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ABSTRACT

Nitrate is the most prevalent water pollutant limiting the use of groundwater as a
potable water source. The overarching goal of this dissertation was to leverage advances
in nanotechnology to improve nitrate photocatalysis and transition treatment to the full-
scale. The research objectives were to (1) examine commercial and synthesized
photocatalysts, (2) determine the effect of water quality parameters (e.g., pH), (3)
conduct responsible engineering by ensuring detection methods were in place for novel
materials, and (4) develop a conceptual framework for designing nitrate-specific
photocatalysts.

The key issues for implementing photocatalysis for nitrate drinking water
treatment were efficient nitrate removal at neutral pH and by-product selectivity toward
nitrogen gases, rather than by-products that pose a human health concern (e.g., nitrite).
Photocatalytic nitrate reduction was found to follow a series of proton-coupled electron
transfers. The nitrate reduction rate was limited by the electron-hole recombination rate,
and the addition of an electron donor (e.g., formate) was necessary to reduce the
recombination rate and achieve efficient nitrate removal. Nano-sized photocatalysts with
high surface areas mitigated the negative effects of competing aqueous anions. The key
water quality parameter impacting by-product selectivity was pH. For pH < 4, the by-
product selectivity was mostly N-gas with some NH.4", but this shifted to NO,™ above pH
= 4, which suggests the need for proton localization to move beyond NO>". Co-catalysts
that form a Schottky barrier, allowing for localization of electrons, were best for nitrate
reduction. Silver was optimal in heterogeneous systems because of its ability to improve
nitrate reduction activity and N-gas by-product selectivity, and graphene was optimal in



two-electrode systems because of its ability to shuttle electrons to the working electrode.
“Environmentally responsible use of nanomaterials” is to ensure that detection methods
are in place for the nanomaterials tested. While methods exist for the metals and metal
oxides examined, there are currently none for carbon nanotubes (CNTs) and graphene.
Acknowledging that risk assessment encompasses dose-response and exposure, new
analytical methods were developed for extracting and detecting CNTs and graphene in

complex organic environmental (e.g., urban air) and biological matrices (e.g. rat lungs).
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CHAPTER 1

INTRODUCTION

Population growth has a profound effect on our water quality. Not only does it
further deplete our water sources, it ultimately leads to a larger influx of contaminants
into surface and ground water, making it more difficult and expensive to use them for
drinking water. As our potable supplies decrease, we will have to develop more
sustainable and economic treatment technologies to keep up with the increased demand.
With recent advances in material science and the introduction of nanotechnology,
environmental engineers are poised to revolutionize the way we approach treatment
issues.

Manipulation of materials at the nano-scale implements new physico-chemical
properties that changes how materials behave compared to their macro counterparts.
While this can be beneficial, it also introduces a new set of concerns about the risk of
nanomaterial to human health and the environment. Often, materials scientists are only
concerned with material design without much regard to how the material will be used or
how it might impact the environment. As environmental engineers utilizing
nanotechnology to develop new solutions for water treatment, we have a responsibility to
evaluate the risks associated with the new materials we create. Within this dissertation,
this is defined as responsible engineering.

Responsible engineering of new materials encompasses a number of risk
assessment moieties including material characterization, dose-response, and exposure.
The ability to identify the material in simple and complex matrices is essential to all parts
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of risk assessment. Detection of nanomaterials is inherently difficult because the only
thing that separates them from their macro counterparts is size, and defining this border is
not simple. For some nanomaterials, this size difference also introduces unique properties
that allow them to be identified (e.g., fluorescence of single-walled carbon nanotubes). In
most cases though, such as that with metals, size is the only obvious property separating
them from similar materials.

With the increase in population comes an increase in food demand. This results in
an increased influx of nitrate-based fertilizers into our water sources, further limiting the
availability of groundwater as a drinking water source. This dissertation aims to leverage
recent advances in material science to implement photocatalysis as a sustainable solution
for treatment of nitrate-laden water. To date, research on photocatalytic nitrate reduction
has really been limited to material development and there has been no environmental
engineering studies looking at the ability of photocatalysts to reduce nitrate under
realistic or full-scale conditions. The results presented herein will help to set a precedent

for engineering materials specifically for environmental applications.

Dissertation Overview

The overarching goal of this dissertation was to evaluate photocatalysis as a
treatment option for nitrate in water. Both commercial and laboratory materials of nano-
and macro-size were used and responsible engineering was invoked for the engineered
nanomaterials. Background material is first presented to give the reader some relevant

information about nitrate pollution, photocatalysis, and photocatalytic nitrate reduction



(Chapter 2). The main body of this dissertation is composed of a series of experiments
isolated into main research objectives and is as follows:

1. Commercial TiO2 photocatalysts were evaluated for nitrate reduction in a
model water and a groundwater (Chapter 3).

2. The optimal commercial TiO. photocatalyst, P90, is improved through the
use of a co-catalyst, silver. Macro-scale mechanisms of photocatalytic
nitrate reduction relevant to operating conditions were investigated
including photocatalyst concentration, silver loading, nitrate
concentration, formate concentration, and pH (Chapter 4).

3. Commercial TiO2 was evaluated as a photocatalytic treatment option for
ion-exchange brines to extend the lifetime of brine regeneration systems
(Chapter 5).

4. Various metal and carbonaceous nanoparticle co-catalysts for TiO2 were
screened for nitrate reduction to work toward improving nitrate removal
activity and by-product selectivity toward N. (Chapter 6).

5. Of the nanomaterials utilized, carbon nanotubes and graphene were the
only ones without an established detection method. To maintain
responsible engineering, a new method was developed for detecting these
nanomaterials in environmental matrices, with application to
cyanobacteria and urban air for the carbon nanotubes (Chapter 7).

6. To improve upon the detection method for carbon nanotubes and assist
with in vivo dose-response studies in rats, various extraction methods were
evaluated for carbon nanotubes and applied to rat lungs (Chapter 8).
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7. The results presented on photocatalytic reduction of nitrate were
synthesized to create framework for engineering more efficient and
nitrate-specific photocatalysts (Chapter 9).

Finally, a summary of the objectives and the outcomes of this dissertation, including

conclusions and future recommendations are discussed (Chapter 10).



CHAPTER 2

BACKGROUND

2.1 Nitrate Pollution

Of the contaminants we are faced with today, nitrate (NO3") is one the most
prevalent in groundwater in North America (B. Nolan, 2004; B. T. Nolan & Hitt, 2006;
Bernard T. Nolan, Hitt, & Ruddy, 2002; B. T. Nolan & Stoner, 2000). It is a naturally
occurring inorganic ion, but anthropogenic sources have contributed to unbalancing the
nitrogen cycle. Nitrate pollution stems from both agricultural (Rupert, 2008) and urban
sources (Wakida & Lerner, 2005). The main source of anthropogenic nitrate is found in
rural areas and originates from fertilizers, livestock, and septic systems. Only about 18%
of the nitrogen in fertilizer (nitrates) is actually used by vegetation, leaving the remaining
82% in the soil (Carpenter et al., 1998). Because of the high water solubility of nitrate,
the remaining mass can be transferred to surface waters from surface runoff or leached
into the groundwater.

Excess nitrate that reaches surface waters contributes to eutrophication, which is
detrimental to the aquatic ecosystem, depleting dissolved oxygen, killing fish, and
creating a harmful environment for humans. One example of this is the Gulf of Mexico
hypoxic “dead” zone (less than 2 ppm dissolved oxygen) located at the mouth of the
Mississippi River. Nitrate has been shown to be the primary reason for this hypoxic zone
(Scavia & Donnelly, 2007). The Gulf of Mexico zone is one of the largest known dead
zones in the world covering approximately 7,000 square miles (Rabalais, Turner, &
Scavia, 2002). It has a great societal and economic impact on the commercial and
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recreational fisheries of the Gulf Coast, a $2.8 billion annual economy (Rabalais, Turner,
& Wiseman, 2001).

Nitrate that leaches into the groundwater has the potential of polluting drinking
water sources. People in rural areas are at the highest risk from excess fertilizer use, and
almost 90% of the rural population uses groundwater for domestic purposes (Power &
Schepers, 1989). A survey of 5,101 wells in the United States revealed that nitrate levels
exceed the standard (10 mg/L as N) in approximately 8% wells (20% agricultural, 3%
urban, 4% major aquifers), affecting over 24.6 million people (Burow, Nolan, Rupert, &
Dubrovsky, 2010). Even with proper regulations in place and best management practices
for fertilizers, nitrate concentrations in groundwater continue to increase (Rupert, 2008).

In Phoenix, AZ, where urban sprawl is abundant, nitrate poses a problem for
water municipalities and private well owners that occupy land once used for agricultural
purposes. Nitrate concentrations range from 2 to 40 mg-N/L, with the maximum average
around 25 mg-N/L (Figure 2.1). The City of Glendale, which bears the weight of this
legacy fertilizer pollution, currently treats for nitrate in order to meet the United States

Environmental Protection Agency’s (USEPA) drinking water requirements.
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Figure 2.1. Average groundwater nitrate concentrations for the Phoenix metropolitan area
(1996-1998).

Nitrate poses a risk to human health, and as such, it has been placed on the
USEPA’s Drinking Water Contaminant List, with maximum contaminant level of 10
mg/L as N. It is a known cause of methemoglobinemia, or “blue baby” syndrome, and
could possibly be carcinogenic (National Research Council, 1995). Nitrate is relatively
non-toxic to humans; however, it can be reduced by denitrifying bacteria in the upper
gastro-intestinal tract to form nitrite, which is the underlying cause of
methemoglobinemia. Nitrite absorbs into the bloodstream where it reacts with

hemoglobin, oxidizing it to methemoglobin (Fe?*—Fe3*), which cannot carry oxygen
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thus causing cyanosis and anoxemia (Bruningfann & Kaneene, 1993). Adults are
generally at low-risk for methemoglobinemia because they possess a key enzyme called
NADH-cytochrome bs reductase, which reduces methemoglobin back to hemoglobin
(Avery, 1999). However, infants are at a much higher risk to methemoglobinemia
because the high pH of their gastro-intestinal tract promotes the growth of denitrifying
bacteria, their hemoglobin is much more readily oxidized to methemoglobin, and they
lack the important methemoglobin reductase (Atsdr, 2007; Avery, 1999). Nitrate has also
been suggested to form compounds in the human body that are carcinogenic or endocrine
disruptors (Guillette & Edwards, 2005; Hamlin, 2006; Hamlin et al., 2008)

Beyond human health and ecotoxicity implications, excess anthropogenic nitrate
unbalances the natural nitrogen cycle. The National Academy of Engineers (NAE)
considers management of the nitrogen cycle to be one of its Grand Challenges. Part of the
nitrogen cycle is natural denitrification, which helps keep nitrogen in the environment
balanced. Unfortunately, anthropogenic sources of nitrogen have unbalanced this system,
and there is a need for engineered denitrification. The challenge will be figuring out how
to reduce nitrate to innocuous forms rather than toxic by-products or greenhouse gases

(e.g., ammonia and nitrous oxide, respectively).

Current Nitrate Treatment Technologies in Drinking Water

Table 2.1 shows the currently available nitrate treatment technologies, their
current state with regards to full-scale implementation, the advantages, and the
disadvantages. To date, the most efficient technologies for removing nitrate from

drinking water are ion exchange and biological denitrification. lon exchange is the most
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used technology because it is simple to operate, efficient, and high concentrations of
nitrate can be treated. However, this method produces a brine waste that still requires
treatment, and competing anions can severely retard the efficiency. Biological
denitrification is common for wastewater treatment, and it is starting to show some
momentum for denitrification of drinking water sources (Gayle, Boardman, Sherrard, &
Benoit, 1989; Hiscock, Lloyd, & Lerner, 1991; K.-C. Lee & Rittmann, 2002; Mateju,
Cizinska, Krejci, & Janoch, 1992; McAdam & Judd, 2006b, 2008; Richard, 1989; M. I.
M. Soares, 2000). It can treat large volumes of high concentration nitrate and it can
reduce nitrate to non-toxic forms; however, biological denitrification is not without
disadvantages. The process requires an electron donor and a carbon source, downstream
treatment is usually required to remove contamination, the bio-membranes can be fouled,
membrane fouling, and the startup time takes weeks so it is not suitable for intermittent
operations (K.-C. Lee & Rittmann, 2002; McAdam & Judd, 2006b). Other treatment
technologies for nitrate removal include catalytic (Barrabes & Sa, 2011; Barrabés et al.,
2006; Chaplin et al., 2012; Daub, Wunder, & Dittmeyer, 2001; Devadas, Vasudevan, &
Epron, 2011; Epron, Gauthard, & Barbier, 2002a, 2002b; W. Gao et al., 2003; Garron &
Epron, 2005; Gauthard, Epron, & Barbier, 2003; Gasparovicova et al., 2007; Guo, Cheng,
Hu, & Li, 2012; Guy, Xu, Yang, Werth, & Shapley, 2009; Horold, VVorlop, Tacke, & Sell,
1993; J. Y. Liu, Choe, Sasnow, Werth, & Strathmann, 2013; Nakamura, Yoshida,
Mikami, & Okuhara, 2006; Palomares, Franch, & Corma, 2010; Palomares, Prato,
Marquez, & Corma, 2003; Palomares, Prato, Rey, & Corma, 2004; Pintar, 2003; Prusse
& Vorlop, 2001; Priisse, Hahnlein, Daum, & Vorlop, 2000; Sa, Berger, et al., 2005; Sa,
Gasparovicova, et al., 2005; Sakamoto, Kanno, Okuhara, & Kamiya, 2008; O. Soares,
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Fan, Orfao, Lapkin, & Pereira, 2012; O. Soares, Orfao, & Pereira, 2008, 2010, 20114,
2011b; Sun, Li, Gao, & Shang, 2012; Theologides, Savva, & Costa, 2011; Wada, Hirata,
Hosokawa, Iwamoto, & Inoue, 2012; Wehbe, Guilhaume, Fiaty, Miachon, & Dalmon,
2010; Y. B. Xie, Cao, Li, Zhang, & Crittenden, 2011; Yi, Sakamoto, & Kamiya, 2009; F.

X. Zhang et al., 2008), electrochemical (S. E. Bae & Gewirth, 2008; Benderskii,

Krivenko, & Ponomarev, 1989; da Cunha, De Souza, & Nart, 2000; Dash & Chaudhari,
2005; Dortsiou, Katsounaros, Polatides, & Kyriacou, 2009; Duca, Kavvadia, et al., 2010;
Duca, Khamseh, Lai, & Koper, 2010; Duca & Koper, 2012; Duca, van der Klugt, &
Koper, 2012; Katsounaros et al., 2012; Katsounaros, Ipsakis, Polatides, & Kyriacou,
2006; Katsounaros & Kyriacou, 2008; Molodkina, Botryakova, Danilov, Souza-Garcia,
& Feliu, 2012; Pletcher & Poorabedi, 1979; V. Rosca, Duca, de Groot, & Koper, 2009;
Shimazu et al., 2007), chemical (Buresh & Moraghan, 1976; Chi, Zhang, Lu, Dong, &
Yao, 2004; Fanning, 2000; Liou, Lo, Lin, Kuan, & Weng, 2005; Luk & Au-Yeung, 2002;
Murphy, 1991; Ottley, Davison, & Edmunds, 1997; Ramavandi, Mortazavi, Moussavi,
Khoshgard, & Jahangiri, 2011; Rodriguez-Maroto, Garcia-Herruzo, Garcia-Rubio,
Gomez-Lahoz, & Vereda-Alonso, 2009; Westerhoff, 2003; Westerhoff & James, 2003;
G. C.C. Yang & Lee, 2005; Young, Bungay, Brown, & Parsons, 1964), reverse

osmosis/electrodialysis (Bohdziewicz, Bodzek, & Wasik, 1999; Cevaal, Suratt, & Burke,

1995; El Midaoui et al., 2002; Elmidaoui et al., 2001; Hell, Lahnsteiner, Frischherz, &
Baumgartner, 1998; Howe & Gratzel, 1985; Indusekhar, Trivedi, & Shah, 1991; Kesore,
Janowski, & Shaposhnik, 1997; Panyor & Fabiani, 1996; Rautenbach, Kopp,
Vanopbergen, & Hellekes, 1987; Richards, Vuachere, & Schafer, 2010; Sata,
Yamaguchi, & Matsusaki, 1995; Schoeman, 2009; Schoeman & Steyn, 2003), and
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combinations of these (Kapoor, Inagaki, & Yoshida, 2005). Photocatalysis, the focus of

this dissertation, is a relatively new technology for water treatment applications that

emerged around thirty years ago (Hsiao, Lee, & Ollis, 1983).

Table 2.1. Current nitrate treatment technologies and their advantages and
disadvantage.

Treatment Current Advantages Disadvantages
Technology Availability
Requires treatment or disposal
of brine waste, suitable only for
Stable, fast removal, easily small- and medium-scale
lon Exchange Full-scale automated, cost-effective, low-  operations, may produce toxic
maintenance, non-destructive by-products, not good for
waters with high total dissolved
solids (i.e., groundwater only)
. Easy, economic, non- Requires close non-nitrate
Blending Full-scale destructive source water
Expensive — energy intensive
?:thr)g\allgrese G_ood for wat_ers with high total gnd I_ar_ge capital costs,

A Full-scale dissolved solids content, no by- inefficient nitrate removal,
osmosis and : . .
electrodialysis) products, non-destructive requires treatment or disposal

of concentrate
Electron donor and carbon
Produces a non-toxic by- source required, requires

. . product (i.e., N2), suitable for downstream treatment (e.qg.,
Biological L . - .
Denitrification Full-scale Iqrge appllcatlo_ns, can handle_e ozonation), hlgh—mamtenance,

high concentrations, destructive long start-up times, pH and
method temperature sensitive,
membrane foulding
Electrochemical Selectlve_toward non-toxic by- Electrode fouling, operational
(e.g. SnO2 Full-scale product (i.e., N2), destructive difficulty, energy intensive
electrode) method '
. . Selective toward non-toxic by- Catalyst fouling, expensive
Catalytic (e.g., Pd) Pilot-scale product _(|.e., N.), efficient, metals, reductant such as H
destructive method
Chem'f:"?‘l . ng_h re_moval, zero-vale_nt_ iron pH sensitive, no reuse of
Denitrification Bench-scale  for in-situ treatment, efficient, material
(e.g., Al or Fe) destructive method
Photocatalysis srecl)?ji}::\tﬂzitgwilrg neonne:g;/(-lc > Electron-don(_)r required (for
Bench-scale I, current materials), to be

(e.g., TiO2)

efficient (through use of solar
spectrum), destructive method

determined
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2.2 Photocatalytic Reduction of Nitrate
Importance of Developing Photocatalysts for Water Treatment

Advances in science and technology will be needed to meet the growing energy
demand in the United States. More importantly will be the need for the advancement of
cheap and clean energy to reduce our reliance on foreign oil and decrease greenhouse gas
emissions. The United States Department of Energy (DOE) lists the generation of fuels
from sunlight and the ability to create energy from carbon dioxide (i.e., clean energy) as
two of the three strategic goals to secure a sustainable energy future for the United States
(Energy, 2008). Currently, water treatment in the United States accounts for
approximately 3% of the national energy consumption (USEPA, 2009). Development of
photocatalyst technologies that are selective and visible-light active will have a large
impact on the water-energy nexus. Photocatalytic technologies will reach a pinnacle
when they can harness solar power to treat water and create a storable energy source from

the treated by-products.

Photocatalyst Dissertation Terminology

The scope of this research encompasses a wide range of disciplines and many of
the terms used henceforth are not familiar in the Environmental Engineering field. The
following section gives an explanation of commonly used terms in photoelectrochemistry

and solid-state physics.

Bands: Bands exist in solids and consist of a large number of overlapping orbitals with
different energy levels based on the Pauli exclusion principle that overlapping orbitals
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cannot occupy the same energy level. Bands are formed from the statistical or quantum
distributions of energy levels in an atom, molecule, or solid. Figure 2.2 shows a

simplified schematic of band structures of a semiconductor.

E(eV)

Conduction Band

Bandgap

Figure 2.2. Simplified Band Diagram of a Solid Semiconductor

Conduction band: The upper band shown in Figure 2.2 is the conduction band (CB) and

is synonymous with the lowest unoccupied molecular orbit (LUMO) of a molecule or the
first excited state. For a semiconductor and under normal conditions, no electrons exist in
the CB. Thermodynamically, it is a measure of the reduction potential of the

semiconductor. The more negative the CB lies (NHE), the greater the reduction potential.

Valence band: The lower band shown in Figure 2.2 is the valence band (VB) is
synonymous with the highest occupied molecular orbit in a molecule (HOMO). For a

semiconductor and under normal conditions, electrons exist in the VB.
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Thermodynamically, it is a measure of the oxidation potential of the semiconductor. The

more positive the VB lies (NHE), the greater the oxidation potential.

Bandgap: The gap between the conduction band and valence band states is known as the
bandgap, the area where no allowed electronic states exist (Figure 2.2). For metals, the
bandgap is non-existent and the bands overlap (~0 eV), and for insulators, the bandgap is
greater than about 5 eV (with some exceptions), and semiconductors fall between these.
The zero bandgap of metals is what gives them their unique conductivity because
electrons are able to move freely between bands. On the other hand, semiconductors need
an external energy source (e.g., photons) to excite the electrons from the valence band to

the conduction band.

Hole: A hole is the imaginary space charge in the valence band where an electron once

resided. It is the absence of a negatively charged particle and it is considered a positively

charged particle.

Fermi level: The Fermi level is the electrochemical potential or the chemical potential, p,

of electrons in the solid. It is dependent on the number of electrons and holes in energy

levels of the solid.

Photo-excitation: The process of irradiating a semiconductor with a wavelength greater

than the bandgap such that an electron in the valence band is excited to the conduction

band, forming an electron-hole pair.
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Exciton: Another name for the electron-hole pair that is created from excitation.

Recombination: A process where the electron and hole recombine in the valence band or

other localized sites such as surface and bulk trap sites. The exciton can recombine within
a matter of hundreds of nanoseconds if the electron or hole is not trapped or does not

immediately participate in chemical reactions.

Work function: The energy required to remove an electron from a solid to a point

immediately outside the solid (vacuum level).

Doping: The addition of charged carriers to a semiconductor to form majority and
minority charged particles is called doping. For example, when Si (four valence
electrons) is doped with phosphorus (5 valence electrons), four of the P atom’s electrons
bond with 4 of the Si atom’s electrons, leaving one P atom electron free to move about
the conduction band without leaving a hole in the valence band. This creates a majority of
electrons, thus leaving the semiconductor negatively charged, also known as an n-type.
Similarly, if Si is doped with B atoms (3 valence electrons), this leaves an excess of holes
as the majority charge carrier, thus leaving the semiconductor positively charged, also
known as a p-type. A p-type and an n-type semiconductor will have Fermi level shifted
toward the valence band and conduction band, respectively. Doping can also be used to
form traps in a semiconductor or photocatalyst. A trap is an allowed energy state within
the forbidden energy state (e.g., bandgap) that will allow for tuning the chemical potential
of the semiconductor. It can also act as a recombination site for the exciton. When doping
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with metal cations, visible light efficiency can be improved given the lower energy states;
however, they will be detrimental to the efficiency in UV light because of the increased

number of locations for excitons to recombine (Litter, 1999).

Photoelectrochemical (PEC) cell: An electrochemical cell where the thermodynamic

input is obtained from a photonic source. The anode and cathode are generally separated
in an electrolyte solution and they are connected by a conductive wire to facilitate charge
transfer. For an n-type electrode, the photoanode is the working electrode and the cathode
serves as the counter electrode. In this particular case, the electrons flow from the
working electrode to the counter electrode. A simplified illustration of a PEC cell is

shown in Figure 2.3.
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Figure 2.3. Photoelectrochemical Cell

Heterogeneous photocatalyst: As the name suggests, a photocatalyst is a light-activated

catalyst, usually a semiconductor. Photocatalysis is based on semiconductor solid-state
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and photoelectrochemical principles. Unlike an n-type PEC cell, where oxidation (at the
anode) and reduction (at the cathode) reactions are physically separated, redox reactions
on a heterogeneous photocatalyst occur simultaneously at the surface (Figure 2.4). In the
case of Figure 2.4, Pt and RuO. have been loaded onto the surface of the TiO2 particle to
act as an electron (anode) and hole (cathode) pooling site, respectively. When a
semiconductor, such as TiO2 or Si, absorbs a photon with an energy (E = hv) greater than
or equal to the bandgap energy (Egsc) of the semiconductor, an electron is excited from

the valence band into the conduction band.

Red Pt (0)

w )L

T Ooxd
\

hy Oxd-

Ru0O,

Figure 2.4. Photocatalyst (TiO>) Particle Loaded with Pt (Cathode) and RuO2 (Anode)

Hole scavenger: Also known as a sacrificial electron donor, it is a compound introduced

into the sample matrix to act as a donor of electrons into the valence band to extend the

lifetime of the electron.

Semiconductor homojunctions: A homojunction is created when two oppositely doped

semiconductors of the same bandgap are joined at an interface known as the p-n junction
17



(e.g., n-type Si/p-type Si). After the junction is formed, the electrons from the p-type will
flow toward the junction and holes from the n-type will flow toward the junction where
they recombine. This leaves the p-type concentrated with holes in the bulk and electrons
at the junction, the n-type concentrated with electrons in the bulk and holes at the

junction, and the (p-n) junction a neutral, non-conductive zone.

Semiconductor heterojunctions: A heterojunction is created when two semiconductors

(either p- or n-type) with different bandgaps are joined at an interface. There are three
main types of heterojunctions that can be formed with respect to their band placement:
straddled (Type 1), staggered (Type 1), and broken (Type Il1). These are illustrated in
Figure 2.5. For optoelectronic applications such as photovoltaic cells and photocatalysts,
Type Il is the ideal case. Type | is generally used as a protective layer over a
semiconductor that is susceptible to photocorrosion, such as ZnS, or to create p-type/n-
type core/shells. Under normal conditions, the electrons will always move to higher

potentials (down) and the holes to lower potentials (up).

Type | Type Il Type Il

Ecb

E(b

Ecb

Evb ECb

Evb

Figure 2.5. Semiconductor Heterostructures
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When forming a junction between two solids, the Fermi level must be in thermal
equilibrium. In other words, if a semiconductor possessing a work function (d®s1) comes
into contact with a semiconductor having a working function (®sy) less than ®s1, then
electrons will flow from the smaller work function to the larger work function until the
Fermi levels are equal. Thus the semiconductor with the smaller work function will
become positively charged near the contact and negative into the bulk, whereas the

semiconductor with the larger work function will do the opposite.

Schottky and ohmic contacts: A Schottky barrier is used to describe the potential

interface between a metal and a semiconductor. It is the potential barrier seen by
electrons trying to move toward the semiconductor. When a metal comes into contact
with a semiconductor and the work function of the each is different, a Schottky potential
barrier is formed. Under normal conditions, electrons will flow from the material with the
lower work function to the higher work function. To move back across the interface the
electron will need a potential greater than the Schottky barrier. For photocatalysts, this
means that if the work function of the metal is higher than that of the semiconductor, then
electrons will become trapped in the metal, thus acting as an electron scavenger or trap
site. Compounds adsorbed to the metal can then react with the electrons. If the work
functions of the two materials are similar, an ohmic contact is formed where electrons
and holes are free to move across the junction. These types of composite semiconductors
are very useful for charge separation and for loading photocatalysts with metals that have

low hydrogen overpotentials in order to reduce water to H> (e.g., Pt).
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Semiconductor-liquid interface: Similar to solid-solid junctions, when a bulk solid

semiconductor comes into contact with a liquid, the Fermi level (i.e., chemical potential)
of the solid must be in equilibrium with chemical potential of the liquid. This causes a
bending of the bands up or down toward the liquid potential, depending on the location of
the Fermi level. However, unlike bulk semiconductors which undergo band bending due
to a potential difference, nano-sized semiconductors do not undergo band bending (or
very little) because the distance between the bulk of the particle and the surface (i.e.,
particle radius) is large compared to the curvature of the bend (Hagfeldt & Gratzel,

1995).

A Short History of Photocatalysis for Environmental Applications

Semiconductor photocatalysts were first applied as photoelectrochemical cell
systems for converting solar energy into chemical energy in the 1970s and 80s (A.
Fujishima & Honda, 1972; Mills, Davies, & Worsley, 1993). Gratzel and co-workers
were the first to make this technology efficient enough for full-scale use through his
invention of a dye-synthesized titanium dioxide solar cell (M. Gratzel, 2001; Oregan &
Gratzel, 1991). Formenti and co-workers were among the first to focus on the use of
photocatalysts for environmental purposes (Formenti, Juillet, Meriaude.P, & Teichner,
1971; Formenti, Juillet, & Teichner, 1970; Formenti et al., 1972). These studies focused
on paraffin oxidation in air and were very transcendent, showing the ability of
photocatalysts to be used for decontamination. Some of the first and more well-known
pioneering studies on photocatalytic treatment of compounds in water were done by Bard
and co-workers (Frank & Bard, 1977), and Ollis and co-workers (Hsiao et al., 1983;
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Pruden & Ollis, 1983). There are many thorough reviews available outlining the potential
for heterogeneous photocatalysts for water treatment, and thus, this will not be discussed
within this dissertation (Chong, Jin, Chow, & Saint, 2010; Herrmann, 1999; Hoffmann,
Martin, Choi, & Bahnemann, 1995; Mills et al., 1993; Ollis, Pelizzetti, & Serpone, 1991;
Ollis & Turchi, 1990; Robertson, Bahnemann, Robertson, & Wood, 2005; Huanjun

Zhang, Chen, & Bahnemann, 2009).

