular diffusion coefficient) of two molecules that are 

to be separated (Yang, 2003). Equilibrium separation is the most common adsorption process, 

and it relies on the most fundamental properties of the adsorbate and adsorbent. However, in 

equilibrium processes for 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 the effective 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 

instance, on 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 analyzed with 

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 molecule to an adsorption 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 surrounding 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 through it is determined 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 must adsorb once 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 rate-limiting.  Molecular diffusion may be rate limiting for a 

large adsorbate 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 kinetics of molecules in the liquid 

phase, significant pore volume is needed with pore diameter >3nm for liquid phase adsorption, 

whereas for gas phase pores in the range of 1-2.5 nm are typically utilized (Yang, 2003). 

 

2.2.2.  Role of Surface Chemistry 

2.2.2.1. Surface acidic 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 chemistry (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 

groups.  

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 with the graphene planes, as 

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 adsorption of inorganic ions. Inorganic ions are thus the focus 

of this thesis, so great attention will be given to specific functional groups, though electrostatic 

interactions will also be discussed in section 2.2.2. The most common and relevant class of 

surface functional groups are complexes with oxygen, hydrogen, nitrogen, sulfur, and halogens, 

as well as aromatic ˊ electrons electron donor/accepter complexes.  

The most abundant and most influent functional groups are, usually, oxygen complexes. 

The list of acidic oxygen groups includes phenols, carbonyls, carboxyls (and their anhydrides), 

quinones, 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, catalytic, and 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 usually in lower concentration, especially after oxidation (Boehm, 1994). 

Carbon-hydrogen 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 hydrogen groups are more tightly bound than oxygen groups, desorbing only after 

treatment to 1000-1600°C for carbon black (Kinoshita, 1988). The presence or absence of 

hydrogen groups has no direct effect on adsorption, but their presence as neighboring to other 

functional groups can effect charge and electron location.  
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Carbon-nitrogen complexes are typically low, sometimes negligible, in natural 

bituminous and lignocellulosic activated carbonaceous materials. Some basic amino groups may 

be present which can be protonated 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 complexes, largely 

having basic character; and these can improve the removal of anions and acidic gases (CO2) 

(Kinoshita , 1988; Pevida et al., 2008; Mangun et al., 2001; Chen et al., 2005a,b). The evolved 

nitrogen groups can have the form of pyridine, pyridnium, pyrrole, N-oxides, amino, and 

recessed quaternary ammonium (Arrigo et al., 2010; Jansen & van Bekkum, 1994). 

Carbon-sulphur and carbon-halogen complexes occur in small concentrations and 

typically have little bearing on the acid/base character of a carbon surface, but they are worth 

noting. Carbon-sulphur complexes are commonly present in activated carbons which come from 

coal or petroleum-based feed stocks in amounts varying from 0-1%. Carbon-halogen complexes 

mostly come about after treatment with halogens (Kinoshita, 1988).  

 

N+

Recessed 

Quaternary N

NO(2)

Nitro (2) or 

Nitroso (1)

 

Figure 1. Common oxygen and nitrogen functional groups which can be present (adapted from 

Arrigo et al., 2010; Shafeeyan et al., 2010) 
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2.2.2.2. Nature of electric double layer 

A crucial aspect of adsorption is the nature of the solid-liquid interface that develops 

where the solution interacts with the surface of solid. This interfacial region has long been 

termed the ñelectric double layerò, which, though it is well established, is a misnomer. The true 

nature of the interface is an electrochemical multilayer that can 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 typically divided into 3 

levels: the solid phase, the inner layer, and the outer (diffuse) layer.  

The solid phase, defined here as the adsorbent surface, usually has some net charge, 

created by a net deficit or excess of electrons. In the case of activated carbon, surface functional 

groups may play a large role in some cases, but the majority of this phase is a thin 2D layer of ˊ-

layered electrons (Mattson & Mark, 1971). The inner layer is directly adjacent to the adsorbent 

and consists of a monolayer of oriented solvent 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 adsorbed 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 through long-range 

columbic forces, and are said to be non-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 solution, is considered the 3D ñionic 

atmosphereò of the 2D charged surface (Mattson & Mark, 1971). The potential profile follows an 

exponential form, either falling or rising from the solid surface into the solution bulk. The 

thickness of the double layer depends upon the ionic 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 for removal over all other competing ions. When considering the effect 

of proton removal with various ions, an order of removal capacity was found: SCN
-
 > I

-
 > NO3

-
 > 

Br
-
 > Cl

-
 > SO4

2-
 (Mattson & Mark, 1971). This order will also describe which ions interact with 

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 functionality of the ion 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 perchlorate adsorption 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 

ñmodification of the electric double layer, [resulting in] a decrease of electrostatic forcesò. 

Therefore, Mahmudov and Huang (2011) argue that even on commercial GAC, electrostatics 

forces play a small role for adsorption of anions; and specific chemical interaction is the major 

mechanism for adsorption of anions.  For 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 1. Patterson et al. (2009,2010,2011) found thiosulfate competition 

decreased the removal of perchlorate on cationic surfactant tailored GACs. 

 

Table 1.  Separation factors for quaternary ammonium functional groups on strong base anion 

exchange resin (Clifford, 1999). 

Anions 
Separation Factor (Ŭ

i

Cl
-) 

UO
2
(CO3)

3

4-

 
3200 

ClO4
-

 
150 

CrO
4

2-

 
100 

SeO
4

2-

 
17 

SO
4

2-

 
9.1 

HAsO
4

2-

 
4.5 
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HSO
4

-

 
4.1 

NO
3

-

 
3.2 

Br
-

 
2.3 

SeO
3

2-

 
1.3 

HSO
3

-

 
1.2 

NO
2

-

 
1.1 

Cl
-

 
1.0 

BrO
3

-

 
0.9 

HCO
3

-

 
0.27 

CH
3
COO

-

 
0.14 

F
-

 
0.07 

 

 Similarly, the presence of natural organic anions can also cause competition and fouling 

issues. Because natural organic matter (NOM) is large and negatively charged, it can take away 

specific and non-specific adsorption sites that could have been utilized for adsorption of a target 

anion in 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 phenomenon, the addition of 

small soluble organics such as toluene, phenol, aryl alcohol, picric acid or methylene blue had 

the ability to desorb adsorbed acids (Mattson & 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 point (IEP) titrations are carried out to analyze surface charge and zeta potential, 

respectively, as a function of pH. The pH values at which the surface charge and zeta potential 

equal zero are classified as the PHPZCT and PHIEP, respectively, and these two values are 

approximately the same, in many cases (Radovic et al., 2001). The majority of carbon materials 

have a net negative surface charge at neutral pH, as acidic groups tend to dominate.  H-type 
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carbons are classified as carbons with a PHIEP greater than neutral, and L-type carbons have a 

PHIEP less than neutral (Radovich et al., 2001). In natural activated carbons, it has been argued 

that the positive charge originates from protonation of the basal graphene plane, in addition to 

oxygen functional groups (Radovich et al., 2001).  

 Typically, the large majority of the surface groups on activated carbon are acidic oxygen 

functional groups. The pKa of specific functional groups (i.e. hydroxyl) can vary based on 

neighboring groups and graphene plane size, but different functional groups vary enough that 

they can be distinguished by their distinct ñneutralization behaviorò (Boehm, 1994).  These 

different acid classes can be ñdelineated as different peaksò by titration with NaOH, Na2CO3, and 

NaHCO3 (Yang, 2003). 

 The net surface charge of GAC is positive at pH< pHPZCT and negative at pH>pHPZCT.  

For anion adsorption, lower pH values result in higher adsorption, 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 layer which 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 of the opposite charge. A list of common GAC surface functional groups and 

their pKaôs can be found in Leon y Leon and Radovich (1994). 

 

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 the adsorbate 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 metal and phosphate ions are pH 

dependent adsorbates within the typical adsorption pH range, so a combination of adsorbent 

charge and adsorbate charge will affect adsorption. For example, depending on the pH of the 

solution, phosphate can exist as H3PO4, H2PO4
-
, HPO4

2-
, and PO4

3-
, which affects the 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 1.8 or 8.  At pH values above its pKa of 

9.89, phenol exits primarily as a proton and anion which 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 the major anions of concern in municipal water and waste water are phosphate, 

nitrate, perchlorate, arsenate, bromate and fluoride. Activated carbons, both treated and 

untreated, have been studied as anion adsorbents; however, this section will focus mainly on 

unmodified GACs, as surface modifications with be discussed in depth in section 2.3.2. Several 

types of GACs have been tested for nitrate removal with some success (up to 2.03 mmol/g); 

however, various types of surface modification proved to be better than pristine commercial 

activated carbon (Bhatnager & Sillanppa, 2011). Mahmudov and Huang (2011) examined 

removal with Filtrasorb F400 GAC and found removal abilities for different oxyanions, as such: 

perchlorate > nitrate > chlorate > bromate > iodate > phosphate > sulfate.. For all tested ions 

except sulfate, free energy of adsorption was positively correlated with hydration number and 

Stokes volume and negatively correlated with hydration enthalpy and free energy of hydration.  

Specific chemical interaction played a much larger role than electrostatic attraction forces.  The 

bromate and chlorate removal mechanisms were found to be a combination of adsorption 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 reduction ability (Kirisits 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 (MMR) (Parette & Cannon, 

2005; Parette et al., 2005,2006; Sellers et al., 2007). In Redlands, the GAC pilot-scale 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 volumes at an EBCT of 20 minutes. Brown and co-workers (2002) used two GAC 

types, as received and acid washed/out-gassed (AWOG), explaining perchlorate removal by ion 

exchange, verifying no evidence of chemical reduction.    



19 
 
 

Mercury anion adsorption was observed at 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 removal of F
-
 and Cl

-
 from industrial 

wastewater, using 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). Though some inorganic 

anion removal has been achieved with untreated 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 can be classified 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 treatment, and surface impregnation (Yin et al., 2007). Most intentional attempts 

to alter only the physical characteristics involve heat treatment in an inert or reactive atmosphere.  

2.3.2.1.  Acidic treatment 

Acidification of the carbon surface can be achieved by treating the GAC with an oxidant. 