Titanium Dioxide as a Photocatalyst

Since its conception in the water purification field, photocatalysis has expanded
greatly, with most of the progress to date focused on the anatase phase of titanium
dioxide (TiO2) (Linsebigler, Lu, & Yates, 1995). TiO. has been used in many different
applications including self-cleaning materials such as tiles, roofs, and clothing, and for
the degradation of a myriad of organic and inorganic pollutants (Bhatkhande, Pangarkar,
& Beenackers, 2002; Akira Fujishima & Zhang, 2006). It is a good model photocatalyst
for environmental applications because it is relatively non-toxic, photostable, and

inexpensive (Mills et al., 1993).

Photocatalysis Charge Transfer with Application to TiO>

Photoexcited charge carrier kinetics govern the activity of the photocatalytic
reaction. As such, minimizing the time it takes for the exciton to reach the photocatalyst
surface is very important. The interfacial charge transfer is the rate at which an electron
or hole migrates to the surface of the semiconductor and is then transferred to a species
adsorbed to the surface, a catalyst loaded onto the surface, or constituents in the electric
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double-layer. Laser flash photolysis or time-resolved spectroscopy has been used to show
that the time of recombination is much faster than the rate of interfacial charge transfer
(Hoffmann et al., 1995). The lifetime of the exciton can be extended by decreasing the
rate of recombination or increasing the rate of interfacial charge transfer. For example,
Bahnemann and co-workers (Bahnemann, Henglein, Lilie, & Spanhel, 1984) showed that
the addition of platinum to the surface of the TiO, slowed the recombination rate by
allowing the conduction band electrons (ecb) to become irreversibly trapped in the metal
catalyst. However, recent studies have shown the coinage metals (e.g., silver, copper)
form true Schottky barriers, allowing for electron pooling, whereas other metals such as
platinum and palladium form ohmic contacts with the photocatalyst (Takai & Kamat,
2011). Trapped electrons are available for reduction reactions at the surface of the metal
catalyst or transfer to the double-layer. Transfer of the electron to a surface trap sites or
other compounds on the surface, which then react with constituents of concern is
considered an indirect transfer. A direct transfer is when the conduction band electron
interacts directly with the adsorbed species on the surface of the TiO2. Subsequently,
holes will be available for oxidation reactions, whether it is from trapped holes (indirect)
or from interfacial transfer (direct). Based on past studies on the mechanisms of
semiconductor photocatalyst, additional materials should be added or coupled to the bare
photocatalyst to inhibit recombination (e.g., Schottky barrier trap site).

The exciton transfer in a photocatalyst is diffusive and the theoretical transfer

time for the exciton to reach the surface is given by Equation 2.1.
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2
T = ::—D (Robertson et al., 2005) (2.1)

Where, 1 is the time for the charged carrier to reach the surface, R is the radius of the
semiconductor particle, and D is the diffusion coefficient of excitons. Using a D = 5x1073
cm?/s and a radius of 2.5 nm, Bahnemann and co-workers (Robertson et al., 2005)
determined a transit time of about 1.5 ps. Similarly, for P25 (radius ~ 11 nm), the transit
time was calculated to be approximately 10 ps. These results highlight the importance of

particle size for reduced recombination rates and increasing the photocatalytic activity.

Photocatalytic Reduction Reactions

Photocatalytic reactions can be tailored to suit either oxidation or reduction
reactions. Most studies concerning photocatalysts to date have been focused on oxidation
reactions (Chong et al., 2010; Hoffmann et al., 1995). The most likely reason for this is
not that organic compounds are necessarily of more interest, but because the most stable
photocatalysts (e.g., TiO2) are metal oxides. Metal oxides have a strong oxidation
potential (~3 V) as a result of valence bands formed by oxygen 2p orbitals, making them
ideal for treating reduced pollutants. Consequently, the conduction band of metal oxides
with band gaps approaching visible-light absorption (~ 3 eV) lie at or below the water
reduction potential. As a result, the reduction potential for metal oxides is generally low
(~ 0V). Compounds, such as metal chalcogenides (e.g., ZnS) have more powerful
reduction capabilities, as well as visible light activation, but they are susceptible to

photocorrosion (i.e., self-oxidation) by the holes created in the valence band. Current
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photocatalyst trends are now moving in the direction of engineering new semiconductor
composites so that they have the ability for reduction and oxidation reactions, visible
light activation, and photostability. These advanced photocatalysts can be classified as
the third generation, and research is still heavily focused on material development with
limited application. Even though most studies have been focused on oxidation of
organics, there have been a number of studies looking at the reduction of carbon dioxide
(CO2) (Anpo, Yamashita, Ichihashi, Fujii, & Honda, 1997; Anpo et al., 1998; Cueto,
Martinez, Zavala, & Sanchez, 2010; Dey, 2007; Guan, Kida, & Yoshida, 2003;
Indrakanti, Kubicki, & Schobert, 2009; Inoue, Fujishima, Konishi, & Honda, 1979; Koci
et al., 2010; Koci, Obalova, & Lacny, 2008; Koci et al., 2009; Nguyen & Wu, 20083,
2008b; Nguyen, Wu, & Chiou, 2008; Ozcan, Yukruk, Akkaya, & Uner, 2007; Pan &
Chen, 2007; Ren & Valsaraj, 2009; Roy, Varghese, Paulose, & Grimes, 2010; Sasirekha,
Basha, & Shanthi, 2006; Torimoto, Liu, & Yoneyama, 1998; I. H. Tseng, Chang, & Wu,
2002; 1. H. Tseng, Wu, & Chou, 2004; Woolerton et al., 2010; J. C. S. Wu, Wu, Chu,
Huang, & Tsai, 2008; Yoneyama, 1997; Z. H. Zhao, Fan, Xie, & Wang, 2009) to useful
fuels such as methane, the splitting of water to hydrogen and oxygen for fuel use (i.e.,
water reduction) (Bamwenda, Uesigi, Abe, Sayama, & Arakawa, 2001; Domen, Kudo, &
Onishi, 1986; Domen, Naito, Onishi, & Tamaru, 1982; Hitoki, Ishikawa, et al., 2002;
Hitoki, Takata, et al., 2002; Igarashi et al., 1995; Iwase, Kato, & Kudo, 2010; Kato,
Asakura, & Kudo, 2003; Kato & Kudo, 1999; Kho et al., 2010; Kitano & Hara, 2010; A.
Kudo, 2006, 2007; A. Kudo & Kato, 2000; A. Kudo, Kato, & Tsuji, 2004; A. Kudo &
Miseki, 2009; Maeda, Higashi, Lu, Abe, & Domen, 2010; Maeda et al., 2006; Miseki,
Kusama, Sugihara, & Sayama, 2010; Osterloh, 2008; Reisner, Powell, Cavazza,
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Fontecilla-Camps, & Armstrong, 2009; Saadi, Bouguelia, & Trari, 2006; J. Sato et al.,
2005; Sayama & Arakawa, 1993, 1994, 1996; Schrauzer & Guth, 1977; Tang, Durrant, &
Klug, 2008; Yerga, Galvan, del Valle, de la Mano, & Fierro, 2009; A. P. Zhang & Zhang,
2010a, 2010b), the recovery of metal cations via reduction to zero-valent forms (Litter,
1999; Prairie, Evans, Stange, & Martinez, 1993; Rajeshwar, Chenthamarakshan, Ming, &
Sun, 2002; Vinu & Madras, 2008; D. Zhao, Chen, Yu, Ma, & Zhao, 2009), and, similarly,
the reduction of hexavalent chromium to a recoverable form (Hsu, Wang, & Tzou, 2007;
Kajitvichyanukul, Ananpattarachai, & Pongpom, 2005; Mu, Long, Kang, & Mu, 2010;
Testa, Grela, & Litter, 2001, 2004; N. Wang et al., 2010). The reduction of carbon
dioxide and the splitting of water are exciting new areas of study with regards to
sustainable energy. The former reduces a growing greenhouse gas while at the same time
producing an energy source. Though, the process is very difficult in water because of the
low solubility of CO». The latter takes the two most abundant substances on earth, light
and water, and converts it to a source of storable clean energy, hydrogen. Both of these
have the ability to be ground-breaking technologies for society if photocatalyst research
can successfully engineer materials that have high efficiencies while using sunlight as the
photonic source. For this study, understanding why different materials are better at water
oxidation will be of great importance for treating oxidized pollutants because this can

lead to the development of a photocatalyst that uses water as the hole scavenger.

Photocatalytic Reduction of Nitrate
Electrons and holes that do not recombine are available for chemical reactions,
and they have a redox potential associated with the band energy positions of the
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photocatalyst. For reduction reactions to occur, the conduction band potential must be
more negative than the reduction potential of the desired species (Ecg > Erep).
Conversely, for the oxidation process to occur, the valence band must be more positive
than the oxidation potential of the species (Eve > Eoxp). In other words, the desired redox
reaction potential must lie within the bandgap of the photocatalyst. The standard
potentials of nitrate, nitrite, and ammonium in aqueous solution (pH = 7) all lay within
the bandgap of TiO2. Thus, TiO2 photocatalyst can theoretically reduce nitrate to
dinitrogen with a potential of at least 0.75 V at pH = 7. However, the potential to reduce
nitrate to dinitrogen is a ten electron reduction process and is highly unlikely to occur, so
these potentials should only be used to estimate the success of the reaction. Also, care
must be taken if adjusting the material to visible-light wavelengths as dopant impurities
might move the bands beyond the potentials of the pollutants.

Some of the first documented studies on the ability of nitrate to be
photocatalytically reduced are from India by Rao and co-workers (Rao & Murty, 1936),
Dhar and co-workers (Dhar, 1934; Dhar, Tandon, Biswas, & Bhateacharya, 1934), and
Sarkaria and co-workers (Sarkaria, 1936). Their work was some of the first to study the
interaction between light, semiconductors, and inorganic compounds, and yet, these
studies are not well known. In 1936, Rao and co-workers (Rao & Murty, 1936) showed
that in the presence of ultraviolet (UV) light, ferric oxide (Fe2O3) could catalyze both the
reduction of nitrate and the oxidation of ammonia to nitrite simultaneously. Before that,
Dhar and co-workers (Dhar, 1934; Dhar et al., 1934) showed that nitrite could be
oxidized to nitrate in the presence of UV light and titanium dioxide (TiO>), zinc oxide
(Zn0O) or Fe203 catalysts. Their results suggested that TiO outperformed the other
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catalysts for the oxidation and reduction reactions. These earlier studies were focused on
nitrate fixation in soils, which contain the said catalysts. So, although photocatalytic
redox reactions were observed, they were not focused on and thus there could have been
cross-contamination from biological media in the soil. At the time, these researchers
understood the idea of a catalyst, but were unaware of the mechanisms or benefits of
semiconductor photochemistry.

Photocatalytic reduction of nitrate is a relatively new field of study. It was first
examined in detail by Kudo and co-workers in 1987 (A. Kudo, Domen, Maruya, &
Onishi, 1987b), in which metal (Pt, Pd, Ru) loaded TiO2 [Ti(SO4). pyrolyzed] was
irradiated with UV light. Results showed that TiO»-Pt was the most effective
photocatalyst for nitrate reduction. No removal was seen without a hole scavenger
(methanol). Ammonium was formed as a by-product which was attributed to the low
hydrogen (H2) overpotential of Pt. This was confirmed by adding H into the system, in
which ammonia formation increased. Plain titanium dioxide had little removal with
selectivity toward nitrite. Since then, many different types of semiconducting materials
and composites have been tested for the photocatalytic nitrate reduction. To date, silver
loaded TiO. (P25 and Hombikat) has shown to be the most promising photocatalyst with
the use of an organic hole scavenger, formic acid (Sa, Agliera, Gross, & Anderson, 2009;
F. X. Zhang et al., 2005). In 2002, Kato and co-workers (Kato & Kudo, 2002b) were able
to reduce nitrate under UV irradiation with metal-loaded tantalates and using water as a
hole scavenger. Although promising, the activity was low and there was no insight given

about the mechanismes.
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Various types of semiconductors have been studied for photocatalytic nitrate
reduction including metal oxide semiconductors (Bems, Jentoft, & Schlogl, 1999; W.
Gao et al., 2004; Kato & Kudo, 2002b; Ketir, Bouguelia, & Trari, 2009; Kominami et al.,
2001a; Kominami et al., 2005b; A. Kudo et al., 1987b; Akihiko Kudo, Domen, Maruya,
& Onishi, 1992; Y. Li & Wasgestian, 1998; L.-F. Liu, Zhang, Yang, Chen, & Yu, 2009;
L. F. Liu, Dong, Yang, & Yu, 2008; Lozovskii, Stolyarova, Prikhod'ko, & Goncharuk,
2009; S. Park et al., 2007; Penpolcharoen, Amal, & Brungs, 2001; Ranjit, Varadarajan, &
Viswanathan, 1995, 1996; Ranjit & Viswanathan, 1997b, 1997c; Rengaraj & Li, 2007b;
Sychev, Lozovski, Prihod'ko, Erdmann, & Goncharuk, 2008; S& et al., 2009; Sittinun
Tawkaew, Yin, & Sato, 2001; F. X. Zhang et al., 2005), metal chalcogenide
semiconductors (Hamanoi & Kudo, 2002; Korgel & Monbouquette, 1997; Ranjit,
Krishnamoorthy, Varadarajan, & Viswanathan, 1995; Ranjit, Krishnamoorthy, &
Viswanathan, 1994a; Sittinun Tawkaew, Fujishiro, Yin, & Sato, 2001), niobates (S.
Tawkaew, Uchida, Fujishiro, & Sato, 2000; Sittinun Tawkaew, Yin, et al., 2001),
titanates (Kato & Kudo, 2002b), and hollandites (Mori, Suzuki, Fujimoto, Watanabe, &
Hasegawa, 1999a, 2000). Most of the recent work on nitrate photocatalytic reduction has
focused on the metal oxide/metal composites, with TiO2 being the most widely studied.
No narrow bandgap semiconductor combinations from the 111-V or the 11-VI groups (e.g.,
GaAs) have been studied at for nitrate photoreduction. Table 2.2 shows a summary of
materials that have been used for photocatalytic nitrate reduction. The calculated removal
efficiency was normalized to time for comparison. However, a true comparison between
materials cannot be made because each study used a different light source, reactor setup,
nitrate concentration, pH, hole scavenger, and photocatalyst. The information is valuable
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though to determine which materials are active for nitrate reduction and which hole

scavengers are most efficient.

29



0€

Table 2.2. Comparison of Different Photocatalysts for Reduction of Nitrate

Xe)

Selected Catalyst Hole Scavenger R(;:}?l\;?l Selectivity Light Source pH Ref
Pd-TiO: Methanol Negligible NHs 100% v )((56(;0 w 1 (A. Kudo et al., 1987b)
-lzoszeSOrII?rsz and NHa, NO,
WOgs; some loaded Methanol Negligible ri]?felyi;ﬁ w )((SGO)O w 1 (Aklhlkiglgggjo etal,
with Pt, some with dependent
NiO
ZnS and Ru, Pt, Pd, : . . - UV (150 W (Ranjit, Krishnamoorthy,
or Rh (1%): Sulphite/Sulphide Negligible NH3 Xe) 6 & Viswanathan, 1994b)
. . uVv (150 W (Ranjit, Varadarajan, et al.,
- 0, * *
TiO2-Ru (1%) Water Negligible NHa Xe) 7 1995)
Zn0, Zr0O2, Fe20s3, :
FesOs (some w/Pt, Pd, S”'ph'te{) ;”r:]phate 0 | Negligible NHa* W )((4;0 w : (Ranjit et al., 1996)
Rh, or Ru)
(T. Sato, Sato, Fujishiro,

HTis0s/CdS-Pt Methanol 33% 55%-NO; Y élgO)W 7 Yoshioka, & Okuwaki,

g 1996)
HTi:0s/CdS-Pt Methanol 275% V';élgg)w 7% (T. Sato et al., 1996)
TiO2-Fe*, Cr¥, Co?", - * UV (450 W * (Ranjit & Viswanathan,
Mg?* Water Negligible NH3 Xe) 7 1997a)
TiO2-Fe** doped Water Negligible NHs* UV (450 W 7* (Ranjit & Viswanathan,

1997d)




1€

. Methanol, ethanol, . x UV (450 W i (Ranjit & Viswanathan,

TiO2-Ru, Rh, Pt, Pd EDTA Negligible NH3 Xe) 5-6 1997¢)
C UV (150 W (Y. Li & Wasgestian,
- 0, *
P25 Oxalic acid (5.2e-3 M) 16% NH3 MP Hg) 2.3 1998)
Hollandite, 0 0 UV (400 W .
K, GaShe.Or1s Methanol (247 umol/L) 0.3% 50% N2 Xe) 4 (Mori et al., 1999a)
Hollandite, 0 0 UV (400/500 .
K, GaShe,O1s Methanol (247 umol/L) 0.3% 100% N W Xe) 3 (Mori et al., 2000)
P25-Ag, Cu, Pt, Pd, L o 1000 UV (400 W - . .
Co, Au. or Ni Oxalic acid (200 umol) 29% NH3-100% HP Hg) 2 (Kominami et al., 2001a)
TiO2 nano-sized ) (Penpolcharoen et al.,
Fex0s Sucroserﬁ]ngng C/50 18% Bﬂ;ﬁﬁ? YX) 35 2001; Sittinun Tawkaew,
P25 g Fujishiro, et al., 2001)
TiO2, TiO2-Pt, 2N i - .
H.NbsO17/Pt or TiOs Methanol (10%) 20% NH3-80%, N, UV (100 W 4 (Sittinun Tawkaew, Yin, et
: 20% HP Hg) al., 2001)
or TiO2-Pt
H,Ti4O4/CdS:
N 66.67%,
NO; 33.3%
H2TisOs/CdS; 0 0 AND for VIS (100 W (Sittinun Tawkaew,
HaNbsO17/CdS Methanol (10%) 6% HiNbO/CdS: | HP H) 7 Fujishiro, et al., 2001)
NH; 28.3%, N2
11.67%, NO,
60%

ZNnS-Ni (0.1% doped |  Methanol (6.25%) Negligible NHz, NO* | VIS (300W 7% (Hamanoi & Kudo, 2002)
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TiO; (rutile), SiO2

and KTaOs,
BaTa20es, 0 N2-44%, NH3- UV (450 W -
KsTasSi:O1s, Water 11% 39% HP Hg) 7 (Kato & Kudo, 2002b)
NaTaOs, All with Ni
(1% wt.)
P25:Pd, Pt, Ni, Cu, NHjs for best UV (125 W
Pd-Cu, Pt-Cu, and Oxalic acid (0.005 M) 8.4% removal, N, for HP Hg) 2* (W. Gao et al., 2004)
Ni-Cu (4% wt.) less removal g
TiO2-Cu/MgTiOs Sodium oxalate (0.005
(4% Cu, Cu:Mg 3:1), M). Also tried ethanol 0 uvVv (1256 W * .
CU/TiO2 (4%), and oxalic acid but 20% HP Hg) / (Jin etal., 2004)
MgTiO3-TiOg, P25 were not as effective.
. . NH3-100% with
P25/Cu, Pt, Pd, Au, Oxalic acid or Sodium 0 100, UV (400 W L
Ag, Pd-Cu (0.5% wt.) oxalate (200 umol) 4.67% Cu_, N2-100% HP Hg) 11 (Kominami et al., 2005b)
with Pd-Cu
Formic acid (0.04 M).
Also tried oxalic acid
- ' N»-100%, 0.02
P25/Ag (1% wt.) sodium formate, 197% M formicacid | OY.(125W 25 (F. X. Zhang et al., 2005)
sodium oxalate, ave 40% NO HP Hg)
methanol, acetic acid, g 0NV
sodium acetate.
P25 Formic acid (0.04 M) 30% N>-100% 2.5 (F. X. Zhang et al., 2005)
SCM ZnO Methanol 8% N2* UV (HP Hg) 8.3 (S. Park et al., 2007)
N RiB (1 O L o )
TiO2-Bi** (1.5%wt; Formic acid (1 mol 62% NH3-40%, N> UV 319 (Rengaraj & Li, 2007b)

sol-gel)

NO5:10 mol FA)

60%*
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N,-100% (P25);

UV (20 W LP

P25, P25-Fe Formic acid (0.05 M) 26% N2-72% Ha) 2.5% (L. Liu, Dong, & Yang)
(FelP25) g
. N uv (125 W (Sychev, Lozovski,
- 0, - 0 *
TiO2-Ag (1% wt.) Formic acid (0.04 M) 2.5% N2-100% HP Hg) 2.5 Prihod'ko, et al., 2008)
VIS (Two-
CuCrO: Water 15% NOy* 200W W 7.6 (Ketir et al., 2009)
Lamps)

TiO2-Ag (1% wt.) Formic acid (0.04 M) 200% N2-100%* v ﬁg\;v LP 2.5* (Lozovskii et al., 2009)
P25; Hombikat; With s 0 QR0 uv (110w - .
Cu, Ag, or Fe Formic acid (0.04 M) 67% N2-96% HP Hg) 2.5 (Saetal., 2009)
4.2% Pd-1.2% UV (Five-15
Cu/P25 Formic Acid (0.02 M) 39% N,-100% W HP Hg, 8.3 2.7 (Wehbe et al., 2009)
P25 W/m2)
TiO2-Pt, Cu, Pt-Cu Benzene (10 mg/L) 17% NOg, NHs U\élﬁig)"v 5.8 (L.'Y. Li etal., 2010)

*Indicates that the value was assumed or that no other value was given. For example, the study in line 3 only reported the

formation of ammonia.




CHAPTER 3
NITRATE REDUCTION IN WATER USING COMMERCIAL TITANIUM DIOXIDE
PHOTOCATALYSTS (P25, P90, AND HOMBIKAT UV100)*
*Published: Doudrick, K.; Monzén, O.; Mangonon, A.; Hristovski, K.; Westerhoff, P. K.,
Nitrate Reduction in Water Using Commercial Titanium Dioxide Photocatalysts (P25,
P90, and Hombikat UV100). ASCE J. of Environ. Eng., 138(8), 852-861, 2012.
Abstract
Photocatalytic nitrate reduction was examined in a model water and in

groundwater by utilizing three commercially available titanium dioxide photocatalysts
(Evonik P25, Evonik P90, and Sachtleben Hombikat UV100). The photocatalysts were
characterized using uniform methods (TEM, XRD, surface area, UV-VIS, surface charge)
and their photocatalytic activity was differentiated using these results. Under all
experimental conditions, P25 and P90 were superior to UV100, and P90 outperformed
P25 with nitrate reductions as high as 77% at the maximum irradiance level used (6.46 x
1022 photons/L). The photocatalytic nitrate reduction activity was found to be dependent
upon the rate of recombination, pH, and total photocatalyst surface area, with the
recombination rate being the limiting variable. Nitrate reduction was more efficient in
model water than in groundwater that contained constituents capable of occupying
photocatalyst surface sorption sites or scavenging conduction band electrons. The greater
efficiencies of P25 and P90 compared to UV100 were attributed primarily to the mixed-
phase nature of the photocatalysts, which allow for better charge separation, and the
greater activity of P90 over P25 was attributed to a larger surface area. The results should
be helpful in the selection of these commercially available photocatalysts to treat a wide

range of pollutants other than nitrate.
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3.1 Introduction

Nitrate (NO3") is one the most prevalent groundwater contaminants in North
America (B. Nolan, 2004; B. T. Nolan & Hitt, 2006; B. T. Nolan et al., 2010; B. T. Nolan
& Stoner, 2000). It poses a risk to human health, has a large impact on the natural
nitrogen cycle and has an EPA maximum contaminant level (MCL) of 10 mg-N/L.
Nitrate is a known cause of methemoglobinemia, or “blue baby” syndrome, and could be
carcinogenic or an endocrine disruptor (Guillette & Edwards, 2005; Hamlin, 2006;
Hamlin et al., 2008). Nitrate pollution stems from both agricultural (Rupert, 2008) and
urban sources (Wakida & Lerner, 2005). A survey of nitrate concentrations in 5,101 wells
in the United States revealed that 8% (20% agricultural, 3% urban, 4% major aquifers)
exceeded the EPA MCL, affecting more than 24.6 million people (Burow et al., 2010).
Even with proper regulations in place and best management practices for fertilizers,
nitrate concentrations in groundwater continue to increase (Rupert, 2008).

Nitrate is a stable, highly soluble ion that is difficult to remove by traditional
coagulation or adsorption processes because of its unique non-coordinating ligand
chemistry. It belongs to a class of inorganic chemicals termed oxo-anions that includes
arsenate, bromate, chlorate, perchlorate, selenate, tungstate, and vanadate, and more
generally to a growing group of oxidized pollutants that occur in water supplies. Because
some removal processes (e.g., ion exchange, membrane separation) produce concentrated
waste streams, the risks from many oxidized pollutants are best mitigated through
chemical or biological reduction to innocuous forms, such as the reduction of nitrate to
dinitrogen gas (N.). Biological nitrate reduction of wastewater, groundwater or
concentrated waste streams produces non-aqueous nitrogen species (e.g., N2, NO),
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cellular biomass and soluble microbial products by utilizing organic compounds (e.g.,
ethanol) or hydrogen as electron donors (K.-C. Lee & Rittmann, 2002; McAdam & Judd,
2006b). Electro- or photo-catalytic nitrate reduction processes use an applied current or
aqueous electrons produced from excitation of semiconductors, respectively, but the
challenge with these processes has been to manage the yield of desirable non-aqueous
species (e.g., N2) relative to undesirable aqueous species (e.g., nitrite or ammonia), which
themselves pose health or operational issues in drinking water.

Photocatalytic reduction of nitrate is a relatively new field of study that Kudo and
co-workers first explored in detail (A. Kudo et al., 1987Db). Briefly, photocatalysts can
reduce nitrate when their electrons are excited to a free state using light energy (i.e.,
photons). Once freed, the electrons can be transferred to nitrate ions for reduction
reactions. Concurrently, the excitation of the electron creates a hole in the photocatalyst,
and to maintain electroneutrality the hole must be filled with an electron through the
oxidation of other compounds. This is done by adding a hole scavenger (i.e., electron
donor) to the system. If the electron recombines with the hole before a chemical reaction
can take place, a process referred to as recombination, energy is wasted as heat. Various
types of semiconductors have been examined for photocatalytic nitrate reduction,
including metal oxides (Bems et al., 1999; W. Gao et al., 2004; Kato & Kudo, 20023;
Ketir et al., 2009; Kominami et al., 2001a; Kominami et al., 2005b; A. Kudo et al.,
1987Db; Akihiko Kudo et al., 1992; L. Y. Li et al., 2010; Y. Li & Wasgestian, 1998; L.-F.
Liu etal., 2009; L. F. Liu et al., 2008; Lozovskii et al., 2009; S. Park et al., 2007;
Penpolcharoen et al., 2001; Ranjit, Varadarajan, et al., 1995; Ranjit et al., 1996; Ranjit &
Viswanathan, 1997a, 1997c; Rengaraj & Li, 2007b; Sychev, Lozovski, Prihod'ko,
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Erdmann, & Goncharuk, 2008; Sa, Aguera, Gross, & Anderson, 2009; Sittinun Tawkaew,
Yin, et al., 2001; F. X. Zhang et al., 2005), chalcogenides (Hamanoi & Kudo, 2002;
Korgel & Monbougquette, 1997; Ranjit, Krishnamoorthy, et al., 1995; Ranjit et al., 1994a;
Sittinun Tawkaew, Fujishiro, et al., 2001), niobates (S. Tawkaew et al., 2000; Sittinun
Tawkaew, Yin, et al., 2001), titanates (Kato & Kudo, 2002a), and hollandites (Mori et al.,
1999a, 2000). Semiconductors can be loaded with metal co-catalysts (e.g., Ag, Pt, Cu,
Pd) in order to improve kinetics and by-product selectivity, but this increases the cost of
the material and simulating the synthesis process can be difficult and time consuming.

Using commercial photocatalysts for laboratory studies and large scale water
treatment applications is ideal because they are readily available and more economical
than custom synthesized materials. Although commercial photocatalysts such as P25 and
Hombikat UV100 (UV100) have been studied for nitrate reduction, they were used only
in comparison to loading them with metal co-catalysts; their activity and mechanisms
were not examined further (Kominami et al., 2001a; L. Liu et al.; Sa, Aguera, Gross, &
Anderson, 2009; F. X. Zhang et al., 2005). P25 has long been used for degradation of
many air and water pollutants because of its excellent photocatalytic activity (Ohtani,
2008). Although not as widely used as P25, UV100 has been applied as a photocatalyst
for the oxidation of various organic and inorganic compounds (Ryu & Choi, 2008). The
activity of P25 and UV100 is dependent upon the target substrate and the experimental
conditions. For example, for P25 and UV100, Frimmel and co-workers (Doll & Frimmel,
2004, 2005) showed that adsorption capacity for the compound of concern determined
which photocatalyst would have better activity. However, when P25 and UV100 had the
same adsorption capacity for a compound, P25 dominated because of its ability to
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separate charges and avoid recombination. When adsorption capacity was the limiting
variable, UV100 dominated because of its large surface area. Therefore, including
UV100 in this study will help to determine if the limiting variable for photocatalytic
nitrate reduction is either the recombination rate or the surface area.

This paper compares the photocatalytic activity of three commercially available
TiO» photocatalysts (P25, P90, and UV100) for nitrate reduction and characterizes the
materials to determine the mechanisms influencing activity. Each photocatalyst was
tested under identical conditions in order to eliminate the effect of experimental variables
in order to use the recombination rate, zeta potential, crystallinity, and surface area to
explain the differences in activity for three similar TiO> photocatalysts. Our study is the
first to thoroughly characterize the newer P90 material and to evaluate its ability to
reduce nitrate. The kinetics of nitrate reduction with and without organic hole scavengers
are assessed for the different photocatalysts using a medium pressure ultraviolet (UV)
lamp. Nitrate removal is compared using a model water and a local groundwater that
contains a heterogeneous mixture of organic and inorganic constituents. Nitrate reduction
results are scaled relevant to a quantum yield to make these results comparable to future

studies that use different photocatalysts or lamp types.

3.2 Experimental Approach
Material Description

Three commercial TiO2 photocatalysts, Evonik P25 (>99.5%), Evonik P90
(>99.5%), and Sachtleben Hombikat UV100 (99%), were obtained in powder form. P90
and P25 are synthesized using a similar method, high temperature flame hydrolysis of
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TiCls in the presence of oxygen and hydrogen; UV100 is synthesized by precipitation
using a titanium sulfate precursor.

Sodium nitrate (NaNO3z, 99% EMD) was used as the nitrate source. Formic acid
(HCOOH, 98% Fluka), oxalic acid (H2C202, 99.5% EMD), and sodium formate
(HCOONa, 99.3% Fisher) were used as hole scavengers. A model water was prepared
using a Nanopure® (18.3 MQ-cm) treatment system. Groundwater was taken from a
local source in Mesa, AZ, and was analyzed for common water quality parameters. Table

3.1 shows the analyzed constituents and their concentrations.

Table 3.1. Groundwater Constituents and Their Concentrations

. Anions,
Constituent mg/L (mM)
Carbonate 180 (3)
Sulfate 47 (0.50)

Chloride 200 (5.6)
Perchlorate | 0.4 (0.004)

Arsenic 0.005 (6.7e-5)
Nitrate 1 (0.016)

. Cations and COD,
Constituent mg/L (mM)
Lithium 0.24 (0.035)
Sodium 389 (17)

Potassium 10 (0.25)
Magnesium | 13 (0.54)
Calcium 68 (1.7)
COD 31

Photocatalytic Experiments

Photocatalytic experiments were carried out in a photoreactor composed of two
borosilicate bottles (1.8 L, transmittance A > 280 nm) submerged in a cooling tank and
irradiated by a UV lamp located 2 inches from each bottle; this setup is described in

detail elsewhere (Westerhoff, Crittenden, Moon, & Minakata, 2010). The UV light source
39



consisted of a 450-W (Ace Glass power supply, 7830-60) medium-pressure mercury-
vapor lamp (Ace Glass, 7825-34; Hanovia PC451.050) that was placed in a double-
walled quartz immersion well (Ace Glass, 7854-25). Nitrate photolysis occurs mainly at
A <250 nm resulting in nitrite formation (Mack & Bolton, 1999); therefore, nitrate
photolysis in this system is not likely because the borosilicate reactors do not transmit
below ~280 nm. System temperature was maintained at 25 °C using a chiller. For each
run, catalyst was suspended under magnetic stirring in a solution of model water or
groundwater containing nitrate (100 mg-N/L; 7.14 mM) and a hole scavenger (40 mM).
The ratio of the initial hole scavenger concentration to the initial nitrate concentration
was set at 5.6:1, which was previously shown to be the optimum ratio for TiO at a nitrate
concentration of 100 mg-N/L (F. X. Zhang et al., 2005). The pH was dependent on the
choice of hole scavenger. For experiments requiring removal of oxygen, argon was
bubbled before and during irradiation through a glass sparging tube. Prior to irradiation,
each reactor bottle was stirred in the dark for 1 hr to determine the non-photocatalytic
removal (i.e., adsorption). Control experiments were conducted in parallel and included:
(1) nitrate, hole scavenger, irradiation, no photocatalyst, (2) nitrate, hole scavenger,
photocatalyst, no irradiation, and (3) hole scavenger, photocatalyst, irradiation, no nitrate.
During kinetic photocatalysis experiments, samples were collected over time, the
photocatalyst removed from solution using filtration (0.45 pm nylon membrane), and the
filtrate stored in amber glass vials in the dark at 3 °C until analysis, which occurred

within 48 hrs.
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Analytical Methods for Nitrogen Species

Samples were analyzed for nitrate, nitrite and ammonia. Nitrate and nitrite anions
were measured using ion chromatography (Dionex DX-120; AS12A column) following
EPA Standard Method 4110. All values were above the lowest standard used, and 5-point
calibration curves included in each batch were linear with R2 > 0.995. Quality control
standards were included in each batch in one out of every 20 samples. Ammonia and total
dissolved nitrogen (TDN) concentrations were determined using colorimetric methods
(Hach DR2000 UV-VIS, Kit #TNT827, and Hach DR2000 UV-VIS, Kit #TNT830,
respectively). Previous studies on the photocatalytic reduction of nitrate detected only,
nitrite, ammonia, and dinitrogen as final by-products (W. Gao et al., 2004; Kato & Kudo,
2002a; Kominami et al., 2005b; SA;j et al., 2009; Wehbe et al., 2009; F. X. Zhang et al.,
2005). Therefore, the selectivity of gaseous nitrogen by-products (S(N Gas)) was
approximated on the basis of a nitrogen mass balance of nitrate, nitrite, ammonia, and

TDN (Eg. 3.1).
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Photocatalyst Material Characterization
Although P25 and UV100 have been characterized previously, the results are
inconsistent, especially for UV100, for which a specific surface area (SSA) ranging from

280 to 400 m?/g has been reported (Kirchnerova, Cohen, Guy, & Klvana, 2005).
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Therefore, to equably compare P25, P90, and UV100, all materials were characterized in
parallel using identical sample preparation and analysis procedures. The crystal structure
was determined using powder X-ray diffraction (XRD) with a CuKq source (Siemens
D5000) and an aluminum holder. Each sample was scanned from 26 = 20° to 60° to
detect the characteristic TiO2 peaks. The XRD spectra were used to calculate the average
crystallite size of each photocatalyst using Scherrer’s equation (Patterson, 1939).
Ultraviolet-visible light spectroscopy with diffuse reflectance (UV-VIS DR) was
performed on a Perkin EImer Lambda 650 using a Spectralon reflectance reference. The
photocatalyst bandgap was estimated from the x-y tangential intersection at the onset of
absorption. Electron micrograph images of the photocatalysts were obtained using a high-
resolution scanning transmission electron microscope with energy dispersive X-ray
capabilities (STEM Phillips CM-200). The surface charge of each photocatalyst was
determined using the Phase Analysis Light Scattering technique (ZetaPALS,
Brookhaven, NY) in 10 mM KNOs background electrolyte. Photocatalyst surface areas
were obtained with the Branauer, Emmett and Teller (BET) model using a Tristar 11 3020

automated gas adsorption analyzer (Micromeritics, USA).

Photoreactor Light Intensity

The light intensity of the photoreactor was determined using chemical
actinometry based on the ferrioxalate method outlined previously (Hatchard & Parker,
1956). This method is accurate for UV and visible light wavelengths <500 nm. The major
characteristic wavelengths emitted by the mercury lamp used in this study are 313 nm

(7.5%), 366 nm (14.6%), 435.1 nm (11.5%), 546.1 nm (13.9%), and 578 nm (11.4%), as
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denoted in the manufacturer specifications. Wavelengths less than 313 nm accounted for
24.2% of the total power output, and the remaining power is dedicated to near-infrared
wavelengths. The water circulating around the lamp acted as an infrared light filter. The
borosilicate glass bottles used as reaction chambers filtered out all light wavelengths less
than approximately 280 nm. Therefore, because the bandgap of TiO: is approximately
387.5 nm, only the 313 nm and 366 nm major wavelengths were active for these
experiments.

From actinometry, the light intensity for these experiments was determined to be
7.66 x 10°® einsteins/L-s (7.66 x 10 moles of photons/L-s), which is valid for all
wavelengths from approximately 280-500 nm for this experimental setup. Because this
intensity measurement includes wavelengths greater than the required excitation energy
for TiO2 (3.2 eV, 387.5 nm), the intensity needed to be adjusted to include only the
wavelengths of light emitted by the lamp that are capable of absorption by TiO, 280-
387.5 nm (i.e., the power output ratio of wavelengths 313 nm and 366 nm to the total
power output between 280 and 500 nm). This adjusted intensity was calculated to be 4.96
x 107 einsteins/L-s. Thus, although using actinometry for measuring the intensity of
experiments involving both polychromatic lamps and photocatalysts can be difficult, the
intensity was approximated by adjusting the actinometrical results with respect to the

bandgap of the photocatalyst.
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3.3 Results
Photocatalyst Material Characterization

Characterization of the photocatalysts is important because the parameters can be
used to interpret the results and mechanisms underlying photocatalytic nitrate reduction.
Photocatalyst characterization results are summarized in Table 3.2. XRD patterns for
P25, P90, and UV100 are shown in Figure. 3.1. For P25 and P90, the XRD patterns are
quite similar and indicate a mixed phase of anatase and rutile. In contrast, the UV100
spectrum exhibits broad peaks indicating a low degree of crystallinity, and it has a single-
phase crystal structure consisting of only anatase. The main anatase peak for all samples
is the (101) at 20 =25.27°, and the main rutile peak for P25 and P90 is the (110) at 26 =
27.41°. The ratios of anatase to rutile for P25 and P90 were calculated as 88:12 and
86:14, respectively. The manufacturer states the ratio for P25 is 80:20, but this ratio
varies in the literature because each batch is slightly different, and older batches are
particularly different from newer commercialized batches. Evonik’s improved
manufacturing process can account for this inconsistency, as newer batches of P25
(90:10) are more active than older batches of P25 (80:20), which was attributed to more
polyhedral particles in the newer batches (Balazs et al., 2008). The XRD spectra also
indicate that the average anatase crystal size for P90 (12 nm) is smaller than that for P25
(16 nm); however, both photocatalysts have an average rutile crystal size of ~18 nm. In

contrast, UV100 has a much smaller average anatase crystal size of approximately 6 nm.
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Table 3.2. Photocatalyst Characterization Results

Surface area Crystal Crystal size? Isole_ctrlc
SEAH e (m?/g) structure (nm) point
g (pHiepP)
88% anatase: 16 nm anatase
P25 51 12% rutile 18 nm rutile 6.4
86% anatase: 12 nm anatase
P90 104 14% rutile 18 nm rutile 6.6
Hombikat 0
UV100 403 100% anatase 6 nm anatase 5.3
___‘_/\_\ Hombikat UV100
e —— P o N N
AL PO0 N\ ~
. : : T_/VJ\L'__..._ P _|5 j\ _jvl\ —
20 25 30 35 40 45 30 35 60
20
Anatase
15 | L1
Rutile | |

Figure. 3.1. XRD patterns for commercial TiO2 photocatalysts

TEM images of the photocatalysts are shown in Figure. 3.2. Figures. 3.2(a,b,c)
show that UV100 is a mixture of small TiO2 particles (3.2a) and layered TiO2 sheet-like
structures (EDX confirmed) similar to titanates (Figure 3.2b). Figure 3.2c shows small
TiO2 tube- or multi-walled-like particles found in the sample, which are believed to be

the precursors of the layered structures in Figure 3.2b. The structures in Figure 3.2b were
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prevalent throughout the samples, extending to microns in length, and had the anatase
crystalline structure according to the XRD spectra. On the basis of the literature available
to the authors, these structures have not been reported previously for UV100 and may be
able to help explain some of the photocatalytic results for UV100. Figures 3.2d and 3.2e
show that both P90 and P25 are composed of discrete particles of varying size with a

maximum particle size exceeding 30 nm.
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Figure 3.2. TEM images of commercial TiO2 photocatalysts: (a) UV100 particles, (b)
UV100 layered TiOg structure, (c) precursor of the UV100 layered structure in Figure
3.2b with a schematic of the multi-walled particle, (d) P90, and (e) P25. Scale bar = 50
nm for (a, b, ¢) and scale bar = 20 nm for (d, e).
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The UV-VIS absorption spectra for P25, P90, UV100, and nitrate are shown in
Figure 3.3. Each photocatalyst was similar, with greater absorbance in the UV-C range
than in the UV-B and UV-A. On the basis of the absorption spectra, the bandgap for each
catalyst was estimated to be 3.2 eV (387.5 nm), which is in good agreement with the
bandgap of anatase (Linsebigler et al., 1995). Nitrate absorbs wavelengths primarily
below approximately 250 nm with a minor absorption peak (<1% of total) around 305
nm. The majority of nitrate absorption wavelengths are blocked by the borosilicate glass,
with the exception of the minor peak. Nitrite (not shown) also has a small absorption
peak around 354 nm. Furthermore, the TiO2 suspension absorbs most of the light below
387.5 nm, thus blocking light that can be absorbed by nitrate and nitrite ions. Therefore,
no direct photolysis of nitrate or nitrite should occur and results should be purely

photocatalytic.
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Figure 3.3. UV-VIS absorbance spectrum for commercial TiO2 photocatalysts and the
nitrate anion (at the experimental molarity of 7.14 mM).
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Surface area measurements indicated that P90 (104 m?/g) has approximately twice
the surface area as P25 (51 m?/g). In contrast, UV100 has a much larger surface area of
approximately 403 m?/g, which is due to its smaller particle size and layered structure, as
shown in Figures 3.2a and 3.2b, respectively.

Figure 3.4 shows average zeta potential measurements for UV100, P25, and P90
with 95% confidence intervals. The average isoelectric point (IEP) of UV100, P25, and

P90 was approximately 5.3, 6.4, and 6.6, respectively).

---®-- Hombikat
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—e—DP25
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Figure 3.4. Average zeta potential for commercial titanium dioxide photocatalysts. Error
bars represent 95% confidence intervals.

Characterization has shown that even though each photocatalyst is TiO>, their
material properties differ, and these may have an effect on their activity for nitrate

reduction. As expected, results showed that P25 and P90 are essentially the same, but
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with P90 having a smaller crystal size and thus a larger surface area. This allows for an
easy method to determine if surface area is a limiting property independent of the surface

chemistry, light source, pH, and other experimental conditions.

Photocatalytic Nitrate Reduction in a Model Water

Photocatalytic nitrate reduction was first examined in a model water to eliminate
the effects of any interfering compounds. In the absence of a photocatalyst, no nitrate
removal was observed, even at the highest irradiance (6.46 x 10?2 photons/L or 0.107
einsteins/L), which was expected given that the borosilicate reactors and TiO> absorbed
the nitrate photolysis wavelengths. Furthermore, <5% adsorption of nitrate was observed
for any photocatalyst when experiments were performed in the dark. When formic acid
was used as a hole scavenger (40 mM, which yields pH 2.57), all three catalysts reduced
nitrate to varying extents; however, no nitrate removal was observed when water or
equivalent molar quantities of oxalic acid (pH = 1.71) or sodium formate (pH = 6.43)
were used. To determine repeatability of the experiments, P90 (1 g/L) was tested in
duplicate with an initial nitrate and formic acid concentration of 100 mg-N/L and 40 mM,
respectively (Figure 3.5). As shown, there is very little variance between the runs;

therefore, further experiments were not conducted in duplicate.
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Figure 3.5. Nitrate fraction remaining as a function of photon concentration using an
initial nitrate concentration of 100 mg-N/I and 40 mM formic acid

Figure 3.6 shows the percent nitrate removals for P25 and P90 using formic acid
and under varying experimental conditions. P25 and P90 (1 g/L) achieved 64% and 77%
removal, respectively, at the highest irradiance in model water, making P90 the most
effective photocatalyst under the conditions evaluated. Nitrate removal decreased with
lower dosages of catalyst but increased with removal of dissolved oxygen. UV100 (1 g/L)
achieved only 8% removal of nitrate at the highest irradiance in model water (not shown),
and was never greater than 10% under any pH, dissolved oxygen or hole scavenger
condition tested. Consequently, UV100 was not included in further experiments

pertaining to by-products, oxygen removal, and groundwater.
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Figure 3.6. Percent nitrate removal after maximum irradiance (6.46 x 10?2 photons/L).
MW = model water, GW = groundwater, and 1 or 0.1 g/L represents the photocatalyst
loading (40 mM formic acid and 100 mg-N/L nitrate initially). Removal of nitrate by
UV100 (1 g/L) was 8% in model water.

Low levels of nitrite (< 0.5 mg-N/L) formed over the course of the experiments,
which suggests nitrite is an intermediate in nitrate reduction. Very low levels of
ammonium (<0.6 mg-N/L) also were detected at highest irradiance level tested. TDN
measurements indicated that nitrate, ammonium, and nitrite were the only remaining
aqueous nitrogen species. For example, when P25 was tested in model water using formic
acid as a hole scavenger, the concentrations of nitrate, nitrite, ammonium and TDN were
36.4 mg-N/L, 0.492 mg-N/L, 0.384 mg-N/L and 36.6 mg-N/L, respectively. The small
difference between TDN and the sum of nitrate, nitrite and ammonia (98%) is within
analytical variance. Given that these experiments had initial nitrate concentrations of 100
mg-N/L, these by-product concentrations indicate a low selectivity for toxic, aqueous
nitrogen species at the specified irradiance. However, when P90 was tested at a much
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higher irradiance dosage (1.4 x 10%% photons/L) in model water with formic acid, nitrate
was completely removed but the formation of ammonium increased to approximately 15
mg-N/L, which equates to approximately 15% selectivity. Nitrite was not detected,
confirming its role as an intermediate. This suggests that as nitrate is removed, protons
may begin to dominate the photocatalyst surface, making them available for ammonium
formation.

The effect of oxygen on nitrate reduction was evaluated to determine the
importance of electron availability. Oxygen in aqueous solution is a known scavenger of
electrons (Gerischer & Heller, 1991) and required to oxidize organic hole scavengers.
Because the natural presence of oxygen in water as well as oxygen produced from water
oxidation may affect the reduction of nitrate or oxidation of the hole scavenger,
experiments were conducted in which dissolved oxygen was stripped from the solution
by bubbling argon gas through it (dissolved oxygen < 0.2 mg/L). Removal of oxygen
resulted in <2% nitrate reduction when formic acid was not present. In all experiments
containing formic acid, oxygen removal had a better nitrate reduction efficiency when
compared to oxygen remaining in solution. For example, with formic acid and 1 g/L of
catalyst, oxygen removal increased the nitrate reduction efficiency from 51% to 64% for
P25 and from 69% to 77% for P90 (Figure 3.6). These results suggest that removal of
oxygen increases the nitrate reduction efficiency by freeing up electrons that would

otherwise be used to reduce oxygen.
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Photocatalytic Nitrate Reduction in Groundwater

The photocatalytic reduction of nitrate in groundwater was evaluated because
nitrate pollution is prevalent in groundwater, which is a concern because of its negative
impact on drinking water quality. Groundwater contains anions and cations can affect
surface reactions on the catalyst or can be involved in reactions with photoexcited
electrons and holes (Chong et al., 2010). Groundwater was spiked to the same nitrate
concentration (100 mg-N/L) used in model water experiments and then irradiated in the
presence of formic acid and photocatalysts. Nitrate reduction occurred in groundwater,
but at a somewhat slower rate than in model water (Figure 3.6). For example, nitrate
removal at the highest irradiance for P90 decreased from 69% in model water to 62% in

groundwater, and for P25 decreased from 51% in model water to 37% in groundwater.

Effect of Photocatalyst Surface Area

The results for P90 and P25 are useful for determining the effect that the specific
surface area (SSA) has on the photocatalytic activity because they are similar materials
except for surface area. A plot of the total photocatalyst surface area (m?) for each P25
and P90 as a function of percent nitrate removal in a model water and groundwater is
shown in Figure 3.7. Although only four points were available for regression analysis,
there is a clear trend that suggests the SSA is the primary factor in the net differences in
nitrate removal by these two otherwise identical materials. Under the highest
photocatalyst surface area loading (187.2 m?, 1 g/L P90), the percent nitrate removal was

69% in model water, and under the lowest photocatalyst surface area loading (9.18 m?,
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0.1 g/L P25), the percent nitrate removal was 33%. Thus, a 52% decrease in removal

efficiency was observed for a 95% decrease in available photocatalyst surface area.
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Figure 3.7. Relationship between percent nitrate removal and the total surface area of
P25 and P90 photocatalysts in solution. Inset: The percent difference between the percent
nitrate removals for model water and groundwater as a function of total catalyst surface
area.

The effect of groundwater constituents fouling the photocatalyst surface may be
mitigated by increasing the available photocatalyst surface area. The results are similar to
those for the model water, in which nitrate removal efficiency increased with increasing
photocatalyst surface area. As the surface area increases, the two lines for model water
and groundwater begin to converge (Figure 3.7), indicating that surface area mitigates the
effects of groundwater constituents. To highlight this convergence, the percent difference
between the percent nitrate removal for model water and groundwater was plotted as a

function of the total photocatalyst surface area (see Figure 3.7 inset). This relationship
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shows that as total available photocatalyst surface area increases, the negative effects of
groundwater are decreased. For example, at the highest surface area loading (187.2 m?, 1
g/L P90), the difference between the percent nitrate removal for the model water and
groundwater was only 10%, whereas at the lowest surface area loading (9.18 m?, 0.1 g/L

P25), the difference was a much more significant at 52%.

Kinetics and Quantum Yield of Photocatalytic Nitrate Reduction
Reactor kinetics and quantum efficiencies are necessary parameters for scaling up
photoreactor design and comparing different photocatalysts. Nitrate reduction kinetics for
P90 are plotted as a function of the time-dependent photon concentration in Figure 3.8. A
d|No; |
dh

pseudo-first-order relationship = —k[NO; ] which generally fits the data well, is

illustrated by regression analysis on the data. Regression was not fit through (0,0) as there
appears to be a lag period due to unknown photocatalytic heterogeneous mechanisms.
Table 3.2 summarizes the values of the rate constant, k, obtained from experiments with
P25 and P90. UV100 is not included because it had insufficient loss of nitrate to
accurately determine k values. In all cases, k was greater for P90 than for P25 under
comparable experimental conditions. A tenfold decrease in the P90 concentration, from 1
to 0.1 g/L, decreased k from 0.18 (photons x 10%%/L)™ to 0.090 (photons x 10%%/L),
which is only a 50% reduction in the pseudo-first-order rate constant. A tenfold decrease

in the P25 concentration, from 1 to 0.1 g/L, decreased its k by 28%.
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Figure 3.8. Pseudo first-order kinetics of nitrate removal as a function of photon
concentration using P90 in the presence of formic acid.

Anions and other constituents present in groundwater also decreased the reduction
rate constant. For example, compared to the model water, in groundwater the k value for
nitrate reduction using P90 decreased by 11% for 1 g/L and by 27% for the 0.1 g/L
catalyst dose. The same trend was observed for P25, where k decreased by 15% and 37%
for 1 g/L and 0.1 g/L catalyst, respectively. Again, at a higher surface area (e.g., P90, 1
g/L), the decrease in rate constant was not as significant as observed when less surface
area (i.e., sorption sites) was available.

Quantum yield provides a means to compare the true activity of photocatalysts
using different lamps or reactors. Because of the difficulty in measuring the number of
photons absorbed by the photocatalyst, an apparent quantum yield (photonic efficiency,

&) was calculated by assuming that the photocatalyst absorbed 100% of the incident

photons. Here, for our polychromatic light source, &poly IS defined as the ratio of moles of
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nitrate reacted to the total moles of incident photons capable of TiO2 bandgap excitation
(Eq. 3.2) (Serpone, 1997; Serpone & Salinaro, 1999). The number of electrons reacted
was calculated on the basis of experimental results that suggested nearly 100% of the
nitrate molecules that reacted were converted to dinitrogen rather than to other nitrogen
species. The conversion of nitrate to dinitrogen (N2) consumes five moles of electrons per
mole of nitrate (Eq. 3.3). &poly Values for P25 and P90 at the maximum irradiance in our
experiments are summarized in Table 3.3. Values of &y follow trends similar to those in
Figure 3.6. The &poy for UV100 in model water with formic acid present, 0.017 (not
shown in Table 3.3), was low compared to that of P25 and P90. Under other experimental

conditions, nitrate removal for UV100 was too low to calculate a reliable &poly.

Table 3.3. k and &y Values for P25 and P90

Experimental k values (photons x 10%2/L)1 Epoly at maximum irradiance

Conditions P25 P90 P25 P90

(in model water 01 |10 ol 10 fol |10 |01 |, ...

unless specified) gL |gL gL gL gL gL |gL -9
. < 2% initial nitrate removal

Sodium formate occurred <0.01

Formic acid 0.071 |0.098 |0.090 |0.18 0.07 0.17 0.09 0.23

Formic acid and NA |016 |NA 023 |NA |020 |NA 027

oxygen removal

Groundwater with 0.045 |0.083 |0066 |0.16 |004 |009 |010 |0.17

formic acid

NA = Not analyzed

moles of electrons reacted
é:poly = . . (32)
moles of incident photons

NO, +6H" +5e" _>%N2(g) +3H,0;E°(NHE) =125V (3.3)
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Discussion

P90 has a smaller average anatase crystal size than P25, 12 vs. 16 nm, which
results in a larger SSA, 104 m?/g vs. 52 m?/g. The higher SSA of P90 relative to P25
provides more active sites for adsorption of the nitrate anion, as well as more Ti(lll)
surface sites for trapping electrons, thus reducing recombination within the bulk of the
particle (Ti(IV)-OH + ec” — Ti(ll1)-OH). This effect was more pronounced when
experiments were performed in groundwater (Figure 3.7 inset), where increasing the
photocatalyst surface area decreased the negative effect that groundwater had on the
nitrate reduction efficiency. The decrease in activity can be attributed to the presence of
sulfate, carbonate, chloride, perchlorate, and phosphate in the groundwater (Abdullah,
Low, & Matthews, 1990; F. X. Zhang et al., 2005). The presence of anions, as well as
other ions and organics in the groundwater, may compete for surface sorption sites or for
photogenerated electrons or holes (Chong et al., 2010). Thus, adding more catalyst can
reduce the influence of dissolved substances in groundwater; however, high catalyst
concentrations can reduce the penetration depth of irradiation, which reduces the
photocatalytic efficiency. The SSA may not be the primary limiting variable regarding
photocatalytic nitrate reduction because UV100, which has an estimated SSA of 400
m?/g, had a poor nitrate reduction efficiency.

The rate of recombination is one of the most important variables affecting the
activity of photocatalysts (Hoffmann et al., 1995; Linsebigler et al., 1995). When the
recombination rate is discussed in relation to a heterogeneous matrix (i.e., not
photocatalyst alone), it is dependent on many factors including the intrinsic rate at which

the electron-hole pair recombines, the rate of charge trapping within/on the photocatalyst,
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and the interfacial charge transfer rate to both the electron and hole acceptor. Regarding
the intrinsic recombination rate, the availability of surface defects for charge carrier
trapping and bulk defects as recombination centers (i.e., degree of crystallinity) is the
main variable affecting the rate (Hoffmann et al., 1995).

Multi-phase photocatalysts, such as P25 and P90, have a slower rate of
recombination due to the ability of the heterogeneous energy levels of rutile and anatase
to separate charge carriers, which increases the lifetime of the electrons and holes and
thus decreases the probability of recombination (Hurum, Gray, Rajh, & Thurnauer,
2005). In contrast, UV100, a single-phase photocatalyst, appears to have an electron-hole
recombination rate that is competitive with the kinetics of electron transfer to nitrate
anions. The recombination rate can be explained using &poly; if recombination dominates,
then Epoy Will be low. In model water using formic acid as a hole scavenger, UV100 had
a low Epoly (0.017) compared to P25 (0.17) and P90 (0.24), which can be attributed to the
fast rate of recombination in UV100 due to the poor degree of crystallinity and its
inability to separate the electron-hole pair. In this study, the rate of interfacial transfer of
the electron-hole pair is dependent on the rate at which nitrate and the hole scavenger
reacts with photogenerated electrons and holes, respectively. Formate and oxalate are
similar compounds and both require two holes for complete mineralization and both form
identical reducing radicals (Koppenol & Rush, 1987; Perissinotti, Brusa, & Grela, 2001;
Surdhar, Mezyk, & Armstrong, 1989). Formic acid has been shown to undergo oxidation
via a direct transfer of a hole, whereas other organic compounds, such as oxalate, are
oxidized by an indirect hole transfer, i.e., hydroxyl radical oxidation (Mora-Sero et al.,

2005). In our system, no nitrate reduction occurred when using oxalic acid, yet formic
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acid performed very well. This observed difference may be due to the oxidation rate over
TiO2, where the rate of formic acid has been shown to be twice as fast as oxalic acid
(McMurray et al., 2004).Theoretically, TiO> is thermodynamically capable of using water
as a hole scavenger (i.e., electron donor) to produce oxygen, as illustrated in Figure 3.9.
However, this and past studies have shown that, practically, TiO> is unable to reduce
nitrate using water as a hole scavenger, even at acidic pH (Bems et al., 1999; W. Gao et
al., 2004; Kominami et al., 2001a; Akihiko Kudo et al., 1992; Y. Li & Wasgestian, 1998;
L. F. Liu et al., 2008; Ranjit, Varadarajan, et al., 1995; SA; et al., 2009; Sittinun
Tawkaew, Yin, et al., 2001; Wehbe et al., 2009; F. X. Zhang et al., 2005). The kinetics of
water oxidation using TiOz are very slow (Litter, 1999); thus, recombination may occur
before the transfer of the hole. Consequently, the nitrate reduction efficiency is dependent
upon the type of hole scavenger used. Choosing a hole scavenger with the fastest
oxidation kinetics will increase the photocatalytic nitrate reduction efficiency by allowing

more photons to be turned into chemical reactions.
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Figure 3.9. Standard reduction potentials (NHE) for nitrogen compounds in aqueous
solution in relation to the band positions of anatase TiO,. CB and VB represent the
conduction and valence bands, respectively. The standard potentials of the nitrogen
compounds were calculated for pH 7 (Pourbaix & De Zoubov, 1966). The band positions
of TiO2 at pH 7 were calculated for colloidal TiO2 (Michael Gratzel, 1989).