Common oxidants are dilute aqueous acids and acidic gases.  Moreno-Castilla and co-workers 

(1995) found that nitric acid wet oxidation treatments produced more oxygen groups than 

treatment with hydrogen peroxide and ammonium peroxydisulfate. 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 also introduce 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 decreased with increasing pH, indicating the importance of low acidity constant oxygen 

functional groups. Also, Lach et al. (2007) found increased removal of Cr(VI) after CO2 

treatment at elevated temperatures.  Finally, electrochemical oxidation of activated carbon cloth 

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 proposed a mechanism which 

attributed higher adsorption to electrostatic interactions and H-bonding with the increased 

number of oxygen functional groups; however, the overall perchlorate removal capacities were 

low. 

 Though some ñacidicò treatments can improve removal of anions, they are typically most 

useful as a pre-treatment 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 CO2 adsorption increased with pre-oxidation 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 containing (Shafeeyan 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 environment, creating basic nitrogen groups.  

Basic nitrogen can be introduced into the carbon matrix by two methods: reaction of an 

oxidized material with an N-containing reagent (i.e. NH3, urea, melamine, HCN) or preparation 

of a carbon from an N-containing precursor such as carbazole, nitrogen enriched polymers, and 

acridine (Jansen & van Bekkum, 1994,1995; Menendez et al., 1996; El-Sayed & Bandosz, 2005; 

Pietrzak et al., 2007; Wang et al., 2010). For the first method, oxygenation of the carbon surface 

can be achieved by oxidizing the GAC with a strong oxidant, as discussed in the previous section 

(2.3.2.1.). After oxidation, subsequent thermal treatment can decompose the C-O or C=O groups 

into CO/CO2 gas, leaving behind reactive sites that can bind N (Wang et al. 2007). The 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 

HNO3 pretreatment and 2.3% without HNO3 pretreatment, after subsequent NH3 treatment at 800 

o
C for 3 hours. Jansen and van Bekkum (1994) applied 30% HNO3 to activated carbons and then 

followed this with thermal treatment in 5% NH3 plus N2, and they were able to create 16% N in 

the product GAC.  
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For heat treatment with N-containing reagents, the overall findings were: at temperatures 

<600
 o
C carboxyl, hydroxyl, lactone, and carbonyl decomposition leads to incorporation of 

predominantly aliphatic N (imide, amine, nitrile), and at temperatures >600
 o
C ether-like 

functionalities decomposition allows 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 800
o
C, pyridine groups comprised 49-66% of the 

nitrogen groups, pyrroles were 27-36%, and protonated pyridines were 7-11%.  Also, the 

nitrogen mass fraction of activated carbons increased as the temperature of the ammonia 

application increased, from 0.6% in the native activated carbon, to 2.8% after 600
o
C treatment, 

to 6.7% after 700
o
C, and 8.0% after 800

o
C treatment (Mangun et al. 2001).  The authors found a 

correlation between HCl chemical adsorption energy and weight % nitrogen on the GAC surface, 

which was their measure of basic character. Chen et al. (2005a) also created basic functional 

groups using thermal ammonia treatment. Their results exemplify the importance of positive 

surface charge on the removal of aqueous perchlorate ions, but they also do not expound upon 

which basic functional groups are important to surface charge production. 

Quaternary-N and pyridine groups are favored at temperatures of 700-800
o
C; however, 

much of this quaternary-N is recessed within the graphene planes as observed in 

pyrolysis/thermal treatment 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 Bekkum, 1995). In addition, other N functional groups were found 

to exhibit transformation to other N types under 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 temperatures, pyridine and pyrrole 

structures transformed into each other, while they transformed into more stable quaternary N 

(perhaps recessed) at higher temperature (800 ǓC). Pyrrolic-N was found stable at temperatures 

as high as 600 
Ǔ
C. Above that, it converted gradually into pyridinic-N or quaternary-N. Pels and 

coworkers (1995) found that for lignite coal that had been pyrolysized at around 450
 o
C, pyridine 

began gradually converting to quaternary-N, but it was stable above 600
 o
C. In order to keep the 

produced edge-site pyridine groups from recessing back into quaternary-N groups, 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 ion exchange, nitrogen must specifically appear as an edge-

site pyridinium (or some other quaternary ammonium or positively charged N edge group). Once 

pyridine groups are introduced into the carbon structure, the reaction of Menschutkin (1890a, b) 

can be used to 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 

quaternary nitrogen group.  A number of researchers have employed the reaction of Menschutkin 

to add a quaternary ammonium group under a variety of conditions, largely in lignocellulosic 

materials (Perrier and Benerito 1975,1976; Chauhan et al. 2004, Saxena et al. 2007, Biesalski 

and Ruhe 1999, Cen et al. 2003). 

Reaction rates for pyridinium formation have been highest with alkyl iodides, and the 

least with alkyl chlorides.  Also, the rates decreased with increasing alkyl chain length (Perrier 

and Benerito, 1976; Menschutkin, 1890a).  Alkyl chlorides (other than methyl chloride) did 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 of the literature that cites alkyl halideïinduced pyridinium pathways has involved 

carbon structures that are relatively simple and pure, when compared to the great complexity of 

activated carbons. The activated carbonôs complexity introduces numerous potential side-

reaction pathways that can alter the desired outcome. Alkyl iodides are óactiveô alkylating agents 

that are employed in the alkylation of many different compounds (Liotta 1979; Sternberg et al. 

1979). Alkyl bromides can still react favorably without the risk of as many side reactions.  

Though less common, other methods for creating basic character have been studied 

including: electrochemical reduction as well as heat treatment with steam, methane/steam, inert 

gas, and hydrogen (Harry et al., 2008; Redding et al., 2009; Aggarwal et al., 1999; Shafeeynan et 

al., 2010). 

 

2.3.2.3.  Pore loading and/or surface impregnation 
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The most effective ways to enhance the removal of anions with GAC is to introduce 

some basic groups by loading or impregnating a basic compound. Penn State researchers added 

cationic surfactants individually and as mixtures to beds of bituminous GAC (Parette & Cannon, 

2005, Parette et al., 2005; Patterson et al., 2010,2011). These tailored GACs were very effective 

for removal for perchlorate and RDX. When preloading with iron-oxalic acid, tailored GAC 

could improve perchlorate removal, but not nearly to the same degree as the surfactants (Na et 

al., 2002). Xu and coworkers (2011a) and Cho and coworkers (2011) also confirm that adding 

quaternary ammonium surfactants to GAC improves the removal of anions (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 after filtration 

removed the problem of leaching surfactants and resulted in improved removal, suggesting 

anions bind to the ñPAC monolayer by electrostatic attraction.ò The mechanism of removal is 

largely attributed to ion exchange (Hong et al., 2008).  

Rytwo & Gonen (2009a,b) adsorbed quaternary ammonium salts and dyes onto the 

surface of activated carbon, which were very effective for perchlorate removal enhancement. 

Other complex organic molecules which have been shown to improve the anion removal 

capacity of GAC are a pyrimidine-based anion receptor (HL) and quaternized 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 form 2-6 (Fang et al., 2007). 

The removal of five different anions was enhanced when HL was loaded onto GAC, and two 

active sites on the HL were stated to be responsible for anion removal (Arranz et al., 2010). 

Further activation of lignite GAC with ZnCl2 of increased the removal of nitrate due to 

incorporation of Zn
2+ 

complexes on the GAC surface (Khan et al., 2011). Similarly, Bhatnagar 

and co-workers (2008) treated coconut GAC with ZnCl2, finding removal of nitrate increased 

from 1.7 to 10.2 mg nitrate/g GAC in spite of decreased surface area.  Silver-supported activated 

carbon (silver-AC) increased bromate removal efficiency by 25% over pristine GAC, and the 

proposed mechanism was bromate reduction, which decreased with increasing pH. The affinity 

of the anions for silver-AC sites decreased in the following order CO3
2-

> PO4
3-

 > SO4
2-

 > NO3
-
 > 

Br
-
 > Cl

-
 > F

-
 (Dong et al., 2009). 
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 A number of researchers have improved anion removal of GAC by impregnating with 

Fe-containing compounds, including: Fe(III) oxide, iron/oxalic acid, iron/poly-arcylic 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 arsenite and arsenate removal in iron/poly-arclyic 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 removal. Most of the studies investigated arsenic, but selenite and perchlorate 

removal were also explored by Zhang et al. (2008) and Na et al. (2002), respectively. Jang 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 country. Perchlorate has been detected in the ground and 

surface water of 26 states and Puerto Rico as shown in Figure 2 (USEPA, 2008).  Though 

naturally occurring in some parts of Chile and the Southwestern U.S., most perchlorate sources 

originate from anthropogenic activities from production and use in rocket fuel, flares, fireworks, 

explosives, airbags, and other products (Sellers, 2007; Srinivasan & Sorial, 2009). Six 

perchlorate compounds have been manufactured in the U.S. including ammonium, sodium, 

potassium, lithium, and magnesium salts as well as perhcloric acid. Ammonium perchlorate was 

most abundantly produced with 609 million pounds from 1951-1997 (Sellers, 2007). Perchlorate 

can also be formed during the storage of sodium hypochlorite, which is used as a drinking water 

disinfectant (Gu & Brown, 2006a).  

  Perchlorate incidence has received regulatory attention at both the state and national level 

due to its threat to human health.  Perchlorate competes with iodine uptake in the thyroid gland, 

which can interrupt sensitive hormone levels controlled by the thyroid. These disruptions can 

effect developmental processes such as skeletal growth in infants (Brown & Gu, 2006a). 

Therefore, perchlorate is especially harmful to fetuses and pregnant women (Srinivasan & Sorial, 
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2009). With knowledge of these and other health effects, the U.S. Environmental Protection 

Agency (EPA) has prescribed a Reference Dose of 0.0007 mg/kg/day and  an Interim Drinking 

Water Health Advisory level (set in 2008) of 15 ɛg/L (Gu & Brown, 2006a). Massachusetts and 

California are the only states that have passed state drinking water maximum contaminant levels 

(MCLs) at 2 and 6 ppb, respectively (MDEP, 2012;CADPH, 2012). However, many other states 

have set action levels, health based guidance levels, screening levels, planning levels, and public 

notification levels, with the lowest being a 1 ppb screening level in New Mexico (Srinivasan & 

Sorial, 2009).  

 

Figure 2. 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 overall charge of the ion is -1. 

The negative charge is distributed over four oxygen molecules, creating low nucleophilicity and 

coordinating ability. The molecular diameter is 0.236 nm though the ions will carry some spheres 

of hydration (Gu & Brown, 2006a). The hydration number as defined by the enthalpy is 1.2 for 

perchlorate as shown in Table 2 (Muhmadov & Huang, 2011). Muhmadov and Huang (2011) 
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found that adsorption on GAC was correlated with the hydration parameters shown in Table 2. 