Decreasing pH increases the photocatalytic activity (i.e., proton catalyst) by
assisting in the nitrate reduction reaction, which requires twelve protons to convert nitrate
to dinitrogen, as shown in Equation 3.3. Formic acid addition resulted in acidic
conditions (pH 2.57), and nitrate reduction was observed (Figures 6 and 8). Sodium
formate addition resulted in neutral conditions (pH 6.43), and no nitrate reduction was
observed. These observations were independent of the type of catalyst (P25, P90),
catalyst dose, or type of aqueous solution. The pH could also have an effect on the
photocatalytic activity by altering the surface charge of the photocatalyst. At the pH of

the experiments in the presence of formic acid (pH 2.57), the average zeta potentials of
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P25 and P90 (zeta potential = 41 and 34 mV, respectively) are more positive than that of
UV100 (zeta potential = 16 mV). Thus, the electrostatic attraction of anions such as
nitrate and formate in the double layer may also be stronger for P25 and P90, which
makes interfacial charge transfer more probable. However, given that oxalic acid had no
activity at an experimental pH of 1.71, the rate of oxidation, which has a direct effect of
the rate of recombination, appears to have a more limiting effect than pH on the nitrate

reduction activity.

3.4 Summary

For the first time, this study conducted a side-by-side characterization of three
common commercial titanium dioxide photocatalysts (P25, P90, and UV100) and
compared their photocatalytic activity for the reduction of nitrate in a model water and in
groundwater. Under the evaluated experimental conditions, nitrate was reduced to mostly
non-aqueous by-products, with an ammonium selectivity of approximately 85% if full
nitrate removal is achieved. The photocatalytic nitrate reduction activity was found to be
dependent upon the rate of recombination, pH, and total photocatalyst surface area. The
rate of recombination was the limiting variable controlling the reduction activity. When
using formic acid as a hole scavenger, P90 and P25 exhibited much greater photocatalytic
activity for nitrate reduction than UV100 because of their smaller recombination rates.
Nitrate reduction proceeded in the presence of formate at acidic pH, but at neutral pH no
nitrate reduction was observed for any of the photocatalysts, which may be attributed to
the proton requirement for nitrate reduction or the change in surface charge. P90
exhibited greater photocatalytic activity than P25 due to its increased surface area, and an
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increase in available surface area was successful in mitigating the negative effects of
groundwater constituents.

Comparing our experimental results on nitrate reduction to results published in
the literature is difficult because few studies provide the details necessary to calculate
quantum yields. These comparisons are further complicated because some photocatalytic
nitrate reduction studies use monochromatic lamps that emit light only at 254 nm,
whereas others use polychromatic light sources. Irradiation at 254 nm is at a lower
wavelength than the UV absorbance peaks at 302 and 354 nm for nitrate and nitrite,
respectively. Therefore, different results are not completely surprising when various lamp
types are used because direct photolysis may occur. In this study, we have showed that
photocatalytic results can easily be reported as a function of irradiance (i.e., photon
concentration).

While photocatalytic oxidation of pollutants has been studied extensively,
photocatalytic reduction has received less attention. When using photocatalysis for
oxidation reactions, oxygen reacts with conduction band electrons at a fast enough rate
that recombination kinetics don’t dominate and hole transfer occurs. However, if the
pollutant of concern requires electrons (i.e., reduction), then water must behave as the
hole scavenger. Oxidation of water over TiO> is slow such that recombination dominates
and no reduction occurs. The results presented herein show that when designing materials
for photocatalytic reduction of oxo-anions, perhaps more emphasis should be placed on
decreasing the rate of recombination rather than increasing surface area or tailoring
surface chemistry for selected pollutants. This study shows that P90 is a suitable
replacement for P25 as a commercial photocatalyst standard, and that P25 and P90 can be
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used as a standard to test the effect of surface area in photocatalytic experiments. Also,
including UV100 may be an easy alternative to determine if recombination rate or surface
area is the limiting variable. The advancement of photocatalytic nitrate reduction
technologies should focus on creating commercial photocatalysts that are capable of
using water as a hole scavenger and elucidating the chemical mechanisms of nitrate, the

hole scavenger, and the photocatalyst.
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CHAPTER 4
PHOTOCATALYTIC NITRATE REDUCTION IN WATER: MANAGING THE HOLE
SCAVENGER AND REACTION BY-PRODUCT SELECTIVITY*
*Published: Doudrick, K., Yang, T., Hristovski, K., Westerhoff, P. Photocatalytic nitrate
reduction: Managing the hole scavenger and by-product selectivity. Applied Cat. B, 136-
137 (2013) 40-47.
Abstract
Nitrate contamination of groundwater limits it use as a drinking water supply
unless the nitrate is removed. The aim of this study was to move toward implementing
photocatalysis for nitrate treatment in drinking water systems by understanding the
effects of experimental conditions and the mechanisms involved. Specifically, the
photocatalytic reduction of nitrate in water was examined using titanium dioxide (Evonik
P90) loaded with silver nanoparticles and formic acid as a hole scavenger (electron
donor). For drinking water applications, minimization of residual formic acid is essential
to prevent adverse effects in potable water distribution systems (e.g., carbon source for
biofilm growth). Experimental parameters including pH, nitrate concentration, formate
concentration, photocatalyst concentration, and silver loading were varied to demonstrate
their effect on the rate of nitrate and formate removal as well as by-product selectivity.
The addition of silver improved the rate of nitrate and formate removal significantly. The
removal rates decreased with increasing pH, which suggests that the reaction is a proton-
coupled electron transfer and that adsorption of the constituents is necessary. Under
acidic conditions, nitrogen gases (~85%) and ammonium (~15%) were the final by-
products. However, under neutral pH conditions, only nitrite formed, suggesting that a

co-catalyst that is efficient at localizing protons is required to move beyond nitrite. The
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experimental stoichiometric requirement for formic acid indicated that it acts as a two-
hole scavenger, which suggests conduction band electrons, rather than radicals, are
responsible for nitrate reduction. Using optimal operating conditions, nitrate and formate
were efficiently removed at nearly a 1:1 ratio, showing that the residual hole scavenger

concentration can be controlled while maintaining an acceptable rate.

4.1. Introduction

Nitrate is a stable, highly soluble ion that poses a risk to human health and has a
large impact on the natural nitrogen cycle. It is a known cause of methemoglobinemia, or
“blue baby” syndrome, and could be carcinogenic or an endocrine disruptor (Guillette &
Edwards, 2005; Hamlin, 2006; Hamlin et al., 2008). The USEPA has set a drinking water
maximum contaminant limit (MCL) for nitrate of 10 mg-N/L. A recent survey of 5,101
wells in the United States revealed that nitrate levels exceed the standard in
approximately 8% of wells (20% agricultural, 3% urban, 4% major aquifers), affecting
more than 24.6 million people (Burow et al., 2010). This makes nitrate the most
ubiquitous contaminant found in drinking water sources (B. Nolan, 2004; B. T. Nolan &
Hitt, 2006; B. T. Nolan et al., 2010; B. T. Nolan & Stoner, 2000), and these pollution
levels continue to rise (Rupert, 2008). lon exchange traditionally has been used to remove
nitrate from drinking water sources, but this process leaves behind a highly concentrated
brine solution that still requires treatment. Recent advances in biological and catalyst
nitrate treatment technologies are promising (Seidel, Gorman, Darby, & Jensen, 2011),
but technological disadvantages still remain. Photocatalysis as a reduction process is
emerging as a potentially viable water treatment process (Hoffmann et al., 1995) but
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requires further mechanistic understanding before optimization for drinking water
treatment applications.

Photocatalysts are promising materials for water treatment because of their ability
to create photogenerated conduction band electrons (e c») and valence band holes (hw"),
which enable redox reactions with adsorbed aqueous species (see Sl for further
discussion of photocatalytic mechanisms). Numerous studies report synthesis of new
photocatalysts for nitrate reduction (Anderson, 2011; Bems et al., 1999; W. L. Gao et al.,
2004; Hamanoi & Kudo, 2002; Jin et al., 2004; Kato & Kudo, 2002b; Kominami et al.,
2001a; Kominami et al., 2005b; A. Kudo et al., 1987b; Akihiko Kudo et al., 1992; L. Y.
Lietal, 2010; Y. Li & Wasgestian, 1998; L. F. Liu et al., 2008; Penpolcharoen et al.,
2001; Ranjit, Krishnamoorthy, et al., 1995; Ranjit et al., 1994a; Ranjit, Varadarajan, et
al., 1995; Ranjit et al., 1996; Ranjit & Viswanathan, 1997a, 1997c; Rengaraj & Li,
2007b; T. Sato et al., 1996; S4 et al., 2009; Sittinun Tawkaew, Yin, et al., 2001; Wehbe et
al., 2009; F. X. Zhang et al., 2005). Tantalates have been used to reduce nitrate
photocatalytically using water as a hole scavenger, but the removal rate and selectivity
toward N2 was poor (Kato & Kudo, 2002b). Of the photocatalysts examined, titanium
dioxide (TiO>) is the most efficient at reducing nitrate with a high selectivity toward
innocuous by-products (e.g., dinitrogen) (Anderson, 2011; Bems et al., 1999; W. L. Gao
et al., 2004; Kominami et al., 2001a; Kominami et al., 2005b; A. Kudo et al., 1987b;
Akihiko Kudo et al., 1992; L. Y. Li et al., 2010; Y. Li & Wasgestian, 1998; L. F. Liu et
al., 2008; Penpolcharoen et al., 2001; Ranjit, Varadarajan, et al., 1995; Ranjit &
Viswanathan, 1997a, 1997c; Rengaraj & Li, 2007b; Sa et al., 2009; Sittinun Tawkaew,
Yin, et al., 2001; Wehbe et al., 2009; F. X. Zhang et al., 2005); silver is the best co-

68



catalyst choice (Sé et al., 2009; F. X. Zhang et al., 2005). Silver is a strong co-catalyst for
reactions involving reduction because it is excellent at trapping e o (Takai & Kamat,
2011). For nitrate reduction, TiO requires the addition of an organic compound to fill
valence band holes (i.e., electron donor) to either decrease recombination or produce
reducing radicals. Formic acid is currently the most efficient hole scavenger for nitrate
reduction over TiO2 (K. D. Doudrick, Monzén, Mangonon, Hristovski, & Westerhoff,
2012; Sa et al., 2009; F. X. Zhang et al., 2005). Although studies have been dedicated to
the synthesis of new photocatalytic materials for nitrate reduction, relatively little
information is available on the applicability of photocatalytic nitrate reduction to drinking
water systems, specifically on their rate and products as a function of pH or under
conditions in which residual formic acid can be minimized. Residual formic acid in water
distribution systems can serve as a carbon source for undesirable biofilm growth.

The aim of this study was to move toward implementing photocatalysis for nitrate
treatment in drinking water systems by understanding the effects of experimental
conditions and the mechanisms involved. TiO2/Ag coupled with formic acid as a hole
scavenger was used for this purpose. The objectives of this study were to (1) demonstrate
the effect of the physical characteristics of the photocatalyst by varying the photocatalyst
surface area and the amount of silver loading, (2) demonstrate the effect of the proton-
dependent reaction by varying pH, (3) determine the optimal initial formate concentration
to control residual formate, and (4) provide mechanistic insights on by-product formation
and the role of the hole scavenger. Unlike the vast majority of previous studies that

simply report “exposure time in photocatalytic reactor,” we report our data with respect
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to photon fluence to advance the application of photocatalytic reduction systems to

engineered practice.

4.2. Experimental methods
Chemicals and materials

For this study, a new TiO2/Ag photocatalyst composite was synthesized using P90
as the TiO2 source, which is a more active commercial TiO2 photocatalyst for nitrate
reduction than P25 (K. D. Doudrick et al., 2012). P90 (Evonik, formerly Degussa,
>99.5%) was obtained in powder form. It is synthesized using high-temperature flame
hydrolysis of TiCls in the presence of oxygen and hydrogen. It contains both anatase
(88%, 12 nm) and rutile (12%, 18 nm) crystal structures, has a surface area of
approximately 104 m?/g, and has an average isoelectric point (IEP) of 6.4 (K. D.
Doudrick et al., 2012). Sodium nitrate (NaNOz, 99%, EMD) was used as the nitrate
source and silver nitrate (AgNO3, >99%, Sigma Aldrich) as the silver ion source. Formic
acid (HCOOH, 98% Fluka) and sodium formate (HCOONa, 99.3%, Fisher) were used as
formate sources. Silver nanopowder (576832, >99.5%, Sigma Aldrich) was used as
received. Ultrapure deionized water was used for all experiments and prepared using a

Nanopure® (18.3 MQ-cm) treatment system.

P90/Ag synthesis

P90 was loaded with silver by an ultraviolet (UV) photoreduction method that
reduces silver ions on the surface of P90. Briefly, 5 g of P90 was added to 500 mL of
water and then bath sonicated (80 W/L, 40 kHz) for 30 minutes. An 8-mL aliquot of
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methanol (CH3OH, 99.9%, Fisher) was added to the suspension to act as a hole scavenger
to increase the rate of silver deposition. The pH was adjusted to 10—11 using sodium
hydroxide (NaOH, 97.0%, EMD) to form negative surface charges on P90 to assist with
silver cation adsorption. The appropriate mass of silver ions for 0.5 to 5% loading from
silver nitrate was then added to the suspension and mixed in the dark for 30 minutes to
allow for adsorption. After mixing, the suspension was purged with argon for 15 minutes
to remove dissolved oxygen (DO). The suspension was then covered, transferred to a
photoreactor containing a 450-W medium pressure mercury lamp (Hanovia, PC451.050),
and irradiated for approximately 30 minutes. After sufficient washing, the sample was
dried in an air oven at 90°C for 24 hours. The sample was heated in a muffle furnace in
air at 450 °C to decompose silver oxides (Waterhouse, Bowmaker, & Metson, 2001), at

which point the sample color changed from purple to light yellow.

Photocatalyst characterization

The crystal structure was determined using powder X-ray diffraction (XRD) on a
D5000 (Siemens, USA) with a CuK source and an aluminum holder. Each sample was
scanned from 20 = 20° to 60° to detect the characteristic TiO2 peaks and from 20 = 30° to
120° to detect the characteristic Ag® peaks. Surface elemental composition and chemical
state were analyzed using X-ray photoelectron spectroscopy (XPS) performed on a
ESCALAB 220i-XL (Vacuum Generators, USA) with a monochromatic Al K, source at
hv = 1486 eV and a base pressure = 7 x 101 mbar. Images were obtained using a high-
resolution scanning transmission electron microscope (STEM or TEM) with energy

dispersive X-ray capabilities (EDS) (STEM Phillips CM-200). Inductively coupled
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plasma-mass spectrometry (ICP-MS) (Thermo X-Series 2,Thermo Fisher Scientific Inc.,
Waltham, MA) was used to determine the mass of Ag loaded onto the photocatalyst.
Duplicate samples were digested in a microwave using concentrated nitric acid, diluted,
and then injected into the ICP-MS. The zeta potential was determined using the Phase
Analysis Light Scattering technique (ZetaPALS, Brookhaven, NY) in 10 mM KNOs3
background electrolyte. The specific surface area was obtained with the Branauer,
Emmett and Teller (BET) model using a Tristar 11 3020 automated gas adsorption

analyzer (Micromeritics, USA).

Photocatalytic experiments

Photocatalytic experiments were performed using a 200-mL photoreactor with a
UV lamp located in the center. A borosilicate sleeve was placed around the lamp to filter
out light wavelengths less than 280 nm to avoid direct photolysis of nitrate or formate.
This was done to elucidate photocatalytic mechanisms; removing the sleeve simply
increased the rate of removal, and no change in by-products was observed. The UV light
source was a 450-W (Ace Glass power supply, 7830-60) medium-pressure mercury-
vapor lamp (Ace Glass, 7825-34; Hanovia PC451.050) that was placed in a double-
walled quartz immersion well (Ace Glass, 7854-25). The system temperature was
maintained at 25 °C using a chiller. For each run, the photocatalyst was suspended using
magnetic stirring in a solution of ultrapure water containing nitrate and formate.

The experimental design matrix included a baseline experiment (pH = 2.5, initial
nitrate concentration = 7.14 mM, initial formic acid concentration = 40 mM, P90/Ag(1%)
dosage = 1 g/L), which was assumed to be optimal on the basis of previous studies (F. X.
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Zhang et al., 2005). From the baseline conditions, variables altered included
photocatalyst concentration, silver loading, initial pH, initial nitrate concentration, and
initial formic acid concentration; each was varied while keeping the other baseline
conditions constant. P90/Ag(1%) dosage (0.1 to 1 g/L) and silver loading (0.5-5%) were
varied to demonstrate their effect on the rate of nitrate removal and by-product
selectivity. As a control, P90 (1 g/L) was mixed with 1% mass of Ag® nanoparticles to
prove if a synergistic effect was present. The effect of pH was investigated at pH 2.5 to
10. pH was adjusted using the appropriate concentration of formic acid and sodium
formate. The pH in control experiments containing no formate was adjusted using nitric
acid (HNOg). The effect of different nitrate and formate concentrations was investigated
using three sets of experiments: (1) the initial concentration of formic acid was varied
from 20 to 80 mM while keeping the initial nitrate concentration (7.14 mM) constant; (2)
the initial nitrate concentration was varied from 0.714 to 35.7 mM while keeping the
initial formic acid to nitrate molar ratio (FNR), 5.6, constant (i.e., the initial formic acid
concentration was 4 to 200 mM); and (3) the initial nitrate concentration was varied from
0.714 to 35.7 mM while keeping the initial concentration of formic acid (40 mm)
constant. The experimental design matrix is shown in Table SI-1. Prior to irradiation, the
sample was stirred in the dark for 1 hr to eliminate non-photocatalytic removal (i.e.,
adsorption). On average, nitrate adsorption was <5% or ~2 molecules/nm?. During kinetic
photocatalysis experiments, samples were collected over time, filtered using a 0.45-um
nylon membrane to remove the photocatalyst, and stored in amber glass vials in the dark

at ~3 °C until analysis within 48 hours.

73



Analytical methods

Samples were analyzed for nitrate (NO3"), nitrite (NO2"), ammonia (NH4"), and
total dissolved nitrogen (TDN) to assess formation of aqueous by-products, and dissolved
organic carbon (DOC) was measured to monitor changes in the concentration of formate
(i.e., hole scavenger) over time. lon chromatography was used to measure nitrate and
nitrite anions (Dionex DX-120; AS12A column) and ammonium cations (Dionex IC-20;
CS12A column) following EPA Standard Method 4110. TDN and DOC were measured
using a total organic carbon/total nitrogen analyzer (Shimadzu TOC-V/ASI-V/TNM-1).
lon chromatography (Dionex DX-120; AS12A column) was used to confirm that all DOC
present was formate and not an intermediate carbon compound. DO was measured using
a handheld DO meter (YSI 550A). Previous studies on the photocatalytic reduction of
nitrate detected only nitrite, ammonium, dinitrogen (N2), and nitrous oxide (N20) as by-
products (W. Gao et al., 2004; Kato & Kudo, 2002b; Kominami et al., 2001a; Kominami,
Gekko, & Hashimoto, 2010; Kominami et al., 2005b; S& et al., 2009; Wehbe et al., 2009;
F. X. Zhang et al., 2005); therefore, the mass of gaseous nitrogen by-products was
approximated on the basis of a nitrogen mass balance using nitrate, nitrite, ammonia, and
TDN. Because this study focused on finished water quality (i.e., aqueous species for
drinking water), the ratio of greenhouse gas (N20) to inert gas (N2) was not measured.
The selectivity toward nitrite (1), ammonium (2) , and N gaseous by-products (3) were

defined according to:
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[No;]t
[No;]o-[l\lo;]t

[NH;]t
[NO;]O-[NO's]t

(4.1) S(NO;)=

(4.2) S(NH;)=

[No;]o-[No;]t -[No;]t -[NH;]t
[NO;]O-[NO'Jt

concentration at time = 0 and [X]: is the concentration at time = t.

)= , Where [X]o is the

and (4.3) S(Ngas

Lamp irradiance measurements

The lamp irradiance was measured using a UV-VIS fiber optic spectrometer
(Avantes AvaSpec-2048) adapted with a cosine corrector. Irradiance was measured at a
distance halfway between the lamp and reactor wall (1 cm) and at multiple points from
the bottom to the top of the reactor to obtain the average irradiance. For this study, the
total lamp irradiance in ultrapure water from 280 to 1050 nm was 29.2 mW/cm?. With a
bandgap of ~3.2 eV (K. D. Doudrick et al., 2012), the total irradiance absorbable by P90
(280388 nm) was 6.5 mW/cm?, or approximately 22% of the total lamp irradiance. Only
the wavelengths absorbed by P90 were used for reporting experimental results. To make
the results comparable with other materials and similar studies, they are reported as a
function of irradiation rather than time. Because a polychromatic lamp was used, the
irradiation is reported not as an energy fluence (e.g. J/cm?) but as a photon fluence (P90

absorbable) to account for differences in photon energies.
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4.3. Results and discussion
Photocatalyst characterization

Samples were characterized using microscopy, crystal structure, elemental, and
surface analyses. Figure 4.1 shows TEM images of P90 with and without silver loading.
Pristine P90 consists of nanocrystallites approximately 10-30 nm in diameter and has a
distinct tetragonal structure (Figure 4.1a). After loading with silver there was an obvious
change in the morphology of the crystallites owing to surface coverage with silver

islands, which was confirmed by EDS (Figure 4.1b). The silver nanoparticles were

approximately 2-3 nm in diameter.

Figure 4.1. TEM images of (a) P90 and (b) P90/Ag(5%). Black particles in (b) are silver
nanoparticles; some are highlighted with circles (~2—-3 nm).
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XRD and XPS were used to characterize the chemical state and composition of
the silver nanoparticles (Figure SI-4.1a and Figure SI-4.1Db, respectively). The results
showed that the silver has a metallic core (Ag®) with an unstable oxide shell, most likely
AQ20.

ICP-MS results of acid-digested photocatalysts revealed silver mass loadings of
0.52,1.10, 2.16, and 5.27% for theoretical loadings of 0.5, 1, 2, and 5%, respectively,
indicating that nearly 100% of Ag" was photodeposited onto the P90 surface.

BET results showed that the specific surface areas for 0, 0.5, 1, 2, and 5% silver
loadings were 104, 101, 94, 77, and 73 m?/g, respectively. These results indicate that as
the percentage of silver is increased, the surface area decreases. Because P90 is non-
porous, this suggests that silver particles fill either surface sites on P90 that would
otherwise be attributed to higher surface area or voids between P90 aggregates.

Zeta potential (§) analysis was performed from pH 2.5 to 10.5 (Figure SI-4.2).
P90/Ag(1%) had a point of zero charge (pHzpc) of 7.1, compared with 6.4 for P90 (K. D.
Doudrick et al., 2012). Adding silver also resulted in a higher absolute surface charge
under both acidic and basic conditions. For example, at pH = 4, P90/Ag(1%) was ~47
mV, and P90 was ~31 mV (Figure SI-4.2). A higher pHzpc results in a lower adsorption

energy requirement for anions when the pH is below the pHzpc.

Photocatalytic removal of nitrate and formate

When formic acid and nitrate were mixed under dark or irradiated conditions (A >
280 nm), no nitrate reduction occurred without a photocatalyst. Therefore, formic acid
does not act as a direct reductant under these experimental conditions; rather, it acts as a
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hole scavenger. Figure 4.2 shows the concentrations of nitrogen compounds and formate
as a function of photon fluence for the baseline experiment. Nitrite forms as an
intermediate, and ammonium is a by-product; ammonium does not appear until after
some nitrite has formed, which indicates that nitrate reduction is a step-wise process.
After complete nitrate removal, the sum of NO3z~, NO2", and NH4" accounted for ~90% of
TDN for aqueous N species. The difference may be attributed to some nitrous acid
(HNOg2, pKa = 3.3) volatilization when samples were acidified for TDN measurement.
This means that accumulation of significant amounts of other aqueous inorganic (e.g.,
hydroxylamine) or organic nitrogen species as aqueous intermediates or by-products from
reactions with the hole scavenger are unlikely, which is in good agreement with previous
studies (Sa et al., 2009; F. X. Zhang et al., 2005). Time-dependent concentrations of both

nitrate and formate fit well (R? > 0.95) to a pseudo-first-order rate (Figure SI-4.3).
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60 'X.,. ¢+ Formate [

Nitrogen Concentration (mg-N/L)
Formate Concentration (mM)

0 8 16 24 32 40

Photon Fluence (photons x 1018/cm?)

Figure 4.2. Concentrations of nitrogen compounds and formate as functions of photon
fluence for the baseline experiment (7.14 mM NOs", 40 mM HCOOH, 1 g/L
P90/Ag(1%), pH = 2.5).
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Effect of photocatalyst dosage and silver loading

When the suspended concentration of P90/Ag(1%) is increased, the rate of nitrate
disappearance increases, reaching an apparent maximum at approximately 1 g/L (18.8
m2), at which point the rate begins to decrease gradually (Figure SlI-4.4a). The resulting
inverse U-shaped curve indicates that increasing the photocatalyst surface area in the
reactor results in improved nitrate reduction, but only to a limiting concentration at which
the rate decreased, presumably due to irradiation shielding.

Loading silver onto P90 improved the rate of nitrate removal significantly (Figure
Sl-4.4b). For example, loading 1% silver onto P90 increased the pseudo-first-order rate
constant for nitrate, Knitrate, fivefold from 0.031 to 0.16 cm?/10*8 photons [T]%. Above
approximately 2% loading, knitrate began to decrease. This may be attributed to too much
P90 coverage, which would decrease the available irradiation area and cover up TiO:
surface sites necessary for chemical reactions. Too much silver may also cause an
increase in the silver particle size owing to silver cluster growth, which decreases its
ability to store electrons (Takai & Kamat, 2011). Although silver particles appeared to
adhere to the P90 surface (Figure 1b), the observed rate increase may have been caused
by a synergistic effect between Ag® particles and P90. However, mixing Ag°
nanoparticles with P90 did not indicate that a synergistic effect was responsible for the
improved rate from silver loading.

Figure 4.3 shows the ammonium selectivity and the maximum nitrite
concentration as functions of (a) photocatalyst concentration (P90/Ag(1%)) and (b) the
percent mass of silver loaded onto P90. Because nitrite was an intermediate species, the
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selectivity for each sample was zero after complete nitrate removal. Therefore, to
compare the differences in nitrite intermediate formation in each sample, the maximum
measured nitrite concentration was reported instead of selectivity. When the
concentration of P90/Ag(1%) increased, both ammonium selectivity and the maximum
nitrite concentration increased (Figure 4.3a). When the photocatalyst concentration was
held constant and the percent silver loading increased, the selectivity to ammonium
decreased, and the maximum nitrate concentration increased (Figure 4.3b). Adding a
small amount of silver (0.5%) to P90 decreased the ammonium selectivity significantly
(i.e., 29% to 19%), but it also increased the maximum nitrite intermediate concentration
from 0.5 to 1.7 mg-N/L. Further increase in the mass percentage of silver did not
significantly change the NH4" selectivity, but the maximum nitrite concentration
continued to increase. The improved reaction rate may be explained by silver’s ability to
build up excess electrons (K. D. Doudrick et al., 2012), thus promoting the reduction
process. However, the rate of nitrite reduction to other nitrogen species decreased,
suggesting that P90 sites, which decreased in number as silver loading increased, are

responsible for nitrite reduction to further nitrogen intermediates.
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Figure 4.3. NH4" selectivity and the maximum NO;" concentration as a function of (a)
photocatalyst concentration (P90/Ag) in the reactor and (b) the percent mass of silver
loaded onto P90. The silver loading in (a) is kept constant at 1%, and the photocatalyst
concentration in (b) is constant at 1 g/L. Initial concentrations for nitrate (100 mg-N/L)
and formic acid (40 mM, pH = 2.5) were constant. Photon fluence = 29 x 108
photons/cm?,

Effect of system pH on rate and selectivity

Across acidic to neutral pH conditions (2.5-6.8), approximately 100% nitrate
removal was observed after 29 x 108 photons/cm?. Under alkaline conditions (pH = 10),
no nitrate or formate removal was observed. Knitrate and the pseudo-first-order rate

constant for formate, Krormate, decreased with increasing pH (Table SI-4.1). For example,
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at pH = 2.5, Knitrate and Krormate Were 0.16 and 0.026 cm?/108 photons, respectively, and
when the pH was increased to 6.8, Knitrate and Kformate decreased to 0.068 and 0.0083
cm?/10*8 photons, respectively. Two processes could cause this decrease in observed
pseudo-first-order removal rate, as increasing pH (1) decreases the number of protons
available for reduction reactions and (2) increases the net negative surface charge of P90.