They observed that ȹ G
o
ads became more negative (more favorable) as Nhydr decreased, ȹ G

o
hydr  

increased, ȹ H
o
hydr increased, and Stokes Volume decreased. Perchlorate is one of the largest 

monovalent anions, enabling low hydration energy for its charge. Therefore, because of the 

structure of perchlorate and its associated hydration properties, adsorption of perchlorate was 

more favorable on commercial bituminous GAC than the other common anions tested, with 

higher or lower hydration properties .  

 

Table 2: Hydration properties and Gibb's free energy for common drinking water anions 

(Muhmadov & Huang, 2011; Urbansky, 1998). 

Anion   ɣ G
o

hydr 
 

(kj/mol)
 
 

ɣ H
o

hydr 
 

(kj/mol)
 
 

N
hydr

  Stokes 
volume 

(cm
3
/mol)   

ɣ G
o

f
 

(kj/mol)
 
 

ClO
4

- 
 -1270  -1326  1.2  96.9  -8.5  

NO
3

- 
 -1362  -1423  2.0  95.3  -109  

Cl
- 
 -1404  -1470  2.3  97.7  -131  

SO
4

2- 
 -3202  -3326  6.9  123.0  -744  

 

2.4.3. Chemical Interactions and thermodynamics 

Perchlorate is a very strong oxidant; however, due to its high activation energy, at ambient 

temperatures it is kinetically slow-reacting and difficult to reduce (Urbansky, 1998). Because of 

this, perchlorate is commonly used in electrochemistry as a stable electrolyte and counter ion in 

metal complexing studies (Gu & Brown, 2006a). Perchlorate ions do not easily complex with 

metals because of their low charge density. Additionally, all perchlorate salts are very soluble 

and stable, so precipitation and volatilization do not occur readily (Sellers, 2007).    

Reduction of perchlorate is thermodynamically favorable with many compounds as shown 

in Figure 3, but kinetic limitations prevent the oxidation of water (or other compounds) at 

ambient conditions. Because of these limitations, the reactivity of perchlorate strongly depends 

on temperature (Sellers, 2007). The activation energy can be lowered by catalysts and 



27 
 
 

bioreduction methods which do allow some reduction of perchlorate at ambient conditions, 

though it is often limited (Urbansky, 1998). 

As a result of these properties, perchlorate anions are very mobile and stable in the 

environment. Perchlorate ions will not complex with soils or minerals, except for those with 

large anion exchange capacity (AEC), which are usually highly weathered (Gu & Brown, 

2006a).  Other natural perchlorate removal can occur by biological uptake and anaerobic 

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

 

Figure 3: Thermodynamic equations for perchlorate reduction and water oxidation (Urbansky et 

al., 1998) 

2.5. Recent Methods for Perchlorate Removal 

2.5.1. Electrically-Induced Regeneration on Redox-Sensitive Surfaces  

Several researchers have recently reported the use of materials with redox-active 

functional groups in conductive electrodes for selective adsorption of ions (Lilga et al. 1997; 

Rasat et al. 1999; Lin et al. 2006,2011; Zhang et al., 2010). When 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 are de-doped back into solution, 

allowing a repeatable electrically switched adsorption/desorption process. This is fundamentally 

different from electrodialysis and capacitive deionization in that adsorption/ion exchange is 

through interactions with localized, charged functional groups and not a dispersed electric double 

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 adsorption is easily reversible, 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 et al. 1999). Polypyrrole, 
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polyaniline, and poly(aniline-co-o-aminophenol) electrodes have all been successfully used for 

ESIX of anions (Lin et al. 2006; Zhang et al., 2010; Cui et al., 2011). All 3 conductive polymers 

have nitrogen functional groups which are oxidized to carry a positive charge for selective 

removal of anions. Polypyrrole and  poly(aniline-co-o-aminophenol) demonstrate selective 

removal of perchlorate over chloride with an advantage of 19-27 fold.  In addition, viologen 

polymers  have been well documented as being redox sensitive, switching from positively 

charged to neutral when reduced, though they have not been used for selective anion removal 

(Ageishi 1983).  According to the literature, oxidized nitrogen functional groups in aromatic 

carbon systems offer great possibility for selective anion removal. Pyridinium groups in the 

graphite-like matrix of GAC may provide some similar redox-active behavior. 

 

2.5.2. Mechanistic removal with commercial GACs 

 When testing the perchlorate removal of 10 different commercial GACs (2 bituminous, 

4 wood, and 4 lignite), Muhmadov & Huang (2010) offered several conclusions. First, the 

speciation of the GAC surface functional groups resulted in pH dependent adsorption, and there 

was no correlation found between surface area and perchlorate removal. Second, a two site 

model with two acidity constants fit the adsorption data for the two GACs well. Free energies of 

adsorption of -26.43 and -21.06 kJ/mol were found for F400 and Nuchar SA, respectively. The 

adsorption was also enthalpy driven, at least for F400. Third, FTIR analysis of adsorption 

revealed interaction with single bound oxygenated functional groups on the F400 and 

precipitation on the Nuchar SA. XPS and FTIR indicated that perchlorate adsorption was a 

complex process which occured at least partially through specific interactions of perchlorate with 

specific functional groups. In a follow up paper the same authors reported that the bituminous 

GAC, Filtrasorb F400, adsorbed perchlorate more favorably that all other oxyanions tested 

including nitrate, chloride, chlorate, bromate, iodate, and sulfate (Muhmadov & Huang, 2011). 

When testing the effect of competing ions on perchlorate removal it was found that other single-

charged ions (chlorate, bromate, iodate, chloride), excluding nitrate, had 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 for ion exchange functional groups. Nitrate did strongly compete with 

perchlorate, indicating a similar affinity for specific adsorption sites.  

 

2.5.3. Perchlorate Removal with Tailored GACs 

 Parette et al. (2005,2006) an Parette & Cannon (2005) added cationic surfactants 

individually and as mixtures to beds of bituminous GAC. The best tailored GAC, with 

cetyltrimethylammonium chloride, removed influent 75 ppb perchlorate to a breakthrough of 4 

ppb for 34,000 BV for an EBCT of 20-22min, which was 30 times better than the virgin GAC. In 

comparison, when preloading with iron-oxalic acid, tailored GAC could only improve 

perchlorate removal by 42%, which was then decreased by 65-74% after regeneration with 

sodium borohydride (Na et al., 2002). Xu and coworkers (2011) and Cho and coworkers (2011) 

also confirm that adding quaternary ammonium surfactants to GAC improved the removal of 

perchlorate.  Rytwo & Gonen (2009a,b) adsorbed quaternary ammonium salts and dyes onto the 

surface of activated carbon, including crystal violet, berberine, 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 ppm chloride (Rytwo & Gonen, 2009a). This removal was 1000 

times more effective than the pristine unmodified carbon. 

Chen et al. (2005a,b) also created basic functional groups using thermal ammonia 

treatment. By nitrogen grafting with thermal ammonia treatment, tailored 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. Though thermal ammonia treatment did not create any 

quaternary ammonium surface functional groups, it did increase the positive surface charge 

likely by the loss of negatively charged oxygen groups and the introduction of some positively 

charged nitrogen groups. The results exemplified the importance of positive surface charge on 

the removal of aqueous perchlorate, but they also do not expound upon which basic functional 

groups were important to perchlorate removal. Lukens (2007) also ammonia tailored GACs with 
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3 

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

pertechtanate removal significantly.  

 

2.5.4. Novel Anion Exchange Media 

 Ion exchange media are a field tested removal technology for ions of many types, 

including perchlorate. However, because of the high concentration of competing ions 

when adsorbing low levels of perchlorate, highly selective ion exchange resins are 

needed to be effective. Non-selective ion exchange resins remove ions somewhat 

indiscriminately and proportionately. 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, 2006b). Non-selective resins can be easily regenerated, but 

they need to be regenerated frequently. Each regeneration creates significant amounts of 

waste brine, which is difficult to permit, especially in some states. 

Traditional ion exchange media has two major components: the polymer resin matrix and 

the exchange site functional group. Each component matters when determining selectivity. For 

instance, for the same functional group perchlorate selectivity was in the order: 

polyvinylpyridine > polystyrene > polyacrylic resin (Tripp & Cliffored, 2006). Type-I 

polystyrenic quaternary ammonium strong-base anion exchange resins are selective toward 

poorly hydrated ions like perchlorate since the resin matrix is largely hydrophobic (Gu & 

Brown, 2006b). Type-II resins have one of the trialkyl groups on the quaternary ammonium 

functional group replaced with an ethanol, making the exchange site more hydrophilic and less 

selective to perchlorate than Type-I resins. Also, the length of the alkyl chains on the quaternary 

ammonium functional group can be increased with increasing hydrophobicity and selectivity, 

but the decreased kinetics created by the steric hindrances are also an important factor. A 

bifunctional resin was developed with several very selective functional groups with long alkyl 

chains and some functional groups with shorter chains for better kinetics (Gu & Brown, 2006b). 

This bifunctional anion-exchange resin treated 40,000 bed volumes of 450 µg/L perchlorate 

spiked groundwater before initial breakthrough (Gu et al., 2002, 2006).  Xiong et al. (2007) 

astudied perchlorate  sorption  capacity of the bifunctional resin, Purolite A-530E. This resin 

offered the best perchlorate selectivity and capacity when compared to weak-base anion 
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exchangers, standard strong-base anion exchanges, an ion-exchange ýber, and polymeric ligand 

exchangers. 

The same selectivity which makes bifunctional resin very appealing for perchlorate 

removal creates impracticality and even impossibility in regeneration with traditional 12 wt% 

sodium chloride brine solution, even with large volumes (Gu & Brown, 2006b). However, a 

large poorly hydrated ion, FeCl4
-
, was discovered as a way to regenerate spent perchlorate-

selective exchange resins (Gu et al., 2001).  By employing 1 M FeCl3 and 4 M HCl nearly 

all adsorbed perchlorate was released in only 5 bed volumes of regeneration 

solution. The FeCl4
-
 speciates into Cl

- 
, which replaces perchlorate as the counter ion on the 

ion exchange functional groups, and Fe
3+

, FeCl
2+

, and FeCl2
+
 which easily desorb by repulsion. 

The ion exchange resin experienced no deterioration in perchlorate removal ability through 7 

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

 

2.6. Electrochemical Properties of Activated Carbons  

2.6.1. Surface loading of conducting polymers 

 In order to improve the electrochemical properties of a carbon material, modification 

with a conducting polymer can create a composite with properties unique to each of the 

components. Conducting polymers have high intrinsic conductivity, low band gaps, fast charge-

discharge kinetics, and are easy to manufacture as thin films by either chemical or 

electrochemical polymerization (Snook et al., 2011). N-bearing conductive polymer films have 

especially been explored because of their promise for application in development of 

electrochemical sensors (Lizondo-Sabater et al., 2004), energy storage (Frackowiak and Beguin, 

2001), and ion exchange technologies (Cui et al., 2011; Li et al., 2011; Lin et al., 2006). For 

charge balancing purposes, oxidized polymers must be p-doped with an anion (equation 2.10), 

which can reach as high as 30ð60% (w/w), depending on the size of the counter ion and the 

synthesis process (Otero et al., 2004).  When reduced, the conducting polymer is n-doped with a 

cation to balance the charge (equation 2.11). 

    (2.10) 

     (2.11) 
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 However, many N-containing polymers, such as polypyrrole and polyaniline, are only p-

doped because large negative potential are required for n-doping (Snook et al., 2011). However , 

for these polymers it has been shown that doping with large immobile anions (e.g., polystyrene 

sulfonate) impart cation specific adsorption under reducing conditions (Kim et al., 2011; Li et al., 

2009; Migdalski et al., 2003; Neoh et al., 1997; Sahin et al., 2009; Saleh et al., 2006). Doping 

with small mobile anions (e.g., Cl
-
) imparts anion specific adsorption under oxidizing conditions 

(Cui et al., 2011; Cui et al., 2006; Gao et al., 2011; Gelin et al., 2009; Li et al., 2011; Li et al., 

2009; Zhang et al., 2011; Zhang et al., 2010), and release during reduction to a neutral state 

(Figure 4).   

 

Figure 4. Electrically switchable ion exchange with polypyrrole (Li et al., 2006) 

 

Several studies have shown that polypyrrole and polyaniline can 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 (Muthulaksmi et al. 2006; An et al. 2010; Ferenets 2007; Lin et 

al. 2006; Zhang et al. 2011). A layer of polypyrrole (Ppy) adds extra charge storage locations and 

allows for quick faradic reactions (Frackowiak & Beguin, 2001). PPy also adds ion exchange 

functionality, where studies have shown the removal of anions (e.g., ClO4
-
, F

-
, SO4

2-
, PO4

3-
, 

CrO4
2-

, and NO3
-
) (Cui et al., 2011; Cui et al., 2006; Gao et al., 2011; Gelin et al., 2009; Li et al., 

2011; Li et al., 2009; Zhang et al., 2011; Zhang et al., 2010,2006; Lin et al. 2006; Lin, 2011; 

Bajpai 2008; Bhaumik 2011a,b; Karthikeyan 2009)., and cations (e.g., H
+
, K

+
, Ca

2+
, Mg

2+
) (Kim 
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et al., 2011; Li et al., 2009; Migdalski et al., 2003; Sahin et al., 2009; Saleh et al., 2006) from 

solution, and both chemical regeneration and electrolytic regeneration methods have been 

performed. It is noted that the anion adsorption could be achieved without a current applied to 

the polypyrrole as long as it was in its oxidized (as polymerized) state. The best dopant anion for 

anion-selective polymers is Cl
-
 (Cui et al., 2006), whereas molecules such as polystyrene 

sulfonate, 1,3,6-napthalenetrisulfonic acid, and adenosine triphosphate have been used for 

cation-selective polymers (Migdalski et al., 2003; Sahin et al., 2009; Saleh et al., 2006).  

Deposition of polypyrrole on the surface of porous carbonaceous materials has been 

achieved by chemical 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 anions (Satoh et al., 1986; Sadki et al., 2000; Kupila, 

1993). Chemical deposition of Ppy has also been used for many porous carbonaceous materials 

for both improvement of capacitance and removal of anions. Other nitrogen containing polymers 

also possess similar redox-active nitrogen functional groups though they have not yet been used 

to create electrolytic ion removal: poly(aniline-co-m-aminophenol), poly(aniline-co-2,4-

diaminophenol), and viologen polymers (Mu & Yang 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 (Lin et 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 throughout all 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 and 925 cm
-1

 arise from the 

bipolaron band which identifies polypyrrole in its doped state (Selvan 1998). ATR-FTIR 

characteristic peaks occur when pyrrole is present due to pyrrole ring stretching (1513 cm
-1

), 

conjugated C-N stretching (1430 cm
-1

), C-H stretching vibration (1082 cm
-1

), and C-H 

deformation (957-825 cm
-1

 ) (Bhaumik et al. 2011a).  In addition, the N-H stretching vibration 
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(3442 cm
-1

) and C=C stretching vibration (1559 cm
-1

) will be present. Other redox active 

conductive polymers can also be analyzed using FTIR analysis including aniline polymers and 

copolymers (Zhang et al., 2010; Ghorbani et al., 2010). XPS can also be used to assess the C=N, 

N-H, and N+ groups (Bai & Zhang,2001; Saoudi et al., 1997,2004). 

 

2.6.2. Electrochemically active surface functional groups 

2.6.2.1. Electroactive oxygen functional groups 

The presence of oxygen functional groups on the surface of GAC can introduce a quasi-

reversible psuedocapactive reaction. This behavior is commonly attributed to the quinone 

(CxO)/hydroquinone (CxOH) couple, which is described in equations 2.12-2.13 (Frackowiak & 

Beguin, 2001). Equation 2.14 describes the reduction with partial oxidation of the hydroxyl 

group; this second mechanism was hypothesized to be significant when examining the theoretical 

and actual electron transfer behavious from the Nernst plots of the electrochemical behavior of 

oxygen functional groups (Pakula et al., 1995). 

      (2.12) 

      (2.13) 

       (2.14) 

 The presence of these groups is fairly common on carbonaceous materials especially after 

oxidation. In fact, the size of the associated peaks has been found to increase with increasing 

oxidation severity (Kinoshita & Bett, 1973). Kaplan et al. (1993) found moderately reversible 

surface redox functionality (quinone/hydroquinone type) with sweeping wave voltammetry of 12 

commercial ACs. Kinoshita (1998) collected redox potentials for electroactive oxygen species on 

various different carbonaceous materials reported in the literature, and most of the values for 

hydroquinone/quinone were in the range of 500-700 mV vs. NHE (303-503 Ag/AgCl) in 

aqueous sulfuric acid electrolyte. However, others also noted reduction of C-O, C=O, hydroxyl, 

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

 

2.6.2.2.  Electroactive nitrogen functional groups 

 The presence of N heteroatoms in graphene oxides, CNTs, and other carbonaceous 

materials has been studied for enhancement of electrochemical properties and catalytic oxygen 
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reduction reaction (ORR). There is some contention about the importance of different types of 

surface N for ORR enhancement. Huan and coworkers (2012) concluded that quaternary-N was 

found to be correlated with ORR activity while the presence of pyridinic-N was not. However, 

others have shown pyridinic-N to be important for 2 electron reduction or equally as important as 

quaternary-N for ORR catalysis (Wang et al., 2012). The theoretical mechanism of ORR 

reduction on N-doped graphene has been related to high spin density and low charge density 

created in carbon atoms bonded to nitrogen (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 addition to enhancing ORR catalysis, quaternary N can improve capacitance by 

increasing conductivity (Sun et al., 2012). Sun and coworkers (2012) proposed a redox reaction 

with a nitrogen functional group on the surface of graphene oxide: 

     (2.15) 

Pyridinic-N and pyrrolic-N were also proposed to show pseudocapative behavior due to 

adsorption/intercalation of cations (Li
+
 or K

+
) in basic media (Sun et al., 2012). Sun and 

coworkers (2012) also attributed enhanced conductivity to quaternary N. A mechanism has been 

proposed that attributes electron donor properties to the graphene edge site pyridine groups (Kim 

et al., 2008a).  

 

2.7. Introduction to Analytical Methods  

2.7.1.    X-ray photoelectron spectroscopy (XPS) 

2.7.1.1. Introduction to XPS 

As its name indicates, XPS is a technique which studies the energies of emitted 

photoelectrons when a sample is irradiated with photons in the X-ray range.   The modified 

Einstein equation 2.16 is used to identify the binding energy (BE) of an emitted photoelectron, 

knowing the energy of the X-ray source used (hɡ), the detected kinetic energy (KE), and the 

work function of the spectrometer (ūsp). 

 BE = hɡ ï KE ï ūsp      (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 identified 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 bonding 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 state effects (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 rearrangement of the surrounding electrons around the hole created 

by the emitted electron, include spin-orbital splitting, atomic relaxation, multiplet splitting, 

shake-up satellites, and Plasmon peaks. Though X-ray radiation can penetrate deep into a 

sample, the 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 the immense 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 functional groups 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 resolution scan, is essential to surface functionality 

identification. 

2.7.1.2. C1s Peak Fitting 

The fitting of the C1s peak is well developed in the literature; however, when chemical, 

mechanical or thermal treatment changes the chemical and physical nature of the carbon, it can 

also alter the nature of the C-C bonds. The chemical shift of foreign atoms bonded to C is usually 

simple and straightforward, but the changes of the C-C peak often involve complex final state 
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effects, especially in carbonaceous materials with aromatic structures (Estrade-Szwarckopf, 

2004).  Much of the literature lists 4-7 peaks with two peaks usually attributed to bonds with 

foreign atoms, usually O. The satellite peaks have been attributed to shake-up, inelastic 

scattering, and Plasmon excitations (Brzhezinskaya, 2009). Estrade-Szwarckopf and coworkers 

(2004) state that three C-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 configurations. The next peak (BE=285.6 eV) which corresponds to sp3-like defect areas is 

broader (FWHM=1.5 eV).  The third peak (BE=289.6-290.6 eV) arises from ˊ-ˊ
*
 electron 

transitions and is much broader (FWHM=4.5-5 eV). However, other researchers found the same 

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 binding energies 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, 2003). The graphite (sp2) peak becomes more asymmetric, 

narrower, and shifts to lower binding energy as graphitic character increases, in addition to the 

increase of the ˊ-ˊ
* 
peak area (Kelemen, 1993; Nyazi, 2005).  Nikitin (2008) and others also 

claimed a C-H 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 amorphous carbon films, both Schafer et 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 average difference 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 samples, which were largely sp3 carbon, were 

converted to 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, the C-H component was seen to 

dramatically decrease relative to annealing temperature. The results were confirmed using the D-
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parameter method with the Auger peaks in XPS. The sample annealed at 1500°C had the largest 

difference by the D-parameter method which confirms the larger sp2 character.  