The multi-electron reduction of nitrate is more thermodynamically favorable (Eqg.
4.4-4.6) than the single-electron reduction of nitrate (Eq. 4.7, E° =—1.1 V (Cook et al.,
2001)). However, the multi-electron reaction requires protons, thus making pH a factor.
At acidic pH, the reduction rate was faster than at neutral pH, and at alkaline pH, where
the proton concentration was low, no nitrate removal was observed. Furthermore, P90
alone did not reduce nitrate at ambient pH (K. D. Doudrick et al., 2012), but the addition
of silver made nitrate reduction possible. This suggests that silver may localize protons at
its surface.

If nitrate and formate require direct electron and hole transfers, respectively, then
their adsorption to the photocatalyst must occur before charge transfer. When the pH was
2.5, 6.8, and 10, the zeta potential of P90/Ag(1%) was +44, +6, and -46 mV, respectively.
At pH = 2.5, the surface charge is highly positive, which promotes the adsorption of
nitrate and formate by decreasing the energetic requirement for anion adsorption. At pH =
6.8 and in the absence of silver (i.e., P90 alone), the zeta potential was negative (§ = -4
mV), and nitrate removal was not observed. With 1% silver on the P90 surface, the zeta
potential was shifted to positive (§ = +6 mV), anion adsorption thermodynamic
requirements were still favorable, and nitrate removal was observed. At pH = 10, the
thermodynamic adsorption barrier for anions was much greater, and nitrate removal was
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not observed. These results suggest that adsorption of both formate and nitrate is
important for direct transfer of charge carriers from the photocatalyst to the ion.

Figure 4.4 shows the selectivity for nitrite and ammonium at different pH levels
after 39 x 10 photons/cm?. Each data point represents the final sample with
approximately 100% nitrate removal. When pH < 3.5, nitrite was an intermediate,
presumably in the protonated form (Eqg. 8), and ammonium was the main aqueous by-
product (Eg. 4.5). Nitrogen gases, which were assumed to be N2 (Eq. 4.6) and N.O (Eq.
4.9), were presumably the main overall by-product. At 3.5 < pH < 5, nitrite became the
dominant by-product in addition to some ammonium and nitrogen gases. At pH > 5,
nitrite was the only by-product observed. One possible explanation for the sudden by-
product switch between pH ~3.5 and 4 is that the pKa for HNO2/NO-™ is approximately
3.3, and HNO: is known to disproportionate to NO and NO: at a fast rate (Eq. 4.10, k =
13.4 x 108 M1sh) (J. Y. Park & Lee, 1988); this may be the key limiting step for further
reduction to N2, N2O, and NH4*. Therefore, a pH of ~3.5 can be used instead of pH = 2.5
to reduce formation of more harmful by-products (e.g., NH4") while maintaining a similar

rate of nitrate removal.

(4.4) NO3 +2¢” +2H" — NO; +H,0 (E° =0.84 V)

(4.5) NOj + 8¢~ + 10H" — NHj + 3H,0 (E° = 0.88 V)

(4.6) 2NO3 + 10e™ + 12H" — N, + 6H,0 (E° = 1.25 V)
(4.7)NO3 + e~ — NO3 ™ (E°=-1.1V)

(4.8) NO3 +2¢~ +3H" — HNO, + H,O (E° =0.94 V, pKs = 3.3)

(4.9) 2NO3 + 8¢~ + 10H" — N,0 + 5H,0 (E°=1.12 V)
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(4.10) 2HNO, = NO + NO, + H,0
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Figure 4.4. Nitrite and ammonium selectivity at different initial pH after 39 x 108
photons/cm? (56 min) of irradiation and ~100% nitrate removal. Initial concentrations
were 100 mg-N/L nitrate, 40 mM formate, and 1 g/L P90/Ag (1%).

Effect of varying nitrate and formic acid concentrations

Figure 4.5a shows knitrate and Krormate &s functions of the initial formic acid to
nitrate molar ratio (FNR) at a constant initial nitrate concentration of 7.14 mM. Complete
nitrate removal was achieved at each FNR. For knitrate, increasing the FNR yielded no
significant improvement; a minimum of 0.10 cm?/108 photons occurred at FNR = 1.4,
and a maximum of 0.19 cm?/108 photons occurred at FNR = 4.2. However, when the
FNR was less than 2.8, nitrate removal ceased after formate was removed from the
system, indicating that the FNR was less than the stoichiometric requirement. Kormate
decreased with increasing FNR, indicating that increasing the formate concentration
decreases the ability of the system to remove formate.

Figure 4.5b shows Knitrate aNd Kformate aS functions of the initial formate and nitrate

concentrations at a constant FNR of 5.6. Except at low nitrate concentrations (<10 mg-
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N/L), increasing the initial concentrations of nitrate and formate decreased both of their
removal rates. We suspect this decrease was a result of an increase in ionic strength,
which would decrease the ability of the photocatalyst to adsorb nitrate and formate ions.
These results are important for modeling the reaction and transitioning experiments to

larger scale experiments.
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Figure 4.5. The pseudo-first-order rate constant, k, at pH = 2.5-2.7 for nitrate and
formate as a function of (a) FNR at a constant initial nitrate concentration, 7.14 mM, and
(b) nitrate and formate concentration at a constant FNR, 5.6. (¢) Relationship between
moles of formate removed and moles of nitrate removed for all of these experiments
performed at pH = 2.5.
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Controlling hole scavenger removal

For drinking water applications, residual organic hole scavenger (e.g., formate) is
undesirable. Consequently, removal of the hole scavenger from the system is necessary,
but doing so requires knowing the stoichiometric FNR. Figure 4.5c shows the
relationship between moles of formic acid removed and moles of nitrate removed for all
experiments at pH = 2.5. A simple linear regression model was used to fit the data (R%=
0.93); the slope indicates the average stoichiometric ratio (Figure 4.5¢). This suggests
that the average experimental FNR for all samples is approximately 2.4, which is close to
the theoretical value of 2.7 for 85% N and 15% NH4" selectivity. This is also in good
agreement with the formate requirement for biological denitrification (Smith, Miller,
Brooks, Widdowson, & Killingstad, 2001).

By knowing the required stoichiometric FNR, we can adjust the photocatalyst
concentration and the formic acid concentration such that 1:1 nitrate/formate removal and
optimal kinetics are achieved. For example, for 17.85 mM nitrate (250 mg-N/L), 1 g/L
P90/Ag, and FNR = 2.5, the required formic acid concentration would be 44.6 mM.
When this was tested at pH = 2.5, similar Knitrate (0.040 cm?/10*8 photons) and Krormate
(0.043 cm?/10*8 photons) rates were obtained. Nitrate and formate were removed at a
0.94:1 ratio, which shows that both nitrate and the hole scavenger can be removed from
the system by controlling the experimental parameters. And, as shown previously (i.e.,
Figure 4.5a), less than the required FNR can be added and partial nitrate removal still

achieved, which is important in a continuous flow system.
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Proposed mechanisms of formic acid

Some studies have suggested that strong reducing radicals produced from
photocatalytic oxidation of formate, such as the carbon dioxide radical, CO>™ (Sa et al.,
2009; F. X. Zhang et al., 2005) (E° =-1.8 V (Koppenol & Rush, 1987)), and the
hydrogen radical, H" (Wehbe et al., 2009) (E° =-2.3 V (Schwarz, 1981)), are responsible
for nitrate reduction, rather than ec, . Electron paramagnetic resonance (EPR) analysis
showed that photocatalytic oxidation of formate over TiO. produced only CO," and that
no H" was present (Perissinotti et al., 2001). H/H, reduction is more likely to occur over
a hydrogenation co-catalyst such as Pd or Pt (Prisse et al., 2000; Wehbe et al., 2009).

Nitrate reduction may proceed step-wise through either a one-electron reduction
or a multi-electron reduction. If we examine the case in which nitrate is reduced to nitrite,
two electrons are required in total (Eq. 4.4). Consequently, to maintain electroneutrality
and avoid recombination, two holes would have to be reduced by one formic acid
molecule (Eq. 4.11-4.12). Formic acid first adsorbs on the surface of TiO2 and
disproportionates to the formate anion and a proton (Eq. 4.13, pKa = 3.74) (Diebold,
2003). TiO2 is photoexcited, forming an hy* and an ey (Eq. 4.14). Formate reacts with
one hy" to form the carbon dioxide anion radical, CO>" (Eq. 4.15) (Harbour & Hair,
1979; Koppenol & Rush, 1987; Perissinotti et al., 2001; Somasundaram, Ming,
Chenthamarakshan, Schelly, & Rajeshwar, 2004; Tachikawa, Tojo, Fujitsuka, & Majima,
2004), which is protonated below pH = 1.4 (Buxton & Sellers, 1973). If CO2™ alone was
responsible for nitrate reduction to nitrite, then 1 mole of nitrate would require 2 moles of
formate (i.e., 2HCOO™ =2 CO," = 2e"; FNR = 2). However, experimental evidence
presented herein has shown that the FNR is actually ~1.4, which means that CO," is not
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solely responsible for the reduction of nitrate, and an additional electron is being used for
this reduction reaction.

After CO2" forms, we hypothesize that the further redox event may occur under
three different scenarios: (1) CO>" reacts with an hy* (Eq. 16), and two ec, reduce
nitrate to nitrite; (2) CO2"™ injects an electron into the conduction band of TiO2 (Eq. 4.17),
and two eqp reduce nitrate to nitrite; or (3) CO2" reacts directly with nitrate to form

NOs?™ (Eq. 4.18), which is then further reduced to NO2~ using one e .

(4.11) HCOOH + 2h, — CO, + 2H" +2¢”~ (E° =-0.199 V)
(4.12) NO3 + HCOOH — NO; + CO, + H,0

(4.13) HCOOH, 4, — H, 4 + COOH

(4.14) TiO, + hu — hjp +eg,

(4.15) HCOO,y, + h), — HCO> = H™ + CO5™ (pKa=1.4)
(4.16) CO5™ +hy, — CO,

(4.17) CO; — CO, + e, (injection to conduction band)
(4.18) CO; +NO; — CO, +NO3~

(4.19) CO5™ + 0, — CO, + O}

If nitrate reduction occurs via a multi-electron transfer, then Eq. 4.16 and 4.17 are
most probable. If nitrate reduction occurs via a step-wise one-electron reduction to
NO3?", which has a high reduction potential (E° = -1.1 V), then Eq. 4.18 is the probable

pathway because of the low potential of ech” (E° =-0.25 V, Figure SI-4.5). Results
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presented herein indicate that addition of a silver co-catalyst enhances nitrate reduction,
presumably through electron storage, which would agree with Eq. 4.16-4.17.
Furthermore, previous studies have shown that photocatalytic oxidation of formate can
have a current doubling effect (Eq. 4.17) (Carraway, Hoffman, & Hoffmann, 1994;
Hykaway, Sears, Morisaki, & Morrison, 1986; Tachikawa et al., 2004). However, an
electron scavenger such as nitrate or oxygen can quench the radical before this occurs
(i.e., Eq. 4.19). Reaction with oxygen is unlikely to be the dominant process, however,
because nitrate is a more effective electron scavenger than oxygen (Martin, Herrmann, &
Hoffmann, 1994), and nitrate removal was still observed with oxygen present in our
system. Without doing further in-depth analytical studies, determining which scenario is
occurring is difficult, but given the currently available information, nitrate reduction

seems to proceed through a multi-electron reduction using eco and not radicals.

4.4 Implications for drinking water treatment

The results presented herein are integral to advancing photocatalytic nitrate
treatment for drinking water systems. For TiO>, the addition of an organic electron donor
is necessary, which poses a problem for drinking water treatment. However, we have
shown experimentally the required stoichiometric ratio of formate such that effluent DOC
concentrations can be maintained during nitrate treatment. For TiO2, pH still presents a
barrier for drinking water treatment, and although the final pH is near 5, it would still
need to be adjusted post-treatment, which can be costly.

To overcome some of the limitations of TiO2 highlighted in this study and move
toward direct drinking water treatment, ultimately, new materials must be developed. The
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results presented herein will be important for designing these new photocatalysts. First,
we have given evidence that radicals are unlikely to be responsible for nitrate reduction,
so a photocatalyst base material with the proper Fermi level must be selected to meet the
thermodynamic requirements. Second, pH was a factor in our experiments, so proton
localization at the reaction sites will be important for treatment at ambient pH and for
achieving innocuous by-products, which can be accomplished by selecting the proper co-
catalysts (e.g., Ag, Cu). Although photocatalysis is not fully suitable for drinking water
applications yet, P90/Ag removes nitrate efficiently and with a high selectivity, and it

would be appropriate for offline treatment, such as that of ion-exchange brines.
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4.5 Supplemental Information
Photocatalyst mechanisms

A photocatalyst can reduce nitrate when its electrons are excited to a free state in
the conduction band. Once freed, these conduction band electrons can be transferred to
nitrate ions adsorbed to the photocatalyst surface or in the electric double layer.
Concurrently, the excitation of the electron creates a hole in the valence band of the
photocatalyst (i.e., electron/hole pair). To maintain electoneutrality the hole must be
filled with an electron either through the oxidation of compounds (i.e., electron donor) or
from recombination of the electron/hole pair. Recombination is not desired, as this results
in a loss of the photogenerated electron/hole pair, causing a decrease in photocatalytic
activity. Adding a hole scavenger (i.e., electron donor) decreases the rate of
recombination, which causes more electrons to become available for reduction reactions.
Another way to decrease the recombination rate is to add a metal co-catalyst to the
surface of the photocatalyst. The metal can act as an electron trap or sink for conduction
band electrons, thus increasing the time available for the hole to be filled and the
electrons to complete the interfacial transfer. Reduction of adsorbed species is
thermodynamically possible if the conduction band is more negative than the redox
potential of the species. Oxidation is thermodynamically possible if the valence band is
more positive than the species. For example, at pH = 0, the potential of NO3/NO-" is

+0.82 eV and that of TiO2 is -0.5 eV, so the reduction reaction is possible.
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Photocatalyst characterization
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Figure SI-4.1. XPS spectrum of P90/Ag(2%). The dotted line represents the “Bulk Ag
3ds/2” peak position for silver.
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Figure SI-4.2. Kubelka-Munk absorbance as a function of photon wavelength for P90 and
P90/Ag(1%).
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silver loaded onto P90 (1 g/L). All samples had initial concentrations of 7.14 mM nitrate
and 40 mM formic acid (pH = 2.5).
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Table SI-4.1. Experimental matrix with first order rate constants for nitrate and formate

Nitrate _ Formate_ Photocatal_yst Silver Knitrate Ktormate
Exp.# Concentration concentration pH concentration mass % (cm?/10*®  (cm?/10'®
(mg-N/L, mM) (mM) (/L) photons) photons)

1 100, 7.14 10 2.5 1 1 0.1 0.094
2 100, 7.14 20 2.5 1 1 0.11 0.062
3 100, 7.14 30 2.5 1 1 0.19 0.043
4 100, 7.14 35 2.5 1 1 0.18 0.031
5 100, 7.14 40 2.5 1 1 0.16 0.021
6 100, 7.14 60 2.5 1 1 0.13 0.014
7 100, 7.14 80 2.5 1 1 0.14 0.0066
8 100, 7.14 40 3 1 1 0.11 0.019
9 100, 7.14 40 3.5 1 1 0.11 0.02
10 100, 7.14 40 4 1 1 0.088 0.012
11 100, 7.14 40 4.5 1 1 0.077 0.007
12 100, 7.14 40 5 1 1 0.057 0.0056
13 100, 7.14 40 55 1 1 0.064 0.0057
14 100, 7.14 40 6.8 1 1 0.068 0.0083
15 100, 7.14 40 10 1 1 NR NR
16 10,0.714 40 2.5 1 1 0.094 0.0098
17 10, 0.714 4 2.5 1 1 0.15 0.091
18 50, 3.57 40 2.5 1 1 0.12 0.009
19 50, 3.57 20 2.5 1 1 0.23 0.046
20 250, 17.9 40 2.5 1 1 0.039 0.034
21 250, 17.9 44.6 2.5 1 1 0.04 0.043
22 250, 17.9 100 2.5 1 1 0.085 0.014
23 500, 35.7 40 2.5 1 1 0.02 0.059
24 500, 35.7 200 2.5 1 1 0.061 0.0082
25 100, 7.14 40 25 0.1 1 0.026 DNM
26 100, 7.14 40 2.5 0.5 1 0.11 DNM
27 100, 7.14 40 25 2.5 1 0.15 DNM
28 100, 7.14 40 2.5 5 1 0.12 DNM
29 100, 7.14 40 2.5 1 0 0.031 DNM
30 100, 7.14 40 2.5 1 0.5 0.11 DNM
31 100, 7.14 40 2.5 1 2 0.16 DNM
32 100, 7.14 40 2.5 1 5 0.11 DNM
33 100, 7.14 17.85 2.5 0.45 1 0.073 0.05
34 10, 0.714 4 2.5 0.1 1 0.077 0.031

NR = No removal
DNM = Did not measure
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CHAPTER 5
PHOTOCATALYTIC REDUCTION OF NITRATE USING TITANIUM DIOXIDE
FOR REGENERATION OF ION EXCHANGE BRINE*?

*Published: Yang, T., Doudrick, K., Westerhoff, P. Photocatalytic reduction of nitrate
using titanium dioxide for regeneration of ion exchange brine. Water Research, 47(3),
1299-1307, 2013.

Contributing author. The experimental work for this chapter was conducted by both Ting
Yang and myself. Ting Yang was the main author of this paper and | was an editor,
contributing to figure design, editing, and writing style. Overall, | contributed
approximately 25% to this study.

Abstract

Nitrate is often removed from groundwater by ion exchange (IX) before its use as
drinking water. Accumulation of nitrate in IX brine reduces the efficiency of IX
regeneration and the useful life of the regeneration brine. For the first time, we present a
strategy to photocatalytically reduce nitrate in IX brine, thereby extending the use of the
brine. Titanium dioxide (Evonik P90), acting as photocatalyst, reduced nitrate effectively
in both synthetic brines and sulfate-removed 1X brine when formic acid (FA) was used as
the hole scavenger (i.e., electron donor) and the initial formate to nitrate molar ratio
(IFNR) was 5.6. Increasing the NaCl level in the synthetic brine slowed the nitrate
reduction rate without affecting by-product selectivity of ammonium and gaseous N
species (e.g., N2, N20). In a non-modified IX brine, nitrate removal was greatly inhibited
owing to the presence of sulfate, which competed with nitrate for available surface sites
on P90. After removing sulfate through barium sulfate precipitation, nitrate was
effectively reduced; approximately 1.8 x 10'° photons/cm? absorbable energy was
required to reduce each 100 mg-N/L nitrate. To make optimum use of FA and control the
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residual FA level in treated brine, the IFNR was varied. High IFNRs (e.g., 4, 5.6) were
found to be more efficient for nitrate reduction but left higher residual FA in brine. IX
column tests were performed to investigate the impact of residual FA for brine reuse. The
residual FA in the brine did not significantly affect the nitrate removal capacity of 1X
resins, and formate contamination of treated water could be eliminated by rinsing with

one bed volume of fresh brine.

5.1 Introduction

Nitrate contamination of groundwater, mainly resulting from intensive
agricultural activities using nitrogen fertilizers, has become a widespread problem
throughout the world (Burow et al., 2010; B. Singh & Sekhon, 1979; Strebel, Duynisveld,
& Bottcher, 1989; W. L. Zhang, Tian, Zhang, & Li, 1996). High levels of nitrate (NO3")
in groundwater pose a great risk to human health when groundwater is used as a supply
of drinking water. In the gastrointestinal tract, nitrate is reduced to nitrite, which reacts
with hemoglobin, preventing blood cells from transferring oxygen and resulting in infant
methemoglobinemia, or blue baby syndrome. Intake of nitrate may also cause formation
of carcinogenic N-nitroso compounds and increase the risk for gastric cancer and other
diseases (Mirvish, 1985). To limit the health impact of nitrate, 10 mg-N/L as NOs was
recommended by the United States Environmental Protection Agency (U.S. EPA) as the
maximum contaminant level (MCL) in drinking water, and 50 mg/L as NOs™ (11.3 mg-
N/L) was prescribed by the World Health Organization (WHO) as the maximum

permissible limit.
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Among available nitrate removal technologies, ion exchange (1X) is used
frequently in drinking water applications because of its effectiveness, low cost, and
operational simplicity in producing reliable drinking water. However, the 1X process
generates large volumes of waste brine containing nitrate, chloride, sulfate, and other
oxyanions (McAdam & Judd, 2008). Disposal of IX brine has become a costly challenge
from economic and environmental standpoints. Various other technologies aim to convert
nitrate into harmless nitrogen gas (N2); these include biological denitrification
(Karanasios, Vasiliadou, Pavlou, & Vayenas, 2010; McAdam & Judd, 2006a; M. I. M.
Soares, 2000), catalytic reduction (Gasparovicova & Kralik, 2000; Pintar, Batista, &
Musevic, 2004), and electrochemical reduction (Inam Ul & Tarig, 2010; M. Li et al.,
2009). Biological denitrification has not been widely adopted for drinking water
applications because of its high capital costs, lengthy lead times for biofilm
establishment, and post-treatment requirements for the removal of biomass and dissolved
organics. Other reduction technologies also have disadvantages (e.g., poor by-product
selectivity, hydrogen requirement, high energy input) that limit their practical
applications and will not soon replace 1X in drinking water treatment.

Integration of 1X with brine denitrification processes is promising because the
combination could reduce IX costs for brine disposal and minimize problems associated
with each denitrification approach for drinking water treatment. Biological denitrification
to remove nitrate from 1X brine has been studied extensively (B. U. Bae, Jung, Han, &
Shin, 2002; Cang, Roberts, & Clifford, 2004; Clifford & Liu, 1993; Lehman,
Badruzzaman, Adham, Roberts, & Clifford, 2008; McAdam & Judd, 2008; McAdam,
Pawlett, & Judd, 2010; Van Ginkel et al., 2008; Vanderhoek, Vanderven, & Klapwijk,
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1988). By treating IX brine instead of the drinking water itself, quality concerns, such as
bacterial, organic matter, and hazardous by-product contamination caused by
bioprocesses, are minimized. However, 1X systems are often operated intermittently (i.e.,
a few times per month to meet peak water demands), which makes inclusion of biological
processes challenging. Electrochemical reduction can selectively treat nitrate in high salt
solutions, but it may produce Clz, which can damage the structure of 1X resins (Dortsiou
et al., 2009; Paidar, Bouzek, Jelinek, & Matejka, 2004). An attempt to reduce nitrate
using zero-valent iron nanoparticles showed that the nitrate removal rate was greatly
slowed in 6% NaCl solution, and ammonium was the predominant by-product accounting
for 62% of the reduced nitrate (Xiong, Zhao, & Pan, 2009). Therefore, a need exists to
develop an effective nitrate reduction technology for IX brine treatment that overcomes
these disadvantages.

Photocatalytic reduction of nitrate over semiconductor materials is a relatively
new technique, but it has shown high efficacy and great potential for nitrate removal.
Titanium dioxide (TiO>) is the most frequently studied photocatalyst; such studies
include applications using metal-modified TiO2 to improve the kinetics and selectivity
away from undesirable aqueous by-products (e.g., NO2", NH4") (Anderson, 2012; Bifen
Gao, Ma, Cao, Yang, & Yao, 2006; W. L. Gao et al., 2004; Hirayama, Kondo, Miura,
Abe, & Kamiya, 2012; Kominami et al., 2001b; Kominami et al., 2005b; A. Kudo,
Domen, Maruya, & Onishi, 1987a; L. Li et al., 2010; Ranjit & Viswanathan, 1997c;
Rengaraj & Li, 2007a; Sa et al., 2009; F. X. Zhang et al., 2005). When irradiated with
incident light whose energy is larger than that of the band gap of the semiconductor,
electrons are excited to the conduction band (e’») and positive holes form in the valence
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band (hw"). The electrons and holes generated can be utilized for reduction and
oxidation, respectively. However, the photo-generated electron-hole pairs can recombine
within a few nanoseconds (Rothenberger, Moser, Gratzel, Serpone, & Sharma, 1985;
Serpone, Lawless, Khairutdinov, & Pelizzetti, 1995); this can be overcome by adding a
hole scavenger (i.e., electron donor) to trap the holes, leaving the photo-generated
electrons available for nitrate reduction. Common hole scavengers such as methanol
(Mori, Suzuki, Fujimoto, Watanabe, & Hasegawa, 1999b), ethanol (Hirayama et al.,
2012), oxalic acid (W. L. Gao et al., 2004; Kominami et al., 2001b), acetic acid (Sa et al.,
2009), formic acid (FA), and sodium formate (Sa et al., 2009; F. X. Zhang et al., 2005)
have been investigated for nitrate reduction. Among them, FA exhibits the highest
activity (Sa et al., 2009; F. X. Zhang et al., 2005).The overall redox reactions between

nitrate and FA with photocatalysts under UV irradiation can be expressed as follows:

NO; + HCOO™ + H* - NOj + CO, + H,0, FNR = 1 (5.1)
2NO3 + 5HCOO™ + 7H* - N, + 5CO, + 6H,0, FNR = 2.5 (5.2)
NOj + 4HCOO™ + 6H* — NHJ + 4C0, + 3H,0, FNR = 4 (5.3)

Both formate ions and protons are consumed during nitrate reduction. The
theoretical formate to nitrate stoichiometric ratios (FNRS) to reduce nitrate to nitrite, to
dinitrogen, and to ammonium are 1, 2.5, and 4, respectively. Though a FNR of 2.5 is an
ideal stoichiometric ratio for 100% N selectivity, a higher FNR value than 2.5 is usually
necessary for effective nitrate reduction. For example, an initial formate to nitrate molar

ratio (IFNR) of 5.6 was reported to be optimal in terms of both nitrate reduction Kinetics
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and by-product selectivity (Sa et al., 2009; F. X. Zhang et al., 2005). Thus, complete
removal of nitrate and formate simultaneously is currently difficult to achieve, though
recent research shows it may be possible to control the residual FA levels (Anderson,
2012). In addition, 100% dinitrogen selectivity is hard to achieve on bare or modified
photocatalysts (e.g., TiO2), and ammonium is commonly formed as the aqueous by-
product of photocatalytic nitrate reduction (Anderson, 2012; W. L. Gao et al., 2004,
Ranjit & Viswanathan, 1997c; Rengaraj & Li, 2007a; Sa et al., 2009). Although these
biologically unstable hole scavengers (e.g., FA) and aqueous nitrogen by-products (e.g.,
ammonium) are not desirable in drinking water, indirect contact with drinking water
through photocatalytic nitrate reduction of spent 1X brine may make them acceptable.
This study is the first to evaluate the ability of photocatalytic reduction using TiO>
to remove nitrate from IX brine wastes. The specific objectives of this study were to (1)
investigate the ability of TiO2 and silver-modified TiO> to remove nitrate from 1X brines
and (2) evaluate the possibility of reusing the photocatalytically treated brine for 1X resin

regeneration.

5.2 Materials and methods
Materials

Titanium dioxide (Evonik P90) was obtained in powder form and used as
received. P90 is a commercially available product containing both anatase (88%, 12 nm)
and rutile (12%, 18 nm) crystal phases; compared with P25 (the most frequently used
TiOy), it has a higher surface area and was previously found to have a higher rate of
nitrate reduction (Doudrick et al., 2012a). P90 loaded with silver (P90/Ag) was
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synthesized according to a method reported elsewhere (Doudrick et al., 2012b). Sodium
nitrate (NaNOz, 99% EMD) and FA (HCOOH, 98% Fluka) were used as the nitrate
source and hole scavenger, respectively. Sodium hydroxide (NaOH, EMD) was used for
pH adjustment. A model water was prepared using a Nanopure® (18.3 MQ-cm)
treatment system. Sodium chloride (NaCl, 99.5% Sigma-Aldrich) was added to model
water to create synthetic NaCl brines. A real 1X brine was obtained from a nitrate IX
system for groundwater treatment used by a confidential water company in Arizona. The

major characteristics of this brine are summarized in Table 5.1.

Table 5.1. Characteristics of real IX brine

Parameter Value Unit
pH 7.81 -
Dissolved organic carbon  23.9 mg-C/L
Total dissolved nitrogen 1793 mg-N/L
Nitrate 1740 mg-N/L
Nitrite 1.1 mg-N/L
Ammonium 3.6 mg-N/L
Conductivity 127.4 mS
Sulfate 6000 mg/L
Sodium chloride 4.2% -
Magnesium 20.6 mg/L
Calcium 27.2 mg/L
Total Hardness 350 mg/L as CaCOs

Photocatalytic experiments

Different concentrations of synthetic NaCl brines (0%, 3%, 6%, and 10% by
weight) were prepared by adding NaCl to model water spiked with 500 mg-N/L nitrate
(35.7 mM). The real IX brine contained a much higher nitrate level of 1740 mg NOs™-N/L

(124.3 mM). Then, 1 g/L P90 was mixed into the brines as the photocatalyst. An IFNR of
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5.6 was used in all experiments except those in which IFNR values were varied. 200- and
700-mM FA were added to the synthetic brines and the real brine, respectively. In select
experiments using the real 1X brine, barium chloride dihydrate (BaCl, - 2H,0, 99%
Aldrich) was added to the brine for sulfate precipitation. The mixture was sonicated for
20 minutes, vigorously stirred for 2 hours, and allowed to sit for 30 minutes to settle out
the precipitate. Then, the supernatant was filtered using a GF/F glass fiber filter. Barium
sulfate precipitation brought the dissolved sulfate concentration in 1X brine down to less
than 50 mg/L.