With graphitic carbon, Estrade-Szwarckopf and coworkers confirmed their hypothesis 

that milling of graphite destroys the graphitic structure, by using XPS quantification of the sp2 

peak and the sp3-like C-C ñdefectò bond. In addition, the high temperature treatments of 

anthracene coke show the ñdefect populationò goes from 25% at 800°C to 0% at >2050°C, 

indicating complete graphitization at 2050°C.  In activated carbons derived from fruit stones and 

polymer, the content of graphitic (sp2) carbon decreases where as the C-O bonds increase with 

activation temperature (Puziy, 2008). In 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 donating 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 basic sites. These parameters 

derived from XPS were also 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. Desimoni et al. (1992) found that contamination 

of carbon fibers lead to a decrease in graphitic (sp2) carbon (284.6 eV) and increase in aliphatic 

(sp3) carbon (285.1-285.3 eV).  

When observing carbon nanotubes (CNT), the changes to the graphitization by acid 

oxidation and heat treatment were observed using the C-1s peak. A correlative decrease in sp2 

and an increase of sp3 caused by varying acid treatments implies a disruption of the graphitic 

structure. In addition, the ˊ-ˊ
*
 electron transitions also decreased with acid treatment, signifying 

a decrease in aromatic systems; however, they were then increased with further heat treatment 

(Chiang, 2011) (Rosenthal, 2010). XPS was also confirmed as an accurate and simple method to 

determine the sp3/sp2 carbon ration in single wall CNT, when compared with high resolution 

transmission electron microscopy (Fang, 2004). Janowski (2009) checked the purity of graphene 

sheets fabricated from unzipped CNT and 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 more can be found in the O-1s peak.  

 

2.7.1.3.  O-1s peak fitting 

The O-1s peak spectrum is much easier to assign than the C-1s spectrum, though the peak 

shifts between different species are smaller, because all peaks are only associated with oxygen-

functional groups. In addition, due to atomic sensitivity factors the XPS intensity is about 2.6 

times higher than the oxygen peaks associated with the C-1s bonding signal (Rosenthal, 2010).  

The fitting of the O-1s spectrum of carbonaceous materials is usually can be achieved 

with three main peaks: carbonyl, phenol and/or ether, and chemisorbed water and/or O2 (Biniak, 

1997).  Other authors have deconvoluted the O 1s peak into four peaks, with an additional (non-

carbonyl) ester and anhydride peak (BE=533.1-533.8) and a carboxyl peak replacing the 

chemisorbed water and/or O2 peak (BE=534.3-535.4 eV) (Plomp, 2009). Therefore, it is clear 

that depending on the materials analyzed the values of these can shift. In fact, reference values 

for polymers end up with different values than the ones for oxygen groups on carbonaceous 

samples; however, the trend is the same (Proctor, 1983). Lahaye and coworkers (1999) cite 5 

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 treatment of the carbon 

nanofibers, but was unable to resolve the carboxyl groups. Using XPS combined with stepwise 

heating, Rosenthal et al. (2010) found oxygen groups produced by H2O2 treatment of carbon 

nanofibers to be more thermally stable than the O3 produced oxygen functional groups. Carboxyl 

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 pair the stepwise heated XPS with TPD results (Rosenthal, 

2010). For carbon nanotubes, Lakshminarayanan and coworkers (2004) found from XPS C1s and 

O1s deconvolution that carboxyl groups were removed and ester, anhydride, quinoid and 

phenolic hydroxyls were added by oxidation with nitric acid, with varying optimal times for the 
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greatest increases in each of the 3 sub-peaks assigned.  For multiwalled CNTs, Kundu et al. 

(2008) found evidence with a 2 sub peak deconvolution of the O1s peak for conversion of 

carboxylic groups to phenolic groups at 300°C in a hydrogen atmosphere. In activated carbon, 

Biniak et al. (1997) found with XPS that oxidation of activated carbon increases the 

concentration of surface oxides, especially on edge-sites of aromatic planes. Also, the 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: N-C bonds (BE=398-400 eV), N-H bonds (BE=400.5-401 eV), and N-O groups 

(BE=403-406 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 aromatic N-imine like 

species, pyridinic, pyrrolic, pyridine-N-oxides, chemisorbed nitrogen oxides, unknown, and 

shake-up satellites. Table 3 displays a variety of N1s peaks fitting values from the literature, 

which highlights the variation observed between different materials and XPS instruments. Arrigo 

et al. (2010) assigned 5 sub-peaks within the 3 nitrogen bond groups.  Pyridine-like groups (N1), 

which are sp2-hybridized and contribute an p-electron to the pi conjugation system, were given 

BE=398-399 eV. At BE=399.5+0.1 eV, N2 groups could be assigned to amino groups on 

aromatic rings, amide groups, and/or nitroso groups. Quaternary N (N4) is found at 401.1+0.1 

eV, and it is either alkyl, graphitic, recessed, or on an edge site with hydrogen bond or bond to an 

akyl group. In the N-H bond region, pyrrole-like (N3) groups, which donate 2 p electrons, are 

found at BE=400.1+0.1 eV. Within the N-O bond groups, pyridine oxide (N5) and nitro-groups 

(N6) are shifted 4.5 and 6.5 eV, respectively, from pyridine (Arrigo, 2010). However, many 

other researchers only deconvoluted the N-1s peak into four components. Kundu et al. (2010) 

used pyridine and nitrile (BE=398.5-398.8 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 (BE=401.5+0.3) eV; 

and pyridine N-oxide (BE=403.7-404.2 eV). Much of the literature uses four main classification 
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for nitrogen groups using XPS: pyridinic-N (N6), pyrrolic-N (N5), quaternary-N (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 nitro-groups. But after subsequent 

heat treatment in ammonia, pyridine-like groups increase formation up to 500°C, whereas N5 

(amine) groups are dominant at lower treatment temperatures (Arrigo, 2010). Using TPD, XPS, 

and Raman spectroscopy for CNTs, Kundu et al. (2010) found that thermal treatment in 

ammonia showed the highest amount of pyridinic N at 400°C, while nitrile, lactam, imide, and 

amine-type functional groups were formed at temperatures below 300°C. Above 500°C pyridinc, 

pyrollic, and quaternary N species were the predominant species formed (Kundu, 2010).  When 

activating aramid-based activated carbons, Boudou et al. (2006) demonstrated increased recessed 

quaternary N with increasing activation temperature and with increase phosphoric acid 

impregnation 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 transformed into each 

other, while they transformed into more stable quaternary N (perhaps recessed) at higher 

temperature (800 ǓC). Pyrrolic-N was found stable at temperatures as high as 600 
Ǔ
C.  Above 

600
Ǔ
C it converted gradually into pyridinic-N or quaternary-N. Pels and coworkers (1995) found 

pyridine gradually converted to quaternary-N starting at 450
 o
C, but the remainder became stable 

above 600
 o
C.  Pyrrolic-like N was stable to 500

 o
C, but converted to pyridinic and quaternary N 

above that. 

 

Table 3. Binding energies assigned to N functional groups in the literature (Arrigo et al., 2010) 
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2.7.2. Rapid Small Scale Column Test (RSSCT) 

 

Rapid small scale column tests (RSSCTs) were developed to more efficiently screen and test 

the performance of GAC materials. Crittenden and coworkers (1986,1989,1991) proposed a lab 

scale predictor of full scale performance based on the basic model described in equation 2.14. 

The model was created by analyzing dimensionless parameters for advection, film mass transfer, 

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 particle size (Summers et al., 2011). In order 

to completely define the full scale RSSCT, 141 (at least) adsorption capacity and kinetics factors 

need to be accounted for, but this model provides a very accurate predictor (Crittenden 1991, 

1986; Patterson, 2009). 

    (2.17) 

   

Where  SC = small column, LC = large column, d = carbon grain  diameter, x = diffusivity (1 or 

2), and t = time to breakthrough.  

The intra-particle diffusion coefficient, denoted as x in equation 2.14, determines the 

predicted rate of adsorption. The parameter is needed because intra-particle diffusion changes with 

the nature of the adsorbate and other compounds in the water. For NOM the larger proportion of 

micropores to mesopores in smaller particle size introduces a difference between full scale and 

RSSCT. When the internal diffusion coefficient varies linearly with particle size then the diffusivity 

is referred to as proportional diffusivity (PD), where x = 1. When the internal diffusion coefficients 
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were assumed not to be depend on particle size, x =2, this is referred to as constant diffusivity (CD). 

With CD, the amount of spreading in the breakthrough curve is identical to the column length 

(Patterson, 2009). Small, charged particles typically are governed by CD design (Na et al., 2002). 

However, PD or CD cannot always be selected a priori,   especially for VOCs, pesticides, and PPCPs 

(Summers et al., 2012). 

For hydraulic loading, or superficial velocity (v, cm/s), the equation that ensures proportional 

diffusivity, is given by (Crittenden et al, 1991):  

    (2.18) 

Where v (cm/s) is the superficial velocity and ReSCmin is the minimum Reynolds number for 

which the effects of external mass transfer and dispersion in the small column do not 

exceed those of the large column.  

 

3. MATERIALS AND METHODS  

 

3.1.  Materials  

 

The primary water source for experiments, Penn State University groundwater sampled 

from Penn State Well 17, was spiked with 30 ppb ClO4
-
 and then was used for ClO4

- 
removal 

experiments. The groundwater contained 54.5 mg/L chloride, 180 mg/L hardness (as CaCO3), 

7.2 mg/L sulfate, 4.2 mg/L nitrate (as NO3
-
), 0.77 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 Millipore Milli-Q 

Academic system with conductivity Ó 18.1 MÝ/cm
2
. Standard and stock ClO4

-
 solutions were 

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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stabilized wit Copper (Alfa Aesar), concentrated nitric acid (J.T. Baker), anhydrous sodium 

hydroxide pellets (Fisher), 82% methylene blue dye powder (Fisher), glacial acetic acid  (J.T. 