Photocatalytic reactions were carried out in a double-wall quartz reactor. A 450-
W medium-pressure mercury lamp (Ace Glass, 7825-34) was put in a double-walled
quartz immersion well (Ace Glass, 7854-25), which was placed in the middle of the
reactor for irradiation. In different experiments, 200-mL samples of real or synthetic
brine with different P90 and FA concentrations were prepared and poured into the reactor
after sonication. No effort was made to remove dissolved oxygen. A chiller was used to
maintain a constant solution temperature of 25 °C. A magnetic stir bar was used to keep
the suspension well dispersed. A small part of the solution was withdrawn periodically,
filtered with a 0.45-pm nylon membrane, and then diluted and analyzed.

Using an Avantes UV-VIS Fiber Optic Spectrometer (AvaSpec-2048) with a
cosine corrector, the lamp intensity was measured in water at multiple points between the
bottom and the top of the reactor to obtain the average irradiance. The lamp irradiance
starts at approximately 230 nm, and the irradiance absorbable by TiO> (230-388 nm) is
7.1 mW/cm?, which is used here as the actual energy consumed by P90. Variation of
fluence was used instead of accumulation of operating time to make our results
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comparable to other studies. Because a polychromatic lamp was used, the irradiation is
shown as photon fluence instead of energy fluence (e.g. J/cm?) to account for the energy

difference at different wavelengths.

IX system

Purolite A-520E, a commercially available macroporous strong base anion
exchange resin, was used. This resin has quaternary ammonium functional groups and is
specifically designed for the removal of nitrate. The resin particles have sizes between
0.3 and 1.2 mm. 50-mL of resin were packed into an IX column (OD = 2.5 cm),
regenerated using 6% NaCl, and rinsed prior to use. Model water spiked with 200 mg-
N/L nitrate was pumped downward at a flow rate of 40 mL/min (48 BV/h), which
corresponds to an empty bed contact time of 1.25 min. After nitrate breakthrough, the
resins were rinsed and regenerated using 6% NaCl containing 400-mM FA (the pH was
adjusted to 3.0 using sodium hydroxide) at a flow rate of 10 mL/min for 50 min. In select
experiments, an additional regeneration process was followed using 6% NaCl at a flow

rate of 5 mL/min for 10 min.

Analytical methods

Concentrations of nitrate, chloride, and sulfate were analyzed using ion
chromatography (Dionex DX-120; AS12A column). Nitrite and ammonium in brines
could not be analyzed using our ion chromatography setup due to overlapping of chloride
and sodium peaks with nitrite and ammonium peaks, respectively. Thus, nitrite and
ammonium concentrations were measured using colorimetry (nitrite TNT plus 839,
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wavelength = 515 nm; ammonia TNT plus 830, wavelength = 694 nm) on an ultraviolet-
visible light absorption spectrometer (Hach DR5000, Loveland, CO). Total dissolved
nitrogen (TDN) was measured, along with dissolved organic carbon (DOC), using a
Shimadzu TOC-V instrument. Samples were acidified and purged with air prior to TDN
analysis. TDN measures the sum of non-volatile N species (e.g., NO3z", NO2", NH4*, or
other aqueous N-species). DOC indicates the concentration of FA added initially as the
hole scavenger. X-ray photoelectron spectroscopy (XPS) was performed on an
ESCALAB 220i-XL (Vacuum Generators) with a monochromatic Al K, source at hv =
1486 eV and a base pressure = 7 x 10"1° mbar. Conductivity and pH were measured using

VWR model 2052 and Beckman model PHI 410 meters, respectively.

5.3 Results and discussion
Nitrate reduction in synthetic NaCl brines

Figure 5.1 compares the rate of nitrate reduction with UV irradiation only (UV
alone) and of photocatalytic reduction using P90 (1 g/L) and FA (200 mM) under
irradiation (P90+FA+UV). Nitrate was slowly reduced with UV alone (Fig. 5.1a), which
suggests photolysis of nitrate occurred; nitrite was the major by-product, accounting for
more than 90% of the reduced nitrate. Inclusion of P90 and FA substantially increased
the rate of nitrate reduction (Fig. 5.1b). Approximately 25% of the reduced nitrate
converted to ammonium and 75% to unknown non-aqueous N species (e.g., N2, N2O). No
nitrite concentration was detected throughout the experiment. In separate experiment in
which nitrite (500 mg-N/L) was added initially to model water instead of nitrate, the rate
of nitrogen loss in the presence of P90 and FA was significantly enhanced. For example,
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the first-order rate Knitite (3.53 cm?/10%° photons x) was an order of magnitude higher than
Knitrate (0.37 cm?/10%° photons). This could suggest that nitrite may be produced as an
intermediate during nitrate reduction but was rapidly reduced and unlikely to be detected
in solution. The sum of nitrate, nitrite and ammonium concentrations agreed well with
measured TDN levels in all conditions, indicating that levels of other aqueous N species
were negligible. In the absence of FA, P90 had a slower nitrate reduction rate than did
UV alone, probably because the presence of P90 particles created a light scattering effect
that reduced the photon absorption of nitrate. The nitrate removal efficiency of P90+UV
was greatly slowed in comparison with that of P90+FA+UV, thus verifying the
indispensable role of FA as a hole scavenger in the photocatalytic system.

Figure 5.1 also reveals the influence of NaCl concentration (0%, 3%, 6%, and
10% by weight) on nitrate removal efficiency. With UV alone, increasing the ionic
strength through NaCl addition slightly increased the rate of nitrate removal (Fig. 5.1a).
In contrast, the nitrate removal efficiency decreased as the NaCl concentration increased
from 0% to 3% with P9O+FA+UYV, but additional NaCl addition up to 10% further
decreased nitrate removal little (Fig. 5.1b). For example, the absorbable photon fluence
required to reduce each 100 mg-N/L nitrate at the different NaCl concentrations (0%, 3%,
6%, and 10%) was calculated to be 1.7, 2.2, 2.3, and 2.4 x 10*° photons/cm?,
respectively. Greater than 98% nitrate reduction was achieved at all NaCl levels studied
after 1.3 x 10%° photons/cm? irradiation. This suggests that the existence of high levels of
chloride slowed the rate of nitrate reduction, but P90 is still capable of effectively

reducing nitrate in NaCl brines and is especially competitive in extremely high NaCl
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concentrations, e.g., 10%. Addition of NaCl did not significantly change the selectivity

toward N-species by-products for either UV alone or P90+FA+UV.
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Figure 5.1. Nitrate removal in synthetic NaCl brines (0%, 3%, 6%, and 10% by weight)
as a function of photon fluence absorbable by TiO> using (a) UV alone and (b)
P90+FA+UV. The initial concentration of nitrate was ~500 mg-N/L for all samples. For
P90+FA+UV samples, 1-g/L P90 and 200-mM formic acid were initially added to the
solution.
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In an effort to increase the nitrate reduction rate and improve selectivity toward
gaseous N species, experiments were conducted using P90/Ag. Titanium dioxide loaded
with silver nanoparticles has been shown to have much faster kinetics and higher
innocuous by-product selectivity in model water (Zhang et al., 2005; Sa et al., 2009;
Doudrick et al., 2012b). When P90/Ag was tested in a synthetic NaCl brine, however, no
better performance was observed in contrast to non-modified P90. This may be due to
chloride interacting with the silver and causing it to dissolve; a similar phenomenon is
seen with chloride and copper (Chaplin, Roundy, Guy, Shapley, & Werth, 2006).
Dissolution of the silver into AgCI would eliminate its ability to enhance the rate of

nitrate reduction, thus explaining the similar reduction rates of P90 and P90/Ag.

Nitrate reduction in a real IX brine

Figure 5.2 shows the conversion of nitrate in a non-modified real IX brine in the
presence of P90+FA+UV. Nitrate removal was also tested in a synthetic brine (4.2%
NaCl solution, 1740 mg-N/L nitrate) for comparison. The difference between the IX
brine and synthetic brine suggested a potential role of anions other than chloride in nitrate
reduction. Previous studies have shown that the presence of sulfate or carbonate anions
decreases the kinetics of photocatalytic nitrate reduction employing TiO2 (F. X. Zhang et
al., 2005). In this IX brine, carbonate and bicarbonate anions were unlikely to cause
interference because they were converted to carbonic acid by the addition of 700-mM FA
before irradiation. The sulfate concentration in the IX brine was as high as 6000 mg/L,
and its concentration did not decrease during the photocatalytic treatment process. After
removing sulfate from the IX brine through barium sulfate precipitation, the nitrate
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reduction efficiency was significantly improved, and the nitrate removals of the sulfate-
removed brine and synthetic 4.2% NaCl brine were in good agreement (Fig. 5.2), which
indicates that sulfate is the major disturbance factor for nitrate removal in brine. XPS
results for P90 after photocatalytic treatment of non-modified real brine (with sulfate)
showed no fouling of the photocatalyst (Fig. SI-5.1). This indicates that the presence of
chloride, sulfate, and other components of the brine did not deactivate the photocatalyst
surface and that P90 could be used as a stable photocatalyst for brine treatment. The
isoelectric point for P90 is reported to be approximately 6.4 (Doudrick et al., 2012a),
which suggests that the surface of P90 is positively charged in acidic media (pH < 6.4)
owing to presence of titanol (Ti-OH) on the surface (Hoffmann et al., 1995; Kormann,
Bahnemann, & Hoffmann, 1991) and that anions (i.e., NO3", NO.", and formate) are
absorbed to surface sites of P90 particles before photocatalytic reaction occurs. Sulfate
and chloride compete with nitrate for available surface sites on P90, which slows the rate
of nitrate reduction in the brine. SO4% is divalent and may be preferentially adsorbed by
P90 under acidic conditions. Figure SI-5.2 shows that 1000 mg/L sulfate (a sulfate-to-
nitrate molar ratio of 0.08) was sufficient to decrease the nitrate removal rate by 20% in
the real brine. However, removal of sulfate from the real brine (by barium sulfate
precipitation) prior to photocatalysis allowed nitrate to be effectively removed. On
average, approximately 1.8 x 10*° photons/cm? absorbable energy input was required to
reduce each 100 mg-N/L nitrate, which is similar to the amount needed in synthetic
brines, as discussed in previously. No nitrite was detected, and the selectivity of

ammonium and gaseous nitrogen compounds was 17% and 83%, respectively (Fig. SI-

111



5.3). According to DOC measurement, nearly 400-mM FA was left at 2.6 x 10%°

photons/cm? of irradiation.
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Figure 5.2. Nitrate removal in a non-modified 1X brine, synthetic brine (4.2% NaCl
solution, 1740 mgN/L nitrate), and sulfate-removed 1X brine as a function of photon
fluence absorbable by TiO.. The nitrate concentration in the IX brine was 1740 mgN/L.
The concentration of P90 in solution was constant at 1 g/L. In all samples, 700 mM
formic acid was added initially.

To make optimum use of FA as the hole scavenger and control the residual FA in
the treated brine, the initial FA concentration added to the sulfate-removed brine was
varied at IFNR =1, 2.5 and 4 other than IFNR of 5.6 (shown above); the results are
shown in Figure 5.3. Figure 3(a) compares the nitrate removal efficiency in brine at
different IFNR values. The nitrate reduction rate was fastest for IFNR 5.6. For all IFNR
values, similar initial nitrate removal rates were observed at less than 7.9 x 10%°
photons/cm? of irradiation. However, whereas IFNR 5.6 and IFNR 4 maintained the same
nitrate removal rate throughout the experiment, nitrate reduction at IFNR 1 became
slower and slower. In addition, turning point occurred for IFNR 2.5 at 1.6 x 10%°

photons/cm? irradiation, after which nitrate reduction was much slower. Table SI-5.1
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shows the changes in FNR and pH as the nitrate reduction proceeds. For IFNR 4 and
IFNR 5.6, FNR values increased as nitrate concentration decreased, which suggests
sufficient formate was available during the nitrate reduction process. The pH values for
IFNR 4 and IFNR 5.6 increased from 2.0 to 3.3 and 1.9 to 3.0, respectively, indicating
that adequate protons were available to be consumed. Thus, complete nitrate removal may
be achieved with prolonged irradiation. For IFNR 1 and IFNR 2.5, FNR values gradually
decreased as the nitrate in the brine decreased. A sharp increase in pH occurred with
IFNR 1 (2.6-8.1) and IFNR 2.5 (2.2—7.8), which suggests a deficiency of protons in the
solution. Lack of formate as a hole scavenger and insufficient protons at neutral pH could
explain the slower nitrate reduction rates for IFNR 1 and IFNR 2.5 in the later period
(e.g., more than 1.6 x 10%° photons/cm? of irradiation). Moreover, in experiments with
sufficient formate and protons (IFNR 4, IFNR 5.6), nitrate was converted into N gases
and a small portion of ammonium (~17%) without detection of nitrite. However, in
experiments with IFNR 1 and IFNR 2.5, nitrite was formed (> 40 mg-N/L); a similar
portion of ammonium was produced. The presence of nitrite in treated brine may cause
drinking water contamination if the treated brine was reused for IX resin regeneration.
Therefore, a higher IFNR value (e.g. 4, 5.6) seems more appropriate for nitrate reduction
in IX brine. Formate was consumed in accordance with nitrate reduction (Fig. 3(b)), and
400, 240, 83, and 11 mM of formate remained in the treated brine after 2.4 x 10%°

photons/cm? irradiation for IFNR =1, 2.5, 4, and 5.6, respectively.
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Figure 5.3. Nitrate and formate removal as a function of photon fluence adsorbable by
TiOz in sulfate-removed brine for varying initial formate to nitrate molar ratios (IFNRs).
The concentration of P90 in solution was constant at 1 g/L.

Managing FA during IX resin regeneration

Photocatalytic reduction using P90 can remove nitrate from 1X brines with higher
IFNRs (e.g., 4, 5.6), with formation of approximately 17% ammonium as the aqueous by-
product. As anion exchange resins are used for nitrate removal, accumulation of

ammonium has an insignificant effect on X resin performance and the treated drinking
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water quality, as proved by Paidar and co-workers (Paidar et al., 2004). Thus, a scheme
combining IX with photocatalytic nitrate treatment of IX brine may be able to remove
nitrate from drinking water sources (Fig. 5.4). The subsequent question is what influence
the residual FA from photocatalytic denitrification has on 1X resin regeneration.
Oxidation of all of the formate to CO> during photolysis may be feasible, but we wanted
to investigate the fate of any residual FA by measuring DOC. An IX column was
operated to study the impact of residual FA in the brine on IX resin regeneration. The
higher residual FA of 400 mM from the IFNR 5.6 experiment was added to synthetic
brine (6% NaCl) for IX resin regeneration. To maintain the same formate concentration,
the pH of the synthetic brine was adjusted using sodium hydroxide to 3.0, the pH of the

treated brine from the IFNR 5.6 experiment.
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Figure 5.4. Schematic of an ion exchange system integrated with photocatalytic nitrate
reduction of IX brine for reuse. FA represents formic acid.
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Figure 5.5 shows the nitrate and formate breakthrough curves as a function of bed
volumes (BVs) of treated water. We used a high influent nitrate concentration (100 mg-
N/L) to accelerate 1X column tests. Similar nitrate breakthrough curves were observed for
fresh resin (a) and regenerated resin (b, c). Using 10 mg-N/L (EPA MCL) as the
breakthrough threshold, the amount of nitrate-containing model water can be treated
during (a), (b), and (c) is 62, 61, and 59 BVs, respectively. The small differences indicate
that the residual formate in treated IX brine resulted in minimal loss of the nitrate
removal capacity of IX resins. However, after regeneration using FA-containing brine,
formate was detected in treated water (Fig. 5.5b) in the first 40 BVs, with a maximum of
2.8 mM (127.5 mg/L) at approximately 6 BVs. We speculate that formate anions in the
brine occupied resin exchange sites during the regeneration process and were displaced
by nitrate in the model water in the following exhaustion runs, causing treated water
contamination. Assuming the impact of FA in treated brine is exchange based, 50 mL (1
BV) of fresh 6% NaCl was applied as a follow-up regeneration process to replace formate
brought from regeneration using FA-containing brine. This approach eliminated formate
leakage into treated water (Fig. 5.5¢), which further supported the exchange based
assumption. As a result, the negative effect of a high concentration of residual FA in IX
brine was completely overcome, and the reliable performance of the IX process could be
ensured. By reusing the photocatalytically treated brine for regeneration, costs for NaCl

consumption and brine disposal can be greatly reduced.
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Figure 5.5. Breakthrough curves of nitrate and formate for fresh IX resin (a) and
regenerated resin (b, c). The regenerant used before (b) was 6% NaCl containing 400-
mM FA (500 mL), pH = 3.0; the regenerant used before (c) was 6% NaCl containing
400-mM FA (500 mL), pH=3.0, followed by 50 mL fresh 6% NaCl.

5.4 Conclusions

This study investigated the feasibility of photocatalytic reduction using TiO>
(Evonik P90) to remove nitrate from IX brine and analyzed the possibility of reusing the
treated brine containing residual FA for resin regeneration. Photocatalytic reduction using

P90 could effectively remove nitrate from synthetic NaCl brines and real 1X brine. No
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nitrite was detected as a by-product. Most of the reduced NOs™ converted to volatile N
species and a small portion to ammonium. High levels of chloride slowed the rate of
nitrate reduction, but the presence of sulfate in IX brine is the major disturbance factor
that inhibited nitrate removal, likely because sulfate competes with nitrate for available
surface sites on titanium dioxide. A higher IFNR (e.g., 4, 5.6) was found to be more
appropriate for nitrate reduction but left higher residual FA in the treated brine. 1X
column tests showed that 400-mM residual FA in treated brine had an insignificant effect
on IX resin capacity loss, and its contamination of treated water could be eliminated by
rinsing with 1 BV of fresh NaCl. Accumulation of ammonium in the brine would not
affect the performance of anion exchange resins though eventually requires further
treatment. Thus, the photocatalytically treated brine with residual FA and ammonium is
potentially suitable for continuous reuse after separating the TiO2 nanoparticles.

Based on the findings in this study, we believe that IX integrated with
photocatalytic denitrification of the spent brine could be a feasible and effective
technology to remove nitrate from drinking water. This integrated process could reduce
the salt consumption and costs of brine disposal as well as produce reliable drinking
water without the need for extensive post-treatment. Adequately sized photocatalytic
systems (e.g., the Photo-Cat system from Purifics) that include ceramic membranes for
catalyst recovery are commercially available and could be used to treat IX brines in the
fashion described above. The next step would be to conduct pilot tests to obtain

performance data and information for an economic analysis.
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5.5 Supplemental Information
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Figure SI-5.1. X-ray photoelectron spectrum of recycled P90 (TiO>) after nitrate
reduction in non-modified ion exchange brine.

XPS measures the elemental composition and chemical state in the surface of the

titanium dioxide (P90). Apart from titanium and oxygen, small peaks of sodium and

carbon were found, which is probably resulting from the P90 synthesizing process. There

was absence of sulfur, suggesting that the surface of P90 was not contaminated by sulfate

in the IX brine.
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Figure SI-5.2. Nitrate removal in the real ion exchange brine with different sulfate
concentrations varying at 50, 550, 1000, and 6000 mg/L as a function of photon fluence
absorbable by TiO>. The concentration of P90 in solution was constant at 1 g/L. Initially,
700-mM formic acid was added.

Nitrate reduction in the real brine with sulfate was fit well by the zero-order rate
law. The zero-order rate constants (Knitrate) for different sulfate concentrations of 50, 550,
1000 and 6000 mg/L were 4.83, 4.07, 3.49 and 2.27 mMcm?/10'° photons respectively,
which suggesting nitrate removal was inhibited by 16%, 28% and 53% with existence of
sulfate at 550, 1000 and 6000 mg/L, respectively. Figure SI-5.2 indicates that the
influence of sulfate on nitrate removal should not be neglected when removing nitrate

from the I1X brine.
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Figure SI-5.3. Removal of nitrate, formate, and total dissolved nitrogen (TDN) as well as
formation of nitrogen reduction by-products (NO2", NH4") as a function of photon fluence
absorbable by TiO> in sulfate-removed brine. The concentration of P90 in solution was
constant at 1 g/L. Initially, 700-mM formic acid was added.

Nitrate in the sulfate-removed brine was effectively reduced that approximately 87%
nitrate removal was achieved at 2.6 x 10%° photons/cm? irradiation (6 hrs). No nitrite was
detected, and the selectivity of ammonium and gaseous N species were 17% and 83%,
respectively. The sum of nitrate, nitrite and ammonium concentrations agreed well with
measured TDN levels, indicating negligible levels of other aqueous N species existed.
DOC was measured to track the concentration of formate, and nearly 400 mM formate

was left in brine at 2.6 x 10?° photons/cm? of irradiation.
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Table SI-5.1. Changes in FNR (formate to nitrate molar ratio) and pH for experiments
with different IFNRs (initial formate to nitrate molar ratios)

Photon fluence

(photons x 10 form?) 0 40 79 119 159 198
IFNR=1 FNR 10 07 04 03 02 02
pH 26 NM NM NM NM NM

IFNR=25  FNR 24 24 23 21 20 18
pH 22 NM NM NM NM NM

IFNR=4 FNR 40 41 44 47 55 58
pH 20 NM NM NM NM NM

IFNR=5.6  FNR 56 65 75 83 109 132
pH 19 NM NM NM NM NM

23.8

0.1
8.1
1.8
7.8
6.6
£
19.2
3.0

NM: Not measured.
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CHAPTER 6
EXPLORATION OF CO-CATALYSTS FOR THE PHOTOCATALYTIC REDUCTION

OF NITRATE OVER TITANIUM DIOXIDE

6.1 Introduction

Co-catalysts are used in photocatalysis to improve the reaction rate and/or shift
selectivity to a desired by-product. The desired reaction outcome will determine the type
of co-catalyst that should be used. For example, platinum (Pt) is used to facilitate
hydrogen production because it lowers the overpotential (Sayama & Arakawa, 1996).
Loading metal oxides with nano-sized metal particles can to shift the chemical potential
of the semiconductor to more negative potentials (i.e., more powerful reduction
potential), and it can facilitate the charge separation as well as promote interfacial charge
transfer at the electrolyte interface (Subramanian, Wolf, & Kamat, 2001; Subramanian,
Wolf, & Kamat, 2004). Figure 6.1 shows the energy diagram of a typical n-type
semiconductor. In theory, if the work function (®) of the metal oxide semiconductor is
less than that of the metal, a Schottky contact/barrier will be formed. The benefit of a
Schottky contact over an ohmic contact is that electrons can be trapped or stored with a
Schottky contact. The work function of bulk TiO2 has been estimated to be approximately
4.6t04.7eV, Pttobe 5.5¢eV, and Ag to be 4.2-4.7 eV (S. L. Lee, Scott, Chiang, & Amal,
2009). However, these are bulk values and the work function is known to increase with
decreasing particle size (Zhou & Zachariah, 2012). Consequently, larger Schottky
contacts can be made when small metal nanoparticles are loaded onto larger nano-crystals

(e.g., Chapter 4 — P90/AQ). Even though the work function of Pt and Pd are appropriate to
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form Schottky contacts, when loaded onto TiO as nanoparticles, ohmic contacts are
formed; whereas, with coinage metals, such as Ag and Cu, Schottky contacts are made
(Takai & Kamat, 2011). Because the ohmic contact is not efficient at storing electrons,
these metals might not be good for nitrate reduction given the multi-electron requirement

(e.g., Chapter 4).

Vacuum level

Conduction band
Fermi level

m Valence band

Figure 6.1. Energy diagram of a typical n-type semiconductor. Ex is the electron affinity,
Ec is the bandgap, @ is the work function, and E; is the ionization energy.

Although metal nanoparticles can make excellent co-catalysts, they are often
made of expensive and rare metals such as Pd, Pt, Ir, and Au. To move away from relying
on these metals, more abundant and sustainable co-catalysts must be explored. Recently
carbon nanotubes (CNTs) (Bouazza, Ouzzine, Lillo-Rodenas, Eder, & Linares-Solano,
2009; H. Z. Chen, Yang, Yu, Ju, & Sun, 2011; L. Chen, Zhang, Qu, & Yu, 2005; M. L.
Chen, Zhang, & Oh, 2009; Y. S. Chen, Crittenden, Hackney, Sutter, & Hand, 2005; Cong
etal., 2011; Eder & Windle, 2008; Fan, Gao, & Sun, 2006; B. Gao, Chen, & Puma, 2009;
B. Gao, Peng, Chen, & Puma, 2008; L. H. Huang, Wang, Liu, Jiao, & Shao, 2010; Q.

Huang & Gao, 2003; Jiang, Zheng, Wang, Li, & Sun, 2011; Kalbac et al., 2007; Kang,
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Cui, & Mu, 2007; Leary & Westwood, 2011; X. H. Li, Niu, Zhang, Li, & Liu, 2003; B.
Liu & Zeng, 2008; Lu et al., 2010; Oh, Zhang, & Chen, 2009; Orlanducci et al., 2006;
Ou, Lin, Fang, & Liao, 2006; Qian & Lu, 2009; Sharif Zein & Boccaccini, 2008; Y. H.
Tseng, Yen, Yen, & Ma, 2010; H. Wang, Wang, Jiang, & Li, 2009; S. Wang et al., 2008;
Williams, Seger, & Kamat, 2008; Woan, Pyrgiotakis, & Sigmund, 2009; J. M. Wu, Yao,
Yang, Fan, & Xu, 2010; Xia et al., 2007; Y. Xie, Heo, Yoo, Ali, & Cho, 2010; Y. J. Xu,
Zhuang, & Fu, 2010; H. P. Yang, Shi, Dai, Duan, & Wu, 2011; Y. Yao, Li, Ciston,
Lueptow, & Gray, 2008; Yu, Quan, Chen, & Zhao, 2007; Yu, Quan, Chen, Zhao, &
Zhang, 2008; W. Zhang, Cul, & Jiang, 2008; L. P. Zhao & Gao, 2004; Zhu, Zhou, Yu,
Nomura, & Fugetsu, 2006) and graphene (C. Chen et al., 2010; Lambert et al., 2009;
Leary & Westwood, 2011; Ng, Lightcap, Goodwin, Matsumura, & Kamat, 2010;
Williams et al., 2008; H. Zhang, Lv, Li, Wang, & Li, 2010; X. Y. Zhang, Li, Cui, & Lin,
2010; Y. H. Zhang, Tang, Fu, & Xu, 2010) have been evaluated as possible co-catalysts
for photocatalysis due to their ability to capture and shuttle electrons. CNTs consist of
carbon-carbon bonds, which occur as sp? hybridized bonds in its purest state, and they
give CNTs unique physical and chemical properties. There are three main categories of
CNTs including single-walled (SWCNTSs), multi-walled (MWCNTS), and a special type
of MWCNT called double-walled (DWCNTSs). SWCNTSs can be either semiconducting or
conducting depending on their chirality with bandgaps ranging from 0 to 2.4 eV
(Baughman, Zakhidov, & de Heer, 2002). MWCNTSs are a zero bandgap material and are
considered metallic no matter the chirality of the individual shells (H. Li, Yin, Banerjee,
& Mao, 2008). DWCNTSs are similar to SWCNTSs, yet their inner shell properties are
maintained if the outer shell is damaged, giving them a unique ability to maintain high
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conductivity with defects present. Recent literature has suggested the work function of
MWCNTSs could be around 4.3 to 5.1 eV depending on the crystallinity (i.e., number of
defects) (Ago et al., 1999). This suggests that MWCNTSs would be able to form a
Schottky barrier with TiO2 (or other semiconductors) and act as an electron localization
site.

The charge transfer mechanisms associated with TiO2 and carbon nanotube bonds
(C-O-Ti) are not fully understood. Kamat and co-workers (Kongkanand & Kamat, 2007)
reported that when TiO- is bonded to a SWCNT, the SWCNT is able to accept electrons
and store up to 1 electron per 32 carbon atoms. Sigmund and co-workers (Woan et al.,
2009) have speculated that there are three possible scenarios for charge transfer between
MWCNTSs and TiO2: (1) TiO2 absorbs a photon which excites an electron to the CB. The
electron is then transferred to the CNT, which acts as an electron storage material and is
similar to a Schottky barrier junction in metal/ TiO> composites. (2) The CNT absorbs a
photon which excites an electron to the CB. The free electron is then transferred to the
space charge region (conduction band) of TiO2, where it can act in reduction reactions. At
the same time, the hole in the VB of the CNT is transferred to the surface region of the
TiO2 VB where it can to take part in oxidation reactions. (3) The third mechanism
suggests that the Ti-O-C bond extends light absorption to longer wavelengths (visible-
light). Furthermore, this bond tends to act as a defect with the TiO> structure. So, the
freed electron in the space charge region of TiO2 does not directly transfer to the CNT
and it does not recombine, rather it is transferred to the impurity associated with the Ti-

O-C bond (i.e., trapped). However, since MWCNTSs are known to be metallic in nature,
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scenario (b) can be ruled out because excitons in metallic solids recombine at a fast rate,
such that it would not be efficient for photocatalytic oxidation-reduction reactions.

Defects in the CNT structure transforms the sp? bonds to sp® and decreases the
conductivity and strength of the CNT. High temperature annealing (or graphitization) has
been shown to reduce defects and produce CNTs of high crystallinity (Andrews, Jacques,
Qian, & Dickey, 2001; Bom et al., 2002; J. Chen et al., 2007; Gong et al., 2007; W.
Huang, Wang, Luo, & Wei, 2003; Kajiura, Nandyala, & Bezryadin, 2005; Kim, Hayashi,
Osawa, Dresselhaus, & Endo, 2003; Kim et al., 2004; Mattia et al., 2006; Yao Wang,
Wu, & Wei, 2003). Consequently, annealing also increases the MWCNT oxidation point
approximately 200 °C in air (Bom et al., 2002), which is indicative of the improved
structural quality. For acid-treated CNTs, annealing is important because Wang and co-
workers (Yao Wang et al., 2003) have shown that annealed CNTs avoid sidewall
destruction better than non-annealed CNTSs after being acid treating them in boiling
H2S04/HNO3 (3:1) at 140 °C for 30 minutes. Because high-temperature annealing
improves the structural integrity of the nanotube, the conductivity is increased as well.
After annealing CVD produced MWCNTS, the conductivity increased from 100 S/cm to
2,000 S/cm, which is around the maximum value of that found for arc-discharge
produced MWCNTSs (Mattia et al., 2006). As such, CNTs were annealed in this study
prior to use as a co-catalyst.

The purpose of this study was to explore different co-catalysts loaded onto P90
(TiO2) for photocatalytic nitrate reduction. Well known photocatalytic co-catalysts
including copper, platinum, palladium, nickel, and iridium were examined to determine
their effect of the rate of nitrate reduction and by-product selectivity. To move toward
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more sustainable co-catalysts that utilize more abundant materials, CNTSs, graphene, and

Ceo were also evaluated.

6.2 Experimental Methods
Materials

Materials used for synthesis of TiO. composites included P90 titanium dioxide
(Evonik), Poly(sodium 4-styrenesulfonate) (PSS, Mw~70,000, Sigma Aldrich 243051,
titanium (IV) oxysulfate (TiOSOa4, 99.99% purity, ~15% Ti as TiO2 by weight, Sigma
Aldrich 495379), titanium isopropoxide (TTIP, TIfOCH(CHz3)2]4, 97% Sigma Aldrich
205273), copper (I1) chloride dehydrate (CuClz, Sigma Aldrich 467847, 99.99%),
palladium (1) nitrate (Pd(NOg)2, Sigma Aldrich 76070, ~40% Pd), sodium
hexachloroiridate (111) hydrate (NazIrCls x H20, Sigma Aldrich 288160), chloroplatinic
acid hexahydrate (H2PtCls x 6H-0, Sigma Aldrich 206083, 99.95%, 37.5% Pt), nickel (ii)
nitrate hexahydrate (Ni(NOz3)2 x 6H20, Alfa Aesar), fullerenol salt (Ceo(OH)x(ONa)y,
MER Corporation, y = 6-8, x+y = 24), chemical vapor deposition carbon nanotubes
(>95% 7-15 nm outer diameter, 3-6 nm inner diameter, 0.5-200 um length, Sigma
Aldrich 694185), graphene nanoplatelets (GNP, Angstron Materials N006-P), and

graphene oxide (GO, TW-Nano, 1:1 O:C ratio).

Synthesis of Metal-Loaded Titanium Dioxide

P90 was loaded with the metal co-catalysts using a photoreduction method as
described in Chapter 4. Briefly, the metal salt was first dissolved in water and then the
appropriate amount was added to a pre-sonicated suspension of P90. The pH was then
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adjusted accordingly and was dependent upon the charge on the metal ion. For example,
platinum chloride ion is negatively charged so the pH was adjusted to positive values to
ensure adsorption of the metal on the surface of P90. The sample was then irradiated
using a 450-W medium pressure lamp for approximately 30 minutes. After irradiation,

the sample was washed with water via centrifugation and then dried in at air at 90 °C.

Synthesis of TiO2/CNT Composites

CNTs were first annealed at ~2000 °C in a helium atmosphere for 1 hr to remove
defects. Then, a 1% by weight solution of PSS (~10 mg/mL) was prepared in 0.5 M
sodium chloride. 150 mg/L of CNTs were then added to 350 mL of the PSS solution,
stirred magnetically, and then sonicated for 30 minutes. The mixture was then centrifuged
(12,000 g for 1 hr) and washed with water multiple times. The CNTs were then
resuspended in 150 mL water, and remained stable, indicating successfully wrapping
with PSS. 4.4 mL (500 mg) of TiOSO4 (10:1 TiO2:CNT) was slowly added to 100 mL of
water while mixing vigorously (~1,000 RPM). The TiOSO4 solution was then added
drop-by-drop to the 150 mL CNT suspension, and then bath sonicated for 30 minutes.
The mixture was then gradually heated on a hotplate to 80 °C for 4 hrs. Following
heating, the mixture was peptized using NaOH (1.25 M) until the solution pH (initial pH
= 1.26) was approximately 5.5, at which point TiO> formation was apparent as a result of

precipitation. The precipitate was allowed to age for 1 hr and then dried in air at 90 °C.
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Synthesis of TiO2/GNP and TiO2/GO Composites

TiO2/GNP and TiO2/GO composites were synthesized using an ex-situ sol-gel
method. Amorphous TiO2 nanoparticles were first synthesized using TTIP as a precursor.
Water was used to hydrolyze the TiO, and HNOs was used to peptize the TiO>
agglomerates. The molar ratio of TTIP:H2O:HNO3 used was 1:232:0.6. 1.9 mL of HNO3
was added to 220 mL H.O and mixed briefly. Then, 16 mL of TTIP was slowly added to
the acidified water during rapid mixing (>1,500 RPM). The mixture was allowed to mix
for approximately 2 days or until it was a bluish translucent color, which indicates the
presence of nanoparticles less than 5 nm. After preparing the TiO2 sol, 2% by weight of
GNPs or GO were added to the TiO> sol, probe sonicated for 3 minutes at 50% intensity,
and then mixed indefinitely. The mixture was dried at 90 °C in air to obtain a powder and

then calcinated at 500 °C for 1 hr.

Thin Film Preparation

Thin films of TiO2/GNP and TiO2/GO were prepared on FTO electrodes from the
suspensions used to create the powders. Thin films were made by pipetting 75 uL of the
suspension directly on the FTO glass. The liquid was continuously spread while trying to

maintain homogeneity. After drying, the thin films were annealed at 500 °C for 1 hr.\

Micrograph Images

Images were obtained using a high-resolution scanning transmission electron
microscope (STEM or TEM) with energy dispersive X-ray capabilities (EDS) (STEM
Phillips CM-200).
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Photocatalytic Experiments

Photocatalytic experiments were performed using a 200-mL photoreactor with a
UV lamp located in the center. A borosilicate sleeve was placed around the lamp to filter
out light wavelengths less than 280 nm to avoid direct photolysis of nitrate or formate.
The UV light source was a 450-W (Ace Glass power supply, 7830-60) medium-pressure
mercury-vapor lamp (Ace Glass, 7825-34; Hanovia PC451.050) that was placed in a
double-walled quartz immersion well (Ace Glass, 7854-25). The system temperature was
maintained at 25 °C using a chiller. For each run, the photocatalyst was suspended using
magnetic stirring in a solution of ultrapure water containing nitrate and formic acid. Thin
films were tested in a similar manner, but in a 250 mL borosilicate beaker using a silver

wire as a counter electrode.

Photocurrent Experiments

The photocurrent of the thin films was evaluated using the setup shown in Figure
6.2. The thin film was excited using a 200-W xenon lamp with water circulation to filter
out infrared light (Newport Corporation, United States). Photocurrent was measured
using an SP-200 potentiostat with EC-Lab software (BioLogic Scientific Instruments,
United States). For each experiment 7.14 mM nitrate and 40 mM formic acid were used.
The photoelectrode was a thin film prepared on FTO glass as described above, and the

counter electrode was a silver wire (diameter = 2 mm).
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Figure 6.2. Photocurrent measurement setup.

6.3 Results
Metal Co-Catalysts

Metal nanoparticle co-catalysts were successfully loaded onto P90 (e.g., Pt Figure
6.3). Pd has been suggested to be active for reducing nitrite (NO2") to dinitrogen (N2)
without an additional hole scavenger, but in that particular case 10 g/L of photocatalyst
and only 0.7 mg-N/L was used, so the effectiveness is difficult to gauge (Kominami et
al., 2005a). Under more realistic conditions tested herein (100 mg-N/L, 1 g/L
photocatalyst), no improvement in the selectivity was observed over P90/Pd; in fact, the
nitrate reduction rate decreased compared to the P90/Ag material presented in Chapter 3.
Pd was also loaded in tandem with Cu or Ag, but no improvement was observed over Pd
alone for either composite. The Pt and Ir loaded materials performed similar to Pd. On
the other hand, Cu performed similar to Ag, but selectivity for ammonium was ~45%,
which is worse than Ag. Au had similar selectivity as Ag, but the efficiency was lower.
These results suggest that a Schottky contact is necessary for co-catalysts and the
photocatalytic nitrate reduction reaction. For Pt and Pd, an ohmic contact was assumed,
which means that the electrons are free to flow from the semiconductor to the metal and
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back. While this does extend the lifetime of the exciton, the electrons are not trapped and
the rate of recombination is still faster than nitrate reduction. For the coinage metals (i.e.,
Au, Cu, Ag), a Schottky barrier is formed, thus electrons flow into the metal and become
trapped. This allows for electron storage, thus facilitating the multi-electron nitrate

reduction reactions.

Figure 6.3. TEM image of P90 loaded with 1% Pt nanoparticles (examples circled in
red).

Carbonaceous Co-Catalysts

MWCNTSs were successfully loaded with TiO2 nanoparticles (e.g., Figure 6.4)
using a PSS bridge. When tested as a heterogeneous particulate photocatalysts (i.e.,
suspension), no nitrate removal was observed for the MWCNT/TiO2 composites. This
was attributed to the electron localization at the center of the composite. Upon excitation,
electrons are shuttled away from the surface and to the CNT at the center of the

composite, leaving an abundance of holes at the TiO2 surface. While this may be ideal
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for oxidation reactions, this was not good for nitrate reduction, which requires a pooled
source of electrons. However, the lack of nitrate removal also highlights the ability of
CNT composite to move electrons away from the TiO2, which is significant for electrode

materials in photoelectrochemical processes.
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TiO, NPs

Figure 6.4. TEM images of MWCNTSs coated with TiO».

To utilize the unique electron shuttling capabilities of carbon/TiO> composites,

CNTs and graphene were used to improve TiO> thin films in a photoelectrochemical
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system. In this scenario, the electrons are shuttled to the electrode and then to the counter
electrode where reduction reactions occur. Graphene, which is simply an unrolled CNT,
is more conductive than CNTs and, consequently, makes a more suitable electrode
composite co-catalyst. Graphene nanoplatelets (GNP), consisting of 1-10 graphene
sheets, and graphene oxide (GO), consisting of single sheets of graphene with a 1:1
oxygen:carbon ratio, were used for the graphene composites.

The photocurrent was examined for various TiO2/graphene composites (Figure
6.5). The peaks signify when the light was on and the troughs signify when the light was
off, thus creating a chopped curve. TiO2 alone had a photocurrent of approximately 0.05
mA/cm? (not shown). When GO was loaded onto P90 no significant change in
photocurrent was observed. When GO was loaded with a sol-gel synthesized nano-TiO2
(Sol-gel), the photocurrent doubled to 1 mA/cm?. When the Sol-gel was loaded with GNP
(Figure 6.6), the photocurrent improved significantly by approximately six-fold to 0.03
mA/cm?. There a few reasons why the electron transfer efficiency to the electrode was
reduced for GO compared to GNP. One reason is that the GO samples area insulating and
may be forming recombination sites for the electron-hole pairs. The other possibility is
that during annealing most of the GO was oxidized to CO/CO., which would have left
gaps between TiO particles, thus reducing the interparticle contact between particles and
reducing the number of pathways for electrons to travel. Nitrate removal after three hours
of irradiation was approximately 15% with no other aqueous nitrogen compounds being
formed as by-products. Compared to a particulate system (e.g., Chapters 3 and 4), this

thin film system is slow. The main reason for this is the available surface area of the film.
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Figure 6.5. Current-potential diagram showing photocurrent for three graphene
composites.

Figure 6.6. Image of TiO2 sol/GNP(2%) coated FTO glass.

6.4 Conclusions
Metal co-catalysts are only effective for nitrate reduction if they serve as an

electron localization site (i.e., Schottky contact). Even then, those metals may promote
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selectivity toward hazardous by-products, such as the case with copper. While some
metal co-catalysts may be successful at improving the rate of nitrate reduction and by-
product selectivity (e.g., Ag), these are often expensive or non-abundant materials.
Carbonaceous nanomaterials are more abundant, but they are not suitable co-catalysts for
reduction reactions due to transfer of electrons away from the surface. This quality,
however, makes them excellent candidates for photoelectrode co-catalysts in
photoelectrochemical systems that spatially separate the oxidation-reduction reactions. Of
the co-catalyst materials examined in this study, only carbon nanotubes and graphene do
not currently have a standardized detection method. To maintain responsible engineering,
development of detection method for carbon nanotubes and graphene warrants additional

studies.
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CHAPTER 7
DETECTION OF CARBON NANOTUBES AND GRAPHENE? IN
ENVIRONMENTAL MATRICES USING PROGRAMMED THERMAL ANALYSIS*
*Published CNT portion: Doudrick, K., P. Herckes, P. Westerhoff. Detection of carbon

nanotubes in environmental matrices using programmed thermal analysis. Environ. Sci.
Technol., 46(22), 12246-12253, 2012.

4Graphene section can be found in the supplemental information at the end of the chapter.

Abstract

Carbon nanotube (CNT) production is rapidly growing, and there is a need for
robust analytical methods to quantify CNTs at environmentally relevant concentrations in
complex organic matrices. Because physical and thermal properties vary among different
types of CNTs, we studied 14 single-walled (SWCNTSs) and multiwalled CNTs
(MWCNTS). Our aim was to apply a classic analytical air pollution method for separating
organic (OC) and elemental carbon (EC) (thermal optical transmittance/reflectance,
TOT/R) to environmental and biological matrices and CNTs. The TOT/R method
required significant modification for this analysis, which required a better understanding
of the thermal properties of CNTs. An evaluation of the thermal properties of CNTs
revealed two classes that could be differentiated using Raman spectroscopy: thermally
“weak” and “strong.” Using the programmed thermal analysis (PTA) method, we
optimized temperature programs and instituted a set of rules for defining the separation of
OC and EC to quantify a broad range of CNTs. The combined Raman/PTA method was
demonstrated using two environmentally relevant matrices (cyanobacteria (CB) and
urban air). Thermal evaluation of CB revealed it to be a complex matrix with interference

occurring for both weak and strong CNTSs, and thus a pretreatment method was
139



necessary. Strong CNT masses of 0.51, 2.7, and 11 ug, corresponding to concentrations
of 10, 54, and 220 pug CNT/g CB, yielded recoveries of 160 + 29%, 99 + 1.9%, and 96 +
3.0%, respectively. Urban air was also a complex matrix and contained a significant
amount (12%) of background EC that interfered with greatly weak CNTs and minimally
with strong CNTSs. The current detection limit at 99% confidence for urban air samples
and strong CNTs is 55 ng/m? (0.33 pg). Overall, the PTA method presented here provides
an initial approach for quantifying a wide range of CNTSs, and we identify specific future

research needs to eliminate potential interferences and lower detection limits.

7.1 Introduction

Carbon nanotube (CNT) production and usage is increasing, and consequently,
concern is growing over the fate and toxicity of CNTs in the environment (Lam, James,
McCluskey, Arepalli, & Hunter, 2006). Multiwalled carbon nanotubes (MWCNTS)
account for the majority of nanoscale carbon production. Capacity estimates reached
3,400 ton/yr in 2010 with a projected increase to 9,400 ton/yr in 2015; actual production
is less than 20% of capacity (Innovative Research and Products, 2011). Large-scale
production of CNTs is usually accomplished using one of two methods: electric-arc
discharge (arc) or catalytic chemical vapor deposition (CVD). CVD is the most common
method for large-scale production and produces yields of high purity (>90-95%),
whereas the arc method is used less frequently and produces yields of lower purity (20—
60%) (Carbon Nanotubes: Science and Applications, 2005). Post-production, CNTs are
usually purified, functionalized, or annealed to change their physical and chemical
properties for specified applications. The production and treatment methods affect the
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mechanical, electrical, and thermal properties of the CNTs (Carbon Nanotubes: Science
and Applications, 2005).

CNTs are challenging to quantify using traditional techniques such as mass
spectrometry because of their heterogeneity in diameter, length, surface functionality,
and, for single-walled CNTs (SWCNTSs), chirality. Several techniques have been
explored for CNT quantification (Table SI-1), including optical methods such as UV-
VIS-NIR absorption (Bahr, Mickelson, Bronikowski, Smalley, & Tour, 2001; Jeong et
al., 2007; Z. F. Li et al., 2006), fluorescence (H. Huang et al., 2011; O'Connell et al.,
2002), and Raman spectroscopy (Salzmann, Chu, Tobias, Llewellyn, & Green, 2007);
tagging approaches such as isotopic (Petersen, Huang, & Weber, 2008; L. W. Zhang,
Petersen, & Huang, 2011), fluorescence (Xiao et al., 2006), and probe labeling; size-
exclusion methods such as gel electrophoresis (R. H. Wang et al., 2009; R. H. Wang et
al., 2011); and thermal analysis methods such as thermogravimetric analysis (TGA)
(Pang, Saxby, & Chatfield, 1993; Plata, Reddy, & Gschwend, Submitted 2011),
temperature programmed oxidation (TPO) (Alvarez, Kitiyanan, Borgna, & Resasco,
2001; Herrera & Resasco, 2003), chemothermal oxidation (CTO) (Sobek & Bucheli,
2009), total organic carbon (TOC) (Tamura et al., 2011), and thermal optical
transmittance/reflectance (TOT/R) (Hyung, Fortner, Hughes, & Kim, 2007; Myojo et al.,
2009; Ono-Ogasawara, Serita, & Takaya, 2009). These approaches have limitations,
including specificity to particular CNTs or inapplicability to more complex matrices.
With these current limitations and concerns over CNT fate and toxicity, there is a need to

develop a strategy for CNT analysis in complex environmental matrices.
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Thermal-based analytical methods are promising owing to the unique
thermodynamic stability of CNTs. TGA was coupled with mass spectrometry to quantify
CNTs in marine sediments using isotopic ratios of carbon in CNTSs, and a detection limit
of 4 ug SWCNT/40 mg sample was obtained (Plata et al., Submitted 2011). Similarly,
CTO 375 °C, a soot analysis method (Gustafsson et al., 2001), was used to quantify a
range of CNTSs in ultrapure water and in marine sediments (Sobek & Bucheli, 2009).
Recovery values were highly dependent on the type of CNT, especially in the more
complex sediment samples, and large CNT concentrations were used (25 mg CNT/g
sediment). TOC was coupled successfully with an elaborate pre-oxidation method to
quantify MWCNTSs in rat lungs (Tamura et al., 2011); however, the chemical and thermal
oxidation pretreatments used were very harsh and are known to oxidize CNTs to CO2 (l.
D. Rosca, Watari, Uo, & Akaska, 2005). TOT/R is a standard method for detecting
refractory or elemental carbon (EC) (e.g., soot) in air samples (Health, 1998), and it has
been used to quantify MWCNTSs alone (Myojo et al., 2009; Ono-Ogasawara et al., 2009)
or in a simple matrix consisting of ultrapure water and natural organic matter (NOM)
(Hyung et al., 2007). Interlaboratory comparisons of organic carbon (OC)/EC separation
methods (including TGA, CTO, and TOT/R) have shown that TOT/R is the most reliable
technique for detecting EC in environmental matrices (Hammes et al., 2007; Schmid et
al., 2001; Watson, Chow, & Chen, 2005). However, little evidence supports its validity
for a wide range of CNTs exhibiting different thermal and physical properties.
Furthermore, the thermal behavior of various environmental matrices using TOT/R is

unknown, and this will be important for detecting CNTs. The CNT quantification strategy
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described herein is built around the TOT/R method owing to its reliability in detecting
soot in air and sediment samples.

This study aims to evaluate the thermal stability of many different CNTs alone to
develop a thermal analysis strategy for CNT quantification. Environmentally relevant air,
water, sediment, and biological matrices were analyzed to assess potential interferences
in CNT measurement from pyrolized organic matter and the presence of natural EC in
water (surface and tap water, wastewater, chemical dispersants), sediments, urban air, and
biological samples (urine, serum, milk, lung tissue). Our study is unique because we use
14 different CNTs produced by a range of processes that result in a span of physical and
chemical properties. We discuss optimization of analysis methods for CNT detection.
Demonstration of CNT detection in two relevant environmental matrices (cyanobacteria
(CB) and urban air) was completed to investigate the potential inferences on CNT

quantification.

7.2 Experimental Details
CNT Sources and Sample Preparation

CNTs (n = 14) used in this study are listed in Table 7.1. An array of MWCNTSs
were studied, including raw CVD (MW-0O, MW-Mitsui, MW-15, MW-20, MW-30, MW-
100), purified CVD (MW-P), functionalized CVD (MW-F, MW-OH, MW-COOH),
annealed CVD (MW-15G), and raw arc (MW-Arc). Two SWCNTSs were studied
including a raw (SW) and purified (SW-65) CVD. Manufacturer details are provided in

the Supplemental Information (SI).
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Table 7.1. Properties of CNTs used in this study

Outer Inner

CNTID CNT Type State Purity? Metal p, Diameter Diameter Length
Content (um)
(nm) (nm)
MW-O MWCNT Raw >95% <6% 20-30 5-10 10-30
MW-P MWCNT Purified >98% <2% 20-30 5-10 10-30
MW-F MWCNT  Functionalized >99.9%  <0.01% 20-30 5-10 10-30
MW-15 MWCNT Raw >95% <5% 7-15 3-6 0.5-200
MW-20 MWCNT Raw >95% <5% 10-20 5-10 0.5-200
MW-30 MWCNT Raw >95% <5% 10-30 5-10 0.5-500
MW-100 MWCNT Raw >95% <5% 60-100 5-10 0.5-500
MW-OH MWCNT  Functionalized >95% <1.5% 8-15 3-5 10-50
N MWCNT  Functionalized ~ >95%  <L5% 815 35 10-50
Viae  MWCNT  Amnealed  >97%  <1% 7-15 36 05200
MW- " MweNT Raw >08%  <1% 20-70 NA NA
Mitsui
MW-Arc  MWCNT® Raw <50% 0% 5-10¢ NA NA
SW SWCNT Raw <50% <10% 11 NA 0.5-100
SW-65 SWCNT Purified <75% <10% 0.8 NA 0.45-2
aCNT content reported by manufacturer. MW-P and MW-F calculated assuming no amorphous carbon
remaining.

bMetal content reported by manufacturer except for MW-F and MW-P determined using energy dispersive
X-ray spectroscopy and MW-15G using thermogravimetric analysis.

°MW-15 annealed at ~2000 °C in UHP He.

dSynthesized using arc method; all others are CVD.

¢Obtained from TEM images; all others reported by manufacturer.

CNTs were massed using a microbalance (Sartorius Micro M 500 P). CNT stock
solutions were prepared by adding CNTs (10 mg/10 mL) to ultrapure water (Nanopure®,
18.3 MQ-cm) followed by bath sonication (Branson 2510, 40 kHz) for approximately 30
minutes. Except for MW-F CNTs, Triton X-114 was added as a dispersant at a 4:1
dispersant to CNT mass ratio. X-114 had no marked effect on the thermal stability of the
CNTs. Samples, ranging from 1 to 100 pL, were loaded onto pre-fired quartz fiber filters
(QFF, Pallflex Tissuquartz Filters, 2500 QAT-UP). Filters were heated to 870 °C prior to

sample preparation to remove any carbonaceous contamination acquired during storage
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(e.g., dust). Aqueous samples were loaded by pipetting the desired sample volume (1-100

uL) onto the center of the filter and then allowing it to dry at approximately 90 °C.

Environmental and Biological Matrices

Four dispersants (Sigma Aldrich) commonly used to create homogeneous CNT
stock solutions, polydiallydimethylammonium chloride (PDDA, #409014, 20% in H-0O,
average MW = 100,000—200,000 g/mol), Triton X-114 (X-114, #X-114, average MW =
537 g/mol), sodium dodecyl sulfate (SDS, #436143, >99%), and sodium deoxycholate
(SDOC, #D6750, >97%) were used as received. Reservoir surface water (Saguaro Lake,
DOC = 5.6 mg/L) and tap water (Tempe, AZ, DOC = 2.7 mg/L) samples were collected
in July 2010. Representative wastewater samples were obtained from a laboratory
activated sludge sequencing batch reactor (Yifei Wang, Westerhoff, & Hristovski, 2011).
Urban air (Arizona State University, Tempe, AZ) was collected for 24 hrs on a pre-fired
QFF using a high volume air sampler. Sediments were collected from the Bread and
Butter Creek, SC, an intertidal mudflat sediment containing 4.7% TC (of dry sediment
mass). Biological matrices included synthetic urine (prepared as described previously
(Wenzler-Rottele et al., 2006)), human serum (Sigma Aldrich, H4522), and cow’s milk

(Shamrock Farms, 2%).

Extraction of CNTs from Cyanobacteria

Cyanobacteria (Synechocystis sp. PCC6803) were collected from a lab culture and
then freeze dried. MW-Mitsui CNTs were spiked into a 50 mg sample of cyanobacteria
and allowed to mix. Samples were digested with 10 mL of tetramethylammonium
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hydroxide (TMAH, 25% in H>O, Sigma Aldrich 331635) at 65 °C for 24 hrs, followed by
centrifugation at 13,000 g. The pellet, containing non-digestible OC and CNTs, was
transferred to a QFF and heat treated in air at 500 °C for 15 minutes to remove low-

stability organic carbon. The treated pellet was then used for further analyses.

Analytical Methods

Thermal analysis was performed using a commercial OC-EC analyzer equipped
with optical correction (Sunset Laboratory, Inc., Forest Grove, OR). The instrument is
commonly used for NIOSH soot determinations as well as atmospheric OC and EC
measurements in air pollution studies. Instrument details are provided in the SI, and a
schematic of the instrument setup is shown in Figure SI-7.1.

The EC-OC instrument is controlled through user-defined temperature programs,
which emerged as critical for CNT analysis. These programs allow the temperature,
temperature residence time, and carrier gas to be adjusted according to the type of sample
under analysis. Although this instrument is standard for analysis of air pollutants, its
operation is briefly described because optimization for CNT analysis requires a basic
understanding. For this study, an inert (100% He) and an oxidizing carrier gas
(90%He/10% O») were used with temperatures ranging from 0 to 910 °C. Samples were
first heated under inert conditions to remove volatile OC. The sample chamber was then
cooled and switched to oxidizing conditions. OC that does not volatilize may undergo
pyrolysis becoming pyrolytically generated elemental carbon (PEC; i.e., char), which has
thermal properties similar to EC. Fixed or variable residence times can be used at each
temperature step, where variable residence times are defined by a minimum and
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maximum time that allows for complete desorption at each temperature step. Variable
residence times were used during the inert phase to allow for complete desorption of OC
so as to minimize interferences with EC during the oxidizing phase. Both variable and
fixed residence times were used during the oxidizing phase and depended on the sample
matrix and CNT type.

As the sample is analyzed, the volatilized and combusted carbon travels to an
oxidizing oven (MnO: catalyst at 870 °C), where it is transformed into carbon dioxide
(CO2). The CO2 passes through a methanator (Ni firebrick—supported catalyst) and is
reduced to methane (CH4). The CHg signal is measured using a flame ionization detector
(FID) and is converted to TC using a CH4 standard. TC is split into two types of carbon
post-analysis: OC and EC. The portion of TC that is OC or EC is defined by the method,
which determines where the OC-EC split is placed post-analysis. This split can be
automatic on the basis of automatic optical correction; the optical transmittance or
reflectance is observed throughout analysis using a 632 nm laser, and the split is placed
where the transmittance/reflectance returns to the initial reading. For samples in which
optical correction does not work, a manual split defined by the analyst should be used.
For samples containing no PEC, the split can be placed between the two carrier gas
modes; everything to the left of the split (inert conditions) would be OC, and everything
to the right (oxidizing conditions) would be EC. This method is based on the assumption
that EC is stable under inert conditions and that OC is not. If PEC is present but combusts
at lower temperatures than the EC under analysis, then a manual split can be placed
between OC and EC, usually at a defined temperature. If the PEC overlaps with the EC,
then the manual split must be placed where interference is minimal. Figure SI-2 shows a
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sample thermogram of sucrose using the NIOSH temperature program (Birch & Cary,
1996; Health, 1998) and how OC, EC, and PEC are traditionally defined using optical
correction.

The automatic optical correction (i.e., TOT/R) is successful when using well
dispersed CNTs that can be loaded homogeneously on the filter at concentrations that
allow for proper transmittance [23]. However, optical correction will err when dealing
with CNT samples that are more indicative of that found in the environment (e.g.,
aggregated, low concentrations), such that only a few aggregates are heterogeneously
dispersed on the filter (Hammes et al., 2007; Schmid et al., 2001). For all CNTs
examined (Table 1), the optical correction method was not reliable, and a manual split
method was required for aqueous and solid samples (see the Sl for further discussion).
Because of the lack of optical correction, the thermal analysis method discussed herein
for CNTSs is referred to as programmed thermal analysis (PTA).

Raman spectroscopy was performed on a custom-built instrument in 180°
geometry. The sample was excited using a 532-nm laser with 100-mW maximum power,
which was controlled using neutral density filters. The data were collected using an
Acton 300i spectrograph and a back thinned Princeton Instruments liquid nitrogen cooled
CCD detector with a spatial resolution <1 um and spectral resolution of ~1 cm™.