Baker), and sodium borohydride (Sigma Aldrich). GTS Welco provided the gases used: 99.99% 

anhydrous ammonia, 99.999% nitrogen, 99.999% argon, and 99.999% helium.   

Five different commercially available ñpristineò carbon sources were used: coconut-

based Aquacarb 1240C (AC 1240C) and bituminous-based Ultracarbon 1240C (UC 1240) 

manufactured by Siemens/Westates Water Technologies; chemically-activated hardwood Nuchar 

RGC40 manufactured by MeadWestvaco; and wood-based phosphoric acid activated Gran C 

manufactured by NORIT Americas Inc (Plaza et al., 2010).  It is noted that the hardwood, wood, 

and coconut activated carbons are biomaterial-based.  The hardwood and ñwoodò originate from 

American sources.     

Before the tailoring process for the carbons began, the pristine samples were first ground, 

sieved, and rigorously washed with DI water to remove dust particulates.  The ground GAC was 

first dry-sieved through a series of US mesh #200 and #400 sieves. The carbon remaining on the 

400 mesh sieve was then wet-sieved to remove some particles that may have been 

electrostatically prohibited 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. The GAC was processed to a US Mesh #200 x # 400 size distribution 

(37-74 ɛm) in order to be the appropriate size for proportional diffusivity similitude in rapid 

small scale column tests (RSSCT). 

Table 4. Characteristics of pristine GACs 

 

GAC  type 

   

 

  
AquaCarb 

1240C 

UltraCarb  

1240 

Nuchar  

RGC40 
Gran  C 

Aquacarb 

1240CAT 

Abbreviation AC1240C UC1240 RGC GC AC1240CAT 

Base material coconut  shell 
bituminous 

coal 
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  Å) 

volume (cm3/g) 
0.399 0.303 0.371 0.348 0.106 

Mesopore (20-500 Å) 

volume (cm3/g) 
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 N-functionality was introduced into GAC by a multi-step process: (1) 

selecting a parent activated carbon, (2) oxygenating the carbon surface, (3) introducing nitrogen 

as pyridines, and (4) converting the pyridines to positively charged pyridiniums (Figure 5).  

Fig

ure 5. Pyridinium tailoring method   

3.2.2.  Introduction of Oxidized Functional Groups 

Oxidation of the activated carbon was performed with a 50% dilution of concentrated 

(69.0-70.0%) nitric acid, resulting in a 7.9M nitric 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 and the treated carbon was washed in distilled water until constant pH. Treated and 

washed samples were dried in an oven and stored in a vacuum desiccator. This procedure was 

mostly performed by Gu Xin. 

Reduction with sodium borohydride (NaBH4) was complete by mixing 6 g of GAC with 

60 ml NaBH4 (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 hydrochloric acid until neutral and dried at 

50ęC. This procedure 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 a furnace/oven model 3210manufactured by Applied Test Systems, Inc. (Butler, 

PA).  Pure nitrogen gas and anhydrous ammonia were obtained from GTS-Welco (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 ammonia gas flow. Ammonia gas flow was chosen to be 25 

mlĀmin
-1
Āg

-1
 GAC, though other flow rates/ammonia fractions (in nitrogen gas) were 

characterized. All samples were then held at a predetermined temperature (450, 600, 700 or 800 

°C) for 15, 30, or 60 minutes until being cooled in oxygen-trapped 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 by mixing 1-2 grams of GAC with 15 ml of Methyl 

Iodide  and stirring the mixture at room 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 reaction, the samples were allowed to dry overnight in a vacuum oven and stored in a 

vacuum desiccator.  Longer chain alkylating reagents were also tested, including:  C3H7Br, 

C6H13Br, and C16H33Br.  These reagents were reacted with the 1 gram of the GACs at 80°C for 1 

day in a mixture of 35 mL alkyl 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 defined in Table 5. 

The best found temperature for oxygen 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.   

 

Table 5. Sample naming protocol where each position represents a different tailoring step 

 

1st Position 
2nd Position (O or 

OR*) 
3rd Position (N or 

N2*** ) 
4th Position 

(Q) 

Full Label Pristine GAC 
Oxidation 

Temperature** (°C ) 
Ammonia 
Treament 

Quaternization 

BONQ 
B = Bituminous 

(Siemens UC1240) 
80 

Ammonia treated 
at 700°C with a 30 

min dwell time 
and 25 ml/min*g 
pure NH3 flow 

 Quaternerized 
with CH3I for 5 
days at room 
temperature 

CONQ 
C = Coconut (Siemens 

AC1240C) 
95 

HONQ 
H = Hardwood (MWV 
Aquanuchar RGC40) 

20 

SNQ 
S = Softwood (Norit 

Gran C) 
No Treatment 

UQ 
U=Urea treated 

coconut (Siemens 
AC1240CAT)  

No Treatment No Treatment 

*OR= The protocol of 'O' followed by reduction with 4.4M NaBH4 for 24h at room temperature                                               
**Oxidized at most favorable temperature for GAC type in 7.9 M HNO3 for 6h 
***Nitrogen treated at 700ºC 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 Moore et al. (2001). To analyze pore structure, Density 

Functional Theory (DFT) was used to analyze gaseous argon adsorption isotherm data from 

Micromeritics (Norcross, GA) Accelerated Surface Area and Porosimetry 2000 and 2010 

analyzers (ASAP). Adsorption isotherms with argon gas were carried out in liquid argon bath 

(87.3 K). Before analysis, GAC samples were first degassed at 105 C to Ò 11 µm Hg. Helium gas 

adsorption was analyzed by DFT to obtain the free space analysis data, and this number was then 

included in the pore volume distribution calculations. Several duplicates 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 single point adsorption value (cm3   of gaseous argon/g of GAC) was used for screening 

of the oxidized GACs before conducting a full  pore volume distribution. The analysis 

characterized the amount of argon gas adsorbed at 9.5 × 10ī3atm and 87.3 K. At this pressure 

and temperature, DFT theory predicts that argon condensation will occur in slit pores up to 

a 10-12 ęA width (Rangel-Mendez & Cannon,  2005).  Since the free space adsorption only 

required one analysis point it lasted only 1-6 hours versus 48-96 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 low slurry pH 

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, pyridinium, and amines.  Therefore, slurry 

pH was used to indicate the extent of the oxidation or amination of the carbon surface.  The 

slurry pH method used was adopted from Chen et al, 2005c. For this protocol, 17.5 mL of DI 

was added to 1.75 grams of GAC in a 20 ml glass vial.  After the addition of glass beads, the 

vials were shaken for 24 hours at 30°C, and the equilibrium pH was measured.  All pristine and 

oxidized GACs were tested by this protocol. Samples were tested in duplicate.  

3.3.3. Dye Adsorption  

  
Methylene blue dye powder was dried in a vacuum oven overnight to determine its 

hydrate content and stock solutions were prepared accordingly. Stock dye was created at 200 

mg/L and buǟered to pH 2.6 using 5 v/v% Acetic Acid, Glacial. Methylene blue adsorption 

tests were carried out in triplicate using 150 mL of 200 mg/L dye solution with 60 mg of 

carbon adsorbent.  Dye solutions in a 250 mL cylindrical beaker were shaken for 20 hours at 

30ºC on an orbital shaker.  The supernatant dye was then removed by centrifugation at 5000 rpm 

for 20 min.  Samples were then diluted within  the range of Beers  law  standard  calibration  (1-

10  mg/L) and  measured using  a Shimazdu 1601 UV/Vis spectrophotometer at  a 

wavelength  of 620 nm.   
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Methylene blue is a cationic dye with molecular dimensions of 16 x 8.4 x 4.7 Å  (Krupa 

& Cannon, 1996). Kasaoka, et al.(1989) determined the critical pore diameter to be 15.2 Å, 

which corresponds to the upper portion of the micropore region  Methylene blue dye adsorption 

tests were used to rather rapidly characterize the extent of larger micropore volume and negative 

surface charge of sample carbons. 

3.3.4.  Oxyanion Concentration Analysis 

Perchlorate concentrations were measured using a Dionex DX 500 or ICS-1100 Ion 

Chromotography unit with AS40 and ASDV auto samplers, respectively. Both units were 

equipped with a 4-mm AS16 column, a 4-mm AG16 guard column, a 4-mm ASRS 300 ultra 

suppressor, and a DS3 detection stabilizer.  When using degassed 25 mM NaOH eluent with a 

1000ɛL loop, the method detection limit (MDL) was approximately 2 ppb. A 25 ɛL loop was 

used for any perchlorate concentrations in the range above 1 ppm. Standard calibration curves 

were run (R
2
 greater than 0.997) for each new eluent produced (i.e. every 2-10 days).  

Sulfate concentrations were measure using a Dionex DX 120 or ICS-1100 Ion 

Chromotography unit with AS40 and ASDV auto samplers, respectively. Both units were 

equipped with a 4-mm AS22 column, a 4-mm AG22 guard column, a 4-mm ASRS 300 ultra 

suppressor, and a DS3 detection stabilizer.  When using degassed 36 mM NaOH eluent with a 

25ɛL loop, the method detection limit (MDL) was approximately 0.5 ppm. 

3.3.5.  Rapid Small-Scale Column Tests 

To conduct Rapid Small-Scale Column Tests (RSSCTs), several plastic columns were 

used. These plastic columns featured a narrow, circular shaft that was bored cleanly 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 diffusivity applies to these RSSCTs (Na 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: 

EBCTSC / EBCTLC = dSC / dLC 
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where  SC = small column, LC = large column, d = carbon grain diameter  

Since the AC was ground, washed and sieved to US mesh #200 x #400, the average grain 

size for the small column (dSC) is 56 µm. The average grain size for the large column (dLC) that 

was simulated was 1.06 mm (US mesh #12 x #40). Additionally, the EBCTLC is assumed to be 

20 minutes. This gave an EBCTSC of 1.05 minutes. Therefore, the desired flow rate is indicated 

by BV/EBCTSC; which, in this case, is 0.8 mL / 1.05 min = 0.76 mL/min. Waters (Milford, MA)  

HPLC 510 pumps were used to maintain this flow rate. Slight deviations in flow were 

normalized at each sample point to get an accurate number of actual bed volumes processed. 

Columns were allowed to sit overnight in test water before the RSSCT was started in order to 

allow gas to diffuse from the pores. Some of the data was obtained from Pin Hou.  

3.3.6. Oxyanion isotherm  

Oxyanion adsorption isotherms were conducted using a bottle-point method.  The 

isotherms used only 0.02 g of GAC for each isotherm point, so as to use these carbons sparingly.   

Specifically, 0.02 g of GAC was mixed with 23 mL of DI 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 or 

sulfate at levels of 10, 50, 100, 250, 400, and 500 ppm.  These were mixed in sealed glass vials 

by shaking them on a rotary shaker for 24 h at room temperature.  After that, the carbon particles 

were removed on a 0.45 µm nylon fiber filter (VWR), and the separated solution was analyzed 

for perchlorate concentration  The test was repeated at each perchlorate concentration, and 

duplicates varied by less than 3-5%. This work was largely performed by Pin Hou. 

3.3.7. Surface Charge and pKa Titrations 

 

Surface charge distribution was conducted by the method reported by Chen et al. (2005a), 

using a Mettler Toledo DL53 titrator (Columbus, OH). The total net surface charge distribution, 

pH of Point of Zero Charge (pHPZCT), and pKa of surface functional groups were measured. 

Titrations started at low pH and then NaOH was incrementally added. Two NaCl solutions (0.01 

and 0.1 N) were used as electrolytes in the titration.  The quaternarnized samples were washed 

with sodium hydroxide to replace other counter ions with OH-. Since the titration method 
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assumes that only protons and hydroxyl molecules are exchanging during the titration (moniterd 

by a pH probe), the data was under-representative. The release of Cl
- 
and I

-
 counter ions from 

positive surface groups would not be seen as a change in pH. This protocol produced 

reproducible results. This work was performed by Cesar Nieto-Delgado. 

 

3.3.8. Electochemical Measurements 

 

Cyclic voltammetry (CV) scans were performed using a 3 mm carbon paste working 

electrode (BASi, West Lafayette, IN), Ag/AgCl reference electrode (BASi), and coiled platinum 

counter electrode with a Biologic (Claix, France) VMP3 potentiostat and EC 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 nitrogen purge line (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 after GAC loading (typically 0.1-0.2 mg). Before cyclic voltammetry, the 

electrode cell was filled with 10 mL of electrolyte. The electrolyte was bubbled for 20 minutes 

with nitrogen gas before analysis and blanketed with nitrogen during analysis. In order to test the 

impact of reaction with dissolved oxygen, the electrolyte was also bubbled with air in the same 

way in certain experiments. The GAC loaded carbon paste working electrode was allowed to 

ñwetò during the degassing time. Cyclic voltammetry was performed at a scan rate of 10 mv/s 

unless otherwise stated. 

Ag/AgCl Reference 
Electrode

Carbon Paste 
Working Electrode

Platinum Coil 
Counter Electrode

N2 Purging 

10 mL of NaCl
electrolyte
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Figure 6. 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 for X-ray Photoelectron 

Spectroscopy analysis. Casa XPS software was then used for peak fitting of N 1s (398.3-405.8 

±0.2 eV), C 1s (284.8-288.9±0.2 eV), O 1s (531.1-536 eV) signals (Gu, 2011).  Normally, a 

quick survey scan was completed for each sample to identify the elements present with a high 

generation energy and short dwell time.   Once  the elemental  composition  had  been 

determined,  narrower detail  scans of selected peaks were collected for  quantiýcation  and  

chemical  state  information  with  a low generation energy and long dwell time. Ground carbon 

samples (about 0.1 g) could be directly analyzed by XPS when mounted on a copper piece with 

double sided conductive polymer tape. XPS is particularly suited for the recognition of the 

surface species on carbon material as the measured BE shift is sensitive to the electronic 

structure of the photoemitting atom  (Arrigo et al.,  2008,2010).   XPS data  provide  information  

on the surface chemical  nature  of the functional  groups  through  analysis  of the  C1s,  N1s 

and O1s spectra. XPS data collection was done by Gu Xin and Vince Bojan.  

 Scanning electron microscopy (SEM) was performed using a FEI NanoSEM 630 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 sodium borohydride 

After full breakthrough in RSSCT with perchlorate-spiked groundwater, the spent media 

was regenerated by reduction with 500 mg/L NaBH4 solution (prepared from 4.4M/14M NaOH). 

100 BV of the solution was pumped at 0.8 ml/min with a Water 510 HPLC pump under a fume 

hood to vent any hydrogen gas that could be produced. The column was then washed with 2 

liters of DI water. The perchlorate concentration was monitored by perchlorate ion selective 

electrode (Thermofisher Scientific) and the redox level was monitored by an ORP probe 
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(Thermofisher Scientific). The ion selective electrode was calibrated with perchlorate standard 

solutions prepared in a 500 mg/L NaBH4 background. The ORP probe was calibrated with an 

ORP standard (Fisher scientific). Once the ORP value of the rinse DI water was at the value 

obtained for pure DI, the GAC was loaded with 30 ppb perchlorate-spiked groundwater and 

rerun in an RSSCT for perchlorate removal from 30 ppb spiked groundwater.  

3.4.2. Electrochemical regeneration of GAC loaded electrode 

 For analysis of electrochemical regeneration at an electrode scale, a circular piece of 

carbon conductive tape (5 mm diameter) was attached to the polished and freshly prepared 

carbon paste electrode. The tape and electrode were weighed before and 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 performed in 

the chronoamperometry mode with a set positive voltage (vs. the reference electrode) for a 

defined time (5, 20, or 30 min).  If the same sample was reduced, the electrode was washed with 

DI and then placed in a new degassed electrolyte. Reduction was also performed in the 

chronoamperometry mode with a predetermined negative potential (vs. ref) and set reduction 

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 oven at 60 ºC. After drying, the tape was removed and stored in a desiccator 

until XPS analysis. XPS analysis was performed to collect the survey, C1s, N1s, O1s, and Cl2p 

or S2p signal.  

3.4.3. Bulk electrochemical regeneration of spent GAC    

After full perchlorate breakthrough during RSSCT, spent GAC was removed from the 

small scale column and dried at 60ºC in a vacuum oven. The dry GAC was spread onto a US 

#400 mesh size polyester screen which had been bonded to a rubber gasket for the bulk 

electrochemical process cell shown in Figure 7. The polished graphite working electrode was 

then tightened against 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 

ñwetting.ò The electrolyte was then degassed for 20 minutes with nitrogen gas, and reduction 
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was achieved by applying negative potential (vs. ref) for a predetermined time in the 

chronoamperometry mode. After regeneration, the GAC sample was washed with DI water and 

allowed to dry in a vacuum oven. The GAC was then loaded into a column to rinse the remaining 

desorbed perchlorate ions from the pores with DI water and 0.005-0.02M NaCl. Samples were 

taken throughout the regeneration process to monitor the concentration of desorbed ion in 

solution.  

After perchlorate no longer was appreciably diffusing from the pores, the GAC was 

reactivated. For reactivation, the GAC was loaded back into the bulk electrochemical cell and 

oxidized at 0.9V for 20 min in degassed 0.02 M NaCl. The regenerated GAC was then analyzed 

by RSSCT removal of 30 ppb perchlorate in groundwater. 

 

Ag/AgCl Reference 
Electrode

Graphite/Packed GAC 
Bed Working Electrode

Pt Gauze Counter 
Electrode

 

Figure 7. Bulk electrochemical process cell 

3.4.4. Polymerization of pyrrole on the surface of GAC  

 Pyrrole is a clear monomer liquid which polymerizes when exposed to air or light, 

turning the liquid brown.  To enhance and ensure the purity of the as-recieved pyrrole, the 

pyrrole was distilled under nitrogen atmosphere. The distilled pyrrole was then stored in a sealed 

bottle wrapped 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 electrochemically onto 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 pyrrole with 0.2M NaCl 
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electrolyte at 30ºC. After polymerization the electrode was removed, washed with DI water, and 

placed in degassed 0.2M NaCl electrolyte for 50 CV cycles. Electrochemical polymerization was 

also achieved by placing 1-2 g of GAC into the bulk electrochemical process cell. The GAC was 

allowed to mix for 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 

30ºC. After polymerization the GAC/polypyrrole composite was washed with DI water and 

allowed to dry at 60ºC in a vacuum oven. Temperatures above 60ºC could destroy the polymer 

structure.  

 Chemical polymerization 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 pyrrole solution was mixed with 5 

grams of either bituminous or hardwood GAC. After pyrrole loading, the GAC was separated by 

glass fiber filtration and added to 2-4 M Ferric Chloride (Mallinckrodt Chemicals).  After 6 hour 

reaction the GAC is washed with DI water and dried at 60ºC in a vacuum oven. This work was 

done by Siqi Hong. 

 Adsorption isotherms were performed as described in 3.3.9. except with 10, 50, 100, 250, 

400, and 500 mg/L sulfate. Likewise, RSSCTs were performed with 500 mg/L sulfate- spiked 

groundwater in column with a bed volume of 2 ml. This work was also done by Siqi Hong. 

 

4. RESULTS AND DISCUSSION 

4.1. Performance of Tailored GAC 

4.1.1. Perchlorate removal ability 

The introduction of pyridinium functional groups significantly increased the perchlorate 

(ClO4
-
) removal ability of the pristine GAC. 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 from 930 bed volumes (BV) for the pristine GAC to 

5110 BV for the final tailored GAC sample BORNQ (Figure 2 and 40). The sample after thermal 

ammonia treatment, BORN, removed ClO4
-
 to 3514 BV before 6 ppb ClO4

-
 breakthrough. All 

breakthrough curves exhibited a rapid ClO4
-
 breakthrough curve, which implies a small mass 
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transfer zone for both the pristine and tailored samples.  The tailoring procedure greatly 

increased the ClO4
-
 removal ability without any nitrogen compounds leaching off the surface, as 

they were incorporated into the GAC surface chemistry by chemical reaction.                 
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Figure 8. 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 mechanisms of enhanced ClO4
-
 removal, the authors 

analyzed the impact of each tailoring step on the properties of the bituminous GAC by XPS, 

surface charge titration, and pore volume analysis (Table 6).  Oxidation with nitric acid 

significantly increased the surface oxygen content. Treatment with nitric acid also introduced 

1.2% N, but this N was completely in the oxidized form, which does not create basic character.  

The surface oxygen content was increased to 10.3% during nitric acid treatment and then 

subsequently decreased to 3.4% after thermal treatment with ammonia. Ammonia treatment 

resulted in 4.9% N by reaction of ammonia with reactive sites created when oxygen groups left 

as CO and CO2 gases during pyrolysis. The decrease in % O correlated with the increase in % N 

when analyzing ammonia-treated samples from coconut GAC (Gu, 2011).  The changes in 
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nitrogen and oxygen surface content after methyl iodide treatment are within the expected 

experimental error for XPS analysis, so no actual changes in content were assumed.  

 

Table 6. Properties of bituminous GAC during each tailoring step. C, N, O elemental 

compositions are in At. % by XPS analysis 

  GAC Sample 

  Pristine B BO BOR BORN BORNQ 

Micropore  

Volume (ml/g) 
0.313 0.290 0.229 0.296 0.233 

Mesopore Volume 

(ml/g) 
0.113 0.146 0.145 0.167 0.146 

BET Surface Area 

(m
2
/g) 

862 831 800 888 693 

C (%) 94.7 85.2 88.5 90.7 91.9 

N (%) N.D. 1.4 1.6 4.9 5.1 

O (%) 5.3 13.4 10.6 3.4 3.1 

O/C 0.0559 0.1568 0.1198 0.0375 0.0332 

N/C N.D. 0.0168 0.0175 0.0540 0.0553 

pHPZCT 5.9 2.7 6.5 8.3 10.4 

      
 By peak fitting the N1s peak, the development of the types of nitrogen throughout the 

tailoring procedure was explored. The peaks were fit with N-6 (pyridine-like), N-5 (pyrrole-like, 

including amines), N-Q (quaternary-N), and N-X (nitrogen oxide groups) peaks (Wang et al., 

2012). During nitric acid treatment some nitrogen was introduced but primarily as nitro, nitroso 

or n-oxide (N6) groups. After reduction with sodium borohydride (NaBH4), the nitrogen groups 

are reduced to an amine form (N5 peak).  During thermal ammonia treatment, nitrogen 

functional groups of each sub groups are introduced though the largest percentage (40.5%) are 

pyridinic-like (N6). Finally, quaternization with methyl iodide decreased pyridinic-like groups 

from 40.51% to 34.85% and  increased quaternary-like groups from 18.01%  to 22.54%.  Based 

on the semi-quantitative XPS peak fitting of the N1s envelope, quaternization converted pyridine 

(N6) groups to pyridinium groups (NQ). Conversion from N-6 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 iodide.  The significant increase in pHPZCT (Table 3) between BORN and 

BORNQ provides further evidence 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 explained by pore 

blocking from the methyl groups which extend from graphene plane edge sites.  
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Figure 9. 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 pHPZCT changed from 5.9 for the pristine to 2.7 after nitric acid oxidation. Therefore, 

not only did oxidation introduce oxygen surface groups, but also many of these groups are 

acidic.  When these oxygen groups (and the GAC surface) were reduced with sodium 

borohydride, the pHPZCT was increased to above the value for the pristine GAC. 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 have a higher pKa.  

However, the results of the surface group pKa titration show that the increase in pHPZC is likely 

due to loss of acidic oxygen groups, though no major conversion is apparent (Figure 11).  In fact, 

a decrease of O% by XPS from 13.4 to 10.6 was also observed after reduction of BORN. In 
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addition the total surface groups decreased from2.62 mmol/g for BO to1.97 mmol/g for BOR 

(Table 7). Therefore, a loss of acidic oxygen groups provides more of an explanation for the 

increased pHPZCT than a conversion of acidic groups to more basic oxygen groups.  
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Figure 10. Surface charge titration of bituminous GAC throughout different treatment steps 

(titrations completed by Cesar Nieto-Delgado). 

 

After thermal ammonia treatment, the pHPZCT further increased to 8.3 for BORN. It is 

noted that this value is less than the majority of values obtained for TGA ammonia tailored 

bituminous GAC, which was also pre-oxidized with nitric acid, in previous work from this lab 

(Chen et al., 2005b). A significant decrease in the total surface groups was also observed, as 1.97 

mmol/g for BOR decreased to 0.99 mmol/g for BORN (Table 7). The amount of acidic 

functional groups (low pKa) greatly decreased as well which was caused by the release of 

oxygen functional groups upon heat treatment (Figure 11).  The remaining functional groups on 

BORN correspond to the remaining 3.4% oxygen and the introduced nitrogen functional groups 

(amines, amides, pyrroles) which have pKas less than 12.  

After quaternization with methyl iodide the pHPZCT was significantly increased to 10.4 for 

BORNQ. In addition, an increase in the total surface groups, especially those at a high pKa, was 

observed. These large increases (shown in Figure 11) indicate that methyl iodide may be reacting 
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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) 

Table 7. Surface charge and pKa groups (by pKa titration) of the pristine bituminous GAC and 

after each treatment step (data from Cesar Nieto Delgado) 

 
Surface Chemistry Properties 

AC Treatment 

Step 

Total Surface 

Groups 

(mmol/g) 

pHPZ

C 

Carboxylic
1
 

(mmol/g) 

Lactonic2 
(mmol/g) 

Phenolic3 
(mmol/g) 

Pristinte 

Bituminous 
0.32 5.9 0.1 0.22 0 

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, 26.37 < pH < 10.25, 3pH > 10.25, groups by surface titration but comparable with Boehm titration 

(Contescu et al., 1997) 
 

4.1.4. Effect on structural properties 

The effects of each synthesis step on the physical and chemical characteristics of the 

bituminous GAC are summarized in Table 6 and represented in Figure 12. The pyridinim grafted 

GAC (BORNQ) had increased mesopore volume, decreased micropore volume, and a decreased 

surface area after all treatment steps. The nitric acid treatment step involved pore widening as the 

micropore volume decreased, converting to mesopores ï leading to an increase in mesopore 

volume. Treatment with sodium borohydride altered the surface chemistry, but it did not 

significantly affect the porosity of the GAC. Heat treatment with ammonia further increased the 

mesopore volume and also enhanced the surface area. As expected, the methyl iodide 

quaternization reaction decreased pore volume and surface area. Overall, the tailoring process 

did not significantly affect the porosity of the GAC, preventing substantial hindrance to intra-

particle diffusion rates.  
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Figure 12. Progression of porosity through the 4 steps for bituminous GAC 

 



62 
 
 

4.2. Electrochemical Properties of the Tailored GAC 

4.2.1. Effect on redox properties 

 Because of the unique structure created by alkylating pyridinic-N groups within the 

graphene planes and on the graphene edge sites of GAC, unique electrochemical properties were 

observed. The redox activity of the tailored GAC was monitored by cyclic voltammetry (CV) 

throughout each of the steps (Figure 13). The typical capacitive behavior of GAC was observed 

when prisitine bituminous GAC was added to the surface of the carbon paste working electrode. 

Oxidation with nitric acid introduce electroactive oxygen groups which create a broad 

pseudocapacitive peak centered around 0.05 V for oxidation and -0.25 V for reduction for BO. 

For BOR, the peak current is reduced which is 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 groups have been known to increase capacitance in graphene oxides (Sun et al., 2012).   
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Figure 13. Progression of cyclic voltammograms for each of the four steps on bituminous GAC. 

All scans at 10 mV/s in 0.2 M NaCl. 

Characteristic oxidation and reduction peaks were then observed after quaternization. 

These peaks were not observed before treatment with methyl iodide, so they are attributed to 

functional groups which are created only after alkylation, namely pyridinium which has 
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previously been identified. These peaks also occurred at a unique potential where the well know 

redox activity of oxygen functional groups was not observed for this system on pristine and 

oxidized GAC. In order to confirm that these peaks were not associated with oxygen reduction 

reaction (ORR) as has often been ascribed to quaternary-N, BORNQ was cycled in nitrogen 

purged electrolyte and then switched to air purged electrolyte (Figure 14) (Huan et al., 

2012;Wang et al., 2012). 

The reduction peak found around 0.3 V and the broad oxidation peak at 0.6-0.7 V 

gradually disappear with increased cycling, so this redox behavior appears to be caused by a 

quasi-reversible redox process and not a consumption of oxygen. The final 5 CV scans in air 

purged electrolyte (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 cycles 5-10 in aerated electrolyte. If the 

reduction peak 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 at -0.25 V is formed which can be attributed to the ORR. Therefore, 

it is hypothesized that a quasi-reversible 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 polyaniline (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 takes place in the aromatic structure of the GAC graphene plane during the redox 

reactions of the pyridinium and pyridinium like functional groups. 
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Figure 14. 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 removal is not competitive with adsorption 

offered by ion exchange resins, it does offer the possibility of sustainable redox regeneration 

which avoids the issue of disposal of high salt waste brine solutions and allows for more frequent 

regeneration. First, the regeneration of the pyridinium grafted GAC was tested with a strong 

chemical reductant, sodium borohydride.  Regeneration involved 50 BV of 500 mg/L sodium 

borohydride, which was prepared from 4.4 M sodium borohydride in 16 M sodium hydroxide. 

After sodium borohydride treatment (100 BV), the column was then washed with DI water until 

the ORP was equal to that of water (approximately 2L). Regeneration resulted in a slug with a 

mass of perchlorate equal to approximately 8000 BV of 30 ppb spiked water. After regeneration, 

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 ~ 550-600 mV) may have been increasing the 

positive surface charge of the GAC through an oxidation reaction.  The 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 could remove 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
-
. Electrochemical regeneration was performed using BORNQ as the electrode 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 NaCl electrolyte (a). 

This sample was then analyzed by XPS. Next, a new electrode with fresh BORNQ was oxidized 

in 0.2 M NaCl with 0.02 M NaClO4 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 electrode was first oxidized in 0.2 M NaCl with 0.02 M NaClO4 at 

0.9 V for 20 (c). Then the same sample (c) was rinsed with DI water and reduced in 0.2 M NaCl 

for 20 minutes at -0.8V. The sample was then analyzed by XPS.  The fourth sample was a 

control sample. Fresh BORNQ was loaded on the working electrode, and the electrode was 

oxidized in 0.2 M NaCl with 0.02 M NaClO4 at 0.9 V for 20 minutes (d). The same sample (d) 

was rinsed with DI water placed in a 0.2 M NaCl electrolyte with no voltage applied.   

    

 

Figure 15. RSSCT of original pyridinium-grafted GAC (BONQ) in oxygenated water and the 

same carbon after reduction regeneration with 30 ppb perchlorate spiked groundwater. 








































































