For analysis of the CNTs, dry powders were loaded onto quartz slides, and
spectral analysis was done in triplicate. Analysis of CNTs in environmental matrices was
performed directly on the QFF. For all samples, the background was subtracted from the

spectra.
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7.3 Results and Discussion
CNT Thermal Stability and Method Optimization

Using the manual split method to quantify CNTs in complex matrices requires a
deeper understanding of the thermal behavior of CNTs under both inert and oxidizing
conditions. This method cannot be developed around one type of CNT because CNTs
have different thermal properties depending on whether they are single-walled,
multiwalled, functionalized, annealed, etc. To optimize a set of temperature programs for
a range of CNTSs, we first analyzed a representative group of CNTs (Table 1) under inert
conditions to determine the maximum temperature at which no CNT loss occurs, and then
analyzed them under oxidizing conditions to determine the minimum temperature at
which the CNTs begin to combust.

Figure 7.1 shows the fraction of CNT mass remaining after heating to 870 °C
under inert conditions for several CNTs. This is the maximum temperature used in the
NIOSH program and previous CNT thermal studies (Health, 1998; Hyung et al., 2007;
Myojo et al., 2009). Mass loss curves for this and subsequent figures were generated by
integrating the thermogram FID signal (e.g., Figure S1-7.4). In Figure 7.1, the raw CVD
MWCNTs (MW-0O, MW-15, MW-20, MW-30, MW-100) were represented by MW-O
and MW-15, the functionalized MWCNTs (MW-F, MW-OH, MW-COOH) by MW-F,
the purified MWCNTSs by MW-P, the graphitized or ordered MWCNTs (MW-Arc, MW-
15G, MW-Mitsui) by MW-Arc, and the SWCNTSs (SW, SW-65) by SW-65. Figure 7.1
shows that only the graphitized MWCNTSs were stable under inert conditions up to 870
°C. The MW-P CNTs were the least stable, exhibiting nearly 100% mass loss after ~1000
seconds at 870 °C. All CVD MWCNTSs were unstable at 870 °C, and they exhibited mass
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loss with what appears to be a zero-order rate. Thus, using the temperature programs

outlined in existing methods is not valid for all CNTSs.
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Figure 7.1. Percent CNT mass remaining after heating to 870 °C under inert conditions
for several CNTSs.

Several factors could have influenced the observed range of CNT thermal stability
including functional group content, metal catalyst content, and defect density. If
oxygenated groups were responsible for the observed mass loss (Figure 7.1) then the
expected order of mass loss rate should follow MW-O ~ MW-P < MW-F; however, the
rate of mass loss followed MW-P < MW-O < MW-F. The MW-O had the most metal
(oxide) impurities (4.49% Ni/0.76% Fe), but they were more stable than MW-P (1.80%
Ni/0.08% Fe). Furthermore, the MW-Mitsui CNTs, which contained ~10% iron
impurities, did not exhibit any mass loss. This suggests that, for MWCNTS, oxygen

associated with functional groups or metals does not affect the rate of mass loss under
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inert conditions. The difference in thermal stabilities between CNTs under inert
conditions may be explained by the defect density rather than the abundance of
oxygenated functional groups or metal oxides. MWCNTSs produced by CVD will
generate additional defects when heated under inert conditions until a limiting
temperature is reached, at which point the defects begin to heal (Bhalerao, Sinha, &
Sathe, 2008). If this temperature is not reached, then defects may continue to develop.
High-temperature annealing of CNTSs reorders the sp® bonds to sp?, which makes them
more thermally stable (Andrews et al., 2001; Bom et al., 2002; Kim et al., 2003; Ray et
al., 2009; D. K. Singh, lyer, & Giri, 2010; H. Zhang, Sun, Li, Li, & Cheng, 2006). For
CNTs created or treated at high temperatures (>2500 °C), such as MW-Arc and MW-
15G, respectively, no defects were introduced because they had already reached a high
state of thermodynamic stability. Also, no mass loss was observed for MW-15G, unlike
MW-15; the only difference between the two was thermal treatment. Although defects
are likely the cause of mass loss under inert conditions, the mechanisms behind this are
unknown. Sublimation has been shown to occur for Ceo under inert heating conditions
(Milliken et al., 1991), but similar behavior has yet to be shown to occur for CNTSs.

To optimize the temperature program for the CNTs exhibiting mass loss under
inert conditions, the MW-O, MW-P, MW-F, and SG-65 CNTs were analyzed at several
maximum temperatures, including 675, 700, 750, and 870 °C (MW-O shown in Figure
SI-7.5). No significant (<5%) CNT mass loss occurred below 675 °C for any CNTs in
this study. The minimal CNT mass loss (<5%) observed at temperatures as low as ~250
°C was attributed to either oxidation caused by oxygen associated with surface C atoms
or amorphous carbon (Figure SI-7.4).
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The thermal behavior of CNTs was examined under oxidizing conditions to
determine the temperature at which CNTs begin to combust as well as the maximum
temperature required to completely oxidize the CNTSs. Figure 7.2 shows the fraction of
CNT mass remaining with increasing temperature under oxidizing conditions. MW-F and
MW-O CNTs were representative of all other MWCNTSs not shown in Figure 7.2 (all
mass loss curves are shown in Figure SI-7.6). The purified SWCNTs (SW-65) were the
least stable CNTSs, with almost 100% mass loss occurring before 650 °C. Most of the
weak CNTs began combusting at ~650 °C and reached a maximum rate at ~700 °C. MW-
15 also started combustion between 650 and 700 °C, but at a slower rate than other weak
CNTs, which suggests that MW-15 represents the upper limit of the weak CNTs. Similar
to inert conditions, under oxidizing conditions MW-Arc, MW-Mitsui, and MW-15G were
more stable than all other CNTSs; their initial oxidation temperatures ranged from ~750 to
800 °C. When a weak CNT (MW-15) was annealed at ~2000 °C (MW-15G), the rate of
mass loss was decreased. The MW-Arc CNTSs, which are synthesized at greater than 3000
°C, were the most stable; most of their oxidation occurred above 900 °C. This is
consistent with previous studies that showed MWCNTSs produced by arc were much more
stable than those produced using CVD (Behler, Osswald, Ye, Dimovski, & Gogotsi,
2006; Watts, Hsu, Kroto, & Walton, 2003). No linear correlation was found between
thermal stability and CNT diameter, unlike as shown previously for CNTs synthesized by
a common method (D. K. Singh et al., 2010), which in our case may be attributed to the

differences in CNT production temperature rather than diameter.
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Figure 7.2. Percent CNT mass remaining after heating to 910 °C under oxidizing
conditions. MW-F and MW-O were representative of all other raw CVD MWCNTS not
shown.

On the basis of these results, the CNTs can be grouped into two thermal
classifications: CNTSs that are stable at the maximum temperature (870 °C) under inert
conditions and did not begin oxidation until ~750-800 °C were classified as thermally
“strong,” and CNTs that are not stable above ~700 °C under inert conditions were
classified as thermally “weak.” The range of weak CNTs was much broader; the SG-65
and MW-15 represent the lower and upper bounds, respectively. Whereas MWCNTS are
classified by their defect density, SWCNTSs are classified as weak because of their small
diameter and high percentage (~100%) of surface atoms, which decreases thermal
stability due to an increase in bond strain (N. Yao et al., 1998) and a larger number of

carbon atoms exposed to oxygen, respectively.
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“Weak” and “Strong” Classification Using Raman Spectroscopy

Raman spectroscopy has been shown to be a reliable characterization tool for
CNTs with spectral peaks that are specific to graphitic carbon (Dresselhaus, Dresselhaus,
Saito, & Jorio, 2005). Between 1300 and 1600 cm™, there are two distinct peaks for
CNTs, called the D-band (~1350 cm™) and the G-band (~1580 cm) (Figure SI-7.7a).
The D-band indicates disorder present within the CNT sample, and its intensity is
proportional to defect density. The G-band is a result of C-C bond stretching unique to
sp? hybridizations found in graphitic carbon. The ratio of the D-band and G-band
intensities (Io/lg) is often used to quantify the defectiveness of CNTSs, and this ratio can
be used to estimate the thermal stability of CNTs (Behler et al., 2006; Bhalerao et al.,
2008; J. Chen et al., 2007; Kim et al., 2003; D. K. Singh et al., 2010; Tran, Tridech,
Alfrey, Bismarck, & Shaffer, 2007). Another advantage of Raman spectroscopy is that it
can be used to distinguish between SWCNTs and MWCNTS by inspection of the radial
breathing mode (RBM) at lower frequencies (Dresselhaus et al., 2005). For SWCNTSs,
there will be multiple peaks between 100 and 300 cm™, whereas MWCNTS will have no
characteristic peaks (Figure SI-7.7b). If RBM peaks are present, then the sample will be
classified as weak, independent of the Ip/lg ratio.

Raman spectroscopy was used to distinguish thermally “strong” from “weak”
CNTs. There is a strong linear relationship (R = 0.96) between the Ip/Ig ratio and the
temperature at 50% CNT mass loss (Figure 7.3, Table S1-7.2). MWCNTSs with Ip/lg >
0.60 and SWCNTSs were synonymous with weak CNTs, and MWCNTSs with Ip/lg < 0.60
with strong CNTSs. This suggests that Raman spectroscopy can be used to determine the
thermal stability classification of the CNT (i.e., weak or strong), which can then be used
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to determine the approximate temperature at which the CNTs will combust. The key to
using Raman for CNT thermal classification will be to eliminate background Raman
peaks by extracting the CNTs from the sample. If the CNT type cannot be determined
using Raman spectroscopy, then assuming the CNTs to be weak would be an appropriate

conservative estimate.
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Figure 7.3. Ip/lg ratio as a function of oxidation temperature at 50% mass loss for all
MWCNTSs.

Thermal Behavior of Environmental and Biological Matrices

Under inert conditions organic matter can form PEC, and this may cause
interference if it combusts in the same temperature range as CNTs. Furthermore,
environmental samples that have been exposed to anthropogenic EC such as wastewater
sludge, air, soils, and sediments can also cause interference. We define all “non-CNT
EC” evolving during the oxidizing phase as NEC, and this includes PEC, anthropogenic

EC (e.g., soot), and natural EC.
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Figure 5a shows the percent NEC (ug NEC/pug TC x 100%) generated under inert
conditions for several environmental and biological matrices. The NEC percentage was
independent of the TC loading and used to quantify charring of organic matter and the
presence of background EC. The dispersants, which are free of background EC, had
negligible NEC (<1%), which indicates little PEC formation. Of the environmental
matrices, surface water and lab activated sludge had less than 10% NEC, and the urban
air and sediment samples had a substantial amount of NEC, which is most likely
attributed to the background EC (e.g., soot). Of the biological matrices, urine had very
little NEC, whereas lung tissue, milk, and human serum had high NEC percentages, most
likely owing to charring of fats and proteins rather than background EC. Matrices that
had less than 10% NEC content were defined as “simple,” and those that that had greater
than 10% NEC were defined as “complex.”

Figure 7.4b shows the percent NEC mass remaining for complex matrices and
percent EC mass remaining for three CNTs with increasing temperature under oxidizing
conditions. MW-F and MW-15 CNTs represent the average and upper bound of the
thermally weak CNTSs, respectively, and MW-Arc represents the thermally strong CNTs.
Of the environmental and biological samples examined, the simple matrices had less than
5% interference at combustion temperature ranges similar to both the weak and strong
CNTs, whereas the complex matrices had more substantial interferences depending on
the CNT classification. All of the complex matrices were observed to overlap with all
weak CNTSs to some degree. The most substantial interference with weak CNTs was
observed for the sediment and urban air samples, which may be due to thermally stable
EC (e.g., soot). The biological samples exhibited <5% interference with the upper bound
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weak CNTs (MW-15), but approximately 10% and 20% of the urban air and sediment
samples, respectively, remained when the MW-15 CNTs began oxidizing. No matrices
exhibited any significant (>5%) interference with the strong CNTs. On the basis of these
results, complex matrices will interfere with weak CNTs during the oxidizing phase
(Figure 7.2). Furthermore, these complex matrices have OC that desorbs at the same
temperature as the weak CNTs under inert conditions (Figure 7.1); this makes
interference even more significant, especially if long residence times at temperatures

greater than 700°C are required to remove the OC.
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Figure 7.4. (a) Percent of NEC (NEC/TC x 100%) present in various laboratory,
environmental, and biological matrices. (b) Percent NEC mass remaining from various
matrices and percent mass remaining for three CNTSs representing the lower (MW-F) and
upper (MW-15) range of weak CNTSs and strong (MW-Arc) CNTs. NEC mass is the
percent remaining after treatment under inert conditions such that all volatile OC has
been removed.
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Given the small sample size of the matrices tested, even the smallest amount of
interference can compound in a larger environmental sample to overshadow the CNT
signal. For example, 5.0 pL of human serum contained 200 pg of TC, of which 26 pg
was considered NEC and 15 pg (7.5%) and 0.16 pug (0.08%) interfered with weak and
strong CNTSs, respectively. A procedure was developed to account for these potential
interferences. First, an optimized temperature program for thermally strong and weak
CNTs, differentiated using Raman spectroscopy, must be used. Second, digestion
techniques must be used to degrade organic matter to prevent PEC formation (see below).
However, the digestion technique should be non-selective for CNTs such that they will
not be degraded to COy, as is observed with harsh chemical oxidant digestion methods.
Techniques to separate graphitic EC from CNTSs in soils, sediments, sludge, and air will

be more challenging to develop because of their similar chemical and thermal properties

Demonstration of CNT Detection in Environmental Matrices

We have outlined a method that can be used to identify the thermal classification
of CNTs using Raman spectroscopy followed by quantification using PTA. Using two
different environmental matrices, cyanobacteria and urban air, the applicability of this
method is demonstrated for a strong CNT (MW-Mitsui). Weak CNTSs require
development of more elaborate extraction methods that are beyond the scope of this
study. CB were selected because they are a ubiquitous primary producer in surface
waters, and research has suggested that they may be a good indicator organism for
ecotoxicity tests (Ando et al., 2007; Aslim & Ozturk, 2009). Similarly, green algae have
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been used as an indicator organism to examine the toxicity effects of CNTs (Basiuk,
Ochoa-Olmos, & De la Mora-Estrada, 2011; Blaise, Gagne, Ferard, & Eullaffroy, 2008;
Schwab et al., 2011; Wei et al., 2010).

CB (50 mg dry-weight) was spiked with 0.51, 2.7, and 11 pg of MW-Mitsui
MWCNTSs corresponding to a mass ratio of 10, 54, and 220 pug CNTs/g CB, respectively.
Recovery is expressed as the mean and standard error of triplicate samples. After pre-
treatment, samples were loaded onto a QFF and then analyzed with Raman spectroscopy.
CNT aggregates were easily located using the Raman microscope due to their opacity,
and a spectrum with clear CNT peaks was obtained with relatively low noise (Figure SI-
7.8). The important steps for isolating CNT aggregates for Raman spectroscopy were: (1)
extracting the CNTSs by digesting the CB and (2) centrifuging the sample to aggregate the
CNTs. The Ip/lg ratio was 0.26 £ 0.08, which would appropriately classify the CNTs as
“strong.” After Raman analysis, the samples were analyzed using PTA with an OC/EC
split point at 750 °C. CNT mass recovery for 10 ug CNTs/g CB, 54 ug CNTs/g CB, and
220 pg CNTs/g CB was 160 + 29%, 99 + 1.9%, and 96 * 3.0%, respectively. Although
CB is a relatively simple matrix (i.e., no background EC), a small amount (~0.20 pg) of
interference is still caused by PEC formation, which evolves at the same temperature as
the MW-Mitsui CNTSs. Although the interference had little effect on larger CNT masses
(e.g., 2.7 and 11 pg) and excellent recoveries were obtained, it was significant enough
that when the CNT mass was closer to the interference mass, the recovery was less
accurate. PTA is appropriate for exposure studies using CB as an indicator organism, but

dosage levels should be greater than 10 ug CNTs/g CB (dry) to obtain reliable recoveries.
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Graphitic particles are ubiquitous in soils, sediments, air, and wastewater sludge,
and these will have a thermal stability very close to if not greater than CNTs. Urban air
contains EC that combusts at the same temperature as the weak CNTs (i.e., Figure 7.4b),
thus making it difficult to detect a low concentration of CNTs in an urban air sample with
a large EC content (Figure SI-7.9a). However, less interference occurs with the strong
CNTs (Figure SI-7.9b). Urban air samples (1.5 cm? filter punch) were spiked with 2.8 g
(465 ng/m®) of MW-Mitsui CNTs and analyzed using PTA. Recovery is expressed as the
mean and standard error of nine replicates. The CNTs began combusting at ~750 °C,
which was used to develop the temperature program and the location of the split point. A
non-spiked urban air sample from the same filter contained 45 pg (7,477 ng/m®) of TC,
with 12% (5.5 pg, 914 ng/m®) EC as determined by optical correction, and 0.46% (0.21
ug, 35 ng/m®) combusting after 750 °C. The mean mass of nine replicates was 2.8 ug
with a standard deviation of 0.11 pg resulting in a recovery of 100 = 4.0%. The EPA
standard method was used to calculate detection limits (EPA). The method detection limit
(MDL) with 99% confidence was calculated to be 55 ng/m? (0.33 pg). The lower critical
limit (LCL) and the upper critical limit (UCL) for 95% confidence were calculated to be
22 ng/m?® (0.13 ug) and 76 ng/m? (0.46 pg), respectively. The limit of detection (LOD)
and limit of quantitation (LOQ) were calculated to be approximately 136 ng/m? (0.82 ug)

and 183 ng/m® (1.1 pg), respectively.

7.4 Applicability and Future Development Needs
A temperature program specific to different CNTs and environmental matrices is
required for reliable quantification. CNTs have a wide range of initial oxidation
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temperatures ranging from approximately 500 °C to 800 °C; most initial oxidation occurs
at ~650 °C. The temperature programs will depend on the matrix under analysis and the
split point on the type of CNT. For weak CNTSs, the maximum temperature that should be
used during inert conditions is 675 °C, and if higher temperatures are required, then small
residence times should be employed to reduce CNT mass loss. During oxidizing
conditions, the highest temperature should be a minimum of 800 °C to ensure complete
CNT oxidation.

Currently, the method described herein is ideal for working at concentrations
commonly used in toxicity studies (Firme & Bandaru, 2010; Lam et al., 2006; Petersen,
Akkanen, Kukkonen, & Weber, 2009; Uo, Akasaka, Watari, Sato, & Tohji, 2011; X. C.
Zhao & Liu, 2012) for strong CNTs and some weak CNTs in controlled experiments
(e.g., toxicity tests, lab-scale removal tests). The future challenge will be processing large
volumes of CNT-containing sample (e.g., wastewater) or CNTs in samples containing
large amounts of interfering carbon (e.g., soils). Extraction, separation, and purification
steps are key to working with such samples. Our work with TMAH represents the first
step in such a pre-treatment strategy, but additional work is needed on the Raman/PTA
approach demonstrated here before it can be applied to environmental monitoring at trace

levels.

162



7.5 Supplemental Information
Carbon Nanotube Details

Carbon nanotubes (CNTSs) are cylindrical and can be single-walled (SWCNT) or
multi-walled (MWCNT). SWNTSs are essentially a single sheet of graphite (called
graphene) rolled up and connected end to end. MWCNTSs are concentric SWCNTSs of
increasing diameter. Because of their unique properties, double-walled carbon nanotubes
(DWCNTS) are considered a separate class of MWCNT. All CNTs have unique and
excellent electrical, thermal, and physical properties with a high strength to weight ratio,
which makes them ideal for a variety of applications (Aitken, Chaudhry, Boxall, & Hull,
2006). The method of production affects the mechanical, electrical, and thermal
properties of the CNTs (Carbon Nanotubes: Science and Applications, 2005). Laser
ablation is common for SWCNTSs, and it produces CNTSs similar to the Arc technique.
Laser ablation is not currently used for large-scale production of MWCNTSs.

The CVD process operates at low temperatures (<1000 °C) to produce CNTs with
a high defect density (i.e., disorder), and the arc process operates at much higher
temperatures (>3000 °C) to produce CNTs with a low defect density. Consequently, the
CVD CNTs have a lower thermal stability and less desirable mechanical and electrical
properties as compared with arc CNTs. For SWCNTSs, a metal catalyst is necessary for
synthesis, and the raw product can contain a high percentage of metal catalyst impurities,
up to 50% of the total weight. When MWCNTSs are synthesized using the arc process, no
metal catalyst is required, and thus there is no metal contamination. Arc produces a low
yield of CNTs, generally 20-60%; the remaining mass is fullerenes, multilayer polygonal
carbon nanoparticles, graphitic nanoparticles, amorphous carbon nanoparticles, and, for
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SWCNTSs, metal catalysts. Generally, before arc CNTs are used they are purified with a
gas- or liquid-phase chemical treatment or through physical separation such as
centrifugation or filtration (Hou, Liu, & Cheng, 2008). Often CNTs are chemically
treated to add surface functional groups to make them hydrophilic or for particle
supports. Unfortunately, chemical oxidation induces defects in the CNTs and decreases
their thermal stability. Physical and chemical destruction of the bonds occurs when the
sp? orbitals are transformed to sp? orbitals, which are represented by non-hexagonal
polygons (e.g., a pentagon). Physical destruction includes folding, tearing, twisting, or
stretching of the CNT structure, and chemical or thermal destruction includes oxidation
of the CNT or breaking of the C-C bonds.

Three MWCNTS representing the CNT treatment process included a raw (MW-
0), purified (MW-P), and functionalized (MW-F) MWCNT. The MW-Os were obtained
from Cheaptubes, Inc., and were used as received. The MW-Ps are the MW-Os purified
with dilute HNOs to remove metal and amorphous carbon impurities. The MW-Fs are the
MW-Ps further treated using microwave-assisted acid treatment (HNO3/H>SO4) to add
functional groups to the surface to make them hydrophilic (5.27% —COOQOH, 0.03% —SO3)
(Y. B. Wang, Igbal, & Mitra, 2006). FTIR analysis revealed that no oxygenated
functional groups were present for MW-O and MW-P. The zeta potential (pH 7) for MW-
O, MW-P, and MW-F was -14.5, -8.73, and -50.30, respectively, which provides further
evidence for the presence of oxygenated functional groups on MW-F. MWCNTSs
synthesized by the Arc method were obtained from Alfa Aesar in raw form and used as
received (Cat. #42886). Two commercial functionalized MWCNTSs were obtained from
Cheaptubes, Inc. They contained -OH (MW-OH, 2.5%) and -COOH (MW-COOH,
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3.7%) functionalities on the surface as listed by the manufacturer. MWCNTS that had
similar properties but with varying diameters were obtained from Sigma Aldrich (Cat.
#636835, 636509, 636525, 694185) to examine the thermal stability as a function of
diameter. One Sigma Aldrich MWCNT (MW-15) was annealed (graphitized) under inert
conditions at 2000 °C to represent graphitized CNTs (MW-15G). Mitsui MWCNTs
(MW-Mitsui) are commonly used in toxicology studies and were obtained from the
University of Rochester. Low-purity (as received) SWCNTSs were obtained from Sigma
Aldrich (Cat. #636797) and contained mixed chirality. Purified SWCNTSs (>90% carbon,
>75% SWCNTs, <10% Mo/Co) of >50% semiconducting chirality (6,5) were obtained

from SouthWest NanoTechnologies, Inc.

Analytical Method Details

Samples were analyzed using a thermal optical transmittance (TOT) OC/EC
instrument show in detail in Figure SI-7.1. As the sample is analyzed, the volatilized and
combusted carbon travels to an oxidizing oven (MnO- catalyst at 870 °C), where it is
transformed into carbon dioxide (COz). The CO- passes through a methanator (Ni
firebrick—supported catalyst) and is reduced to methane (CHs). The CHas signal is
measured using a flame ionization detector (FID). At the end of the sample run, a known
mass of CHa is injected into the sample oven to calibrate the FID; this known mass is
used for quantification. An external standard of sucrose is used to validate the instrument

calibration.
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Figure SI-7.1. Instrument schematic.

Samples are first heated under non-oxidizing conditions (100% He carrier gas) to
remove volatile OC. The sample chamber is then cooled, switched to oxidizing
conditions (90% He/10% O-), and heated again. For this instrument, temperatures range
from 0 to 920 °C and are set by the user. OC that does not volatilize instead undergoes
pyrolysis to become char or PEC, which has thermal properties similar to EC. Because
the sample darkens as it chars and then lightens as the carbon evolves, optical correction
is used to separate PEC (OC) from EC. A laser (632 nm) is used to measure the
transmittance or reflectance of the sample throughout analysis, and the split between OC
and EC is automatically placed where the transmission returns to its original value after
the char has been removed. Optical correction is only valid if the assumption that OC and
PEC will evolve at lower temperatures than EC is true.

For this study, ultra-high purity gases were used, and an oxygen/moisture trap
(Restek #20601) was put in line with the helium tank. QFFs are constructed of pure
quartz and have a 99.9% aerosol retention efficiency for 0.3-um particles according to the
ASTM standard method, D2986-95a ("ASTM Standard D2986-95a, 1999, "Standard
practice for evaluation of air assaymedia by the monodisperse DOP (dioctyl phthalate)

smoketest"”," 1999). Because this study uses aqueous samples, the retention size cannot
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be used to estimate the nominal pore size, and thus the performance of these filters for
aqueous samples is unknown. Upon use of QFFs to filter the aqgueous CNT suspensions,
which were well dispersed, a black filtrate was evident, and thus filtration through QFF

was deemed a failure for this method.
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Figure SI-7.2. Thermogram example (sucrose) showing how OC, PEC, and EC are
traditionally defined using the NIOSH temperature program. A 100% He carrier gas is
used for non-oxidizing conditions, and a 90% He/10% O carrier gas is used for oxidizing
conditions.

Thermal optical analysis has been used frequently for analysis of black carbon in
air and sediment samples, and because of the difficulty in analyzing black carbon against
a carbon matrix, there is no concurrence on analytical method that should be used
(Hammes et al., 2007; Watson et al., 2005). For high loadings of black carbon where the
sample is too opaque to render a good optical reading, or non-homogenous filter
loadings, such as with sediment samples, optical correction is not possible (Hammes et
al., 2007; Schmid et al., 2001). We evaluated the validity of optical correction for MW-F

CNTs using different split methods for OC/EC separation including two optical splits,
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transmittance and reflectance, and a manual split that was placed between the two carrier
gas conditions. The manual split is considered valid on the basis of the assumption that
when only CNTs are present, all carbon evolving under inert and oxidizing conditions is
OC and EC, respectively. Maximum temperatures of 675 °C and 910 °C were used
during inert and oxidizing conditions, respectively. The MW-F sample was used to
evaluate the OC/EC split methods because it is relatively free of amorphous carbon
(99.9% CNTSs) and is assumed to be ~100% CNTSs. A control filter (blank) showed that
no OC/EC contamination was present owing to exposure of the filters to the air during
drying. The manual gas split was placed between transitioning carrier gas conditions (i.e.,
100% He to 90% He/10% O3), and the automatic transmittance/reflectance splits were
based on optical correction as determined by the laser reading and analytical software.
The gas split provided the most reliable value; approximately 97% of the TC was defined
as EC (i.e., CNTs). The mass lost during the non-oxidizing phase may be attributed to the
oxygenated surface defects, as it is assumed there is no amorphous carbon remaining on
the surface of the CNTSs. If no loss had occurred during the non-oxidizing phase, 100% of
the TC would be CNTs. The transmission and reflectance optical correction splits fared
worse, retaining only 80% and 64% of the CNT mass, respectively. This was because the
split was located where the CNTs evolved, due to a very low optical reading from the
blackness of the CNTs. Therefore, this finding means that when analyzing CNTSs, a
manual split, whether it is based on the carrier gases or a specified temperature, should be
used.

Figure SI-7.3 shows a calibration curve for the MW-F stock solution for 2-100
ug, indicating a good analytical linear range. The method detection limit (MDL) for a
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weak CNT in a simple matrix was calculated using the EPA Method with nine replicates
of MW-F CNTs in a tap water-X-114 mixture (~0.85%). Using a mean mass of
approximately 3.7040.25 pg, an MDL (99%) of approximately 0.72 pg was calculated.
The lower critical limit (LCL) and the upper critical limit (UCL) for 95% confidence
were calculated to be 0.30 pg and 1.02 ug, respectively. The limit of detection (LOD)
and limit of quantitation (LOQ) were calculated to be approximately 1.8 pg and 2.5 pg,

respectively.
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Figure SI-7.3. Calibration curve for MW-F CNT stock solution (0.85 g/L) using a manual
gas split.
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CNT Thermal Behavior
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Figure SI-7.4. Thermograms of CNTs under non-oxidizing conditions using the NIOSH
temperature program.
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Figure SI-7.5. Percent MW-O mass remaining after analysis under non-oxidizing
conditions at various maximum temperatures.
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Figure SI-7.6. Mass loss curves of CNTs under oxidizing conditions.

Raman Spectroscopy
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Figure SI-7.7a shows the Raman spectrograms of the D and G bands for a robust

(MW-P) and a weak (MW-Arc) MWCNT. The robust MWCNT had a large D-band peak

compared to the weak MWCNT, and its Ip/lc ratio was much larger. SWCNTs (not

shown) had similar ratios as the MW-Arc, but because SWCNTS are not as stable as the

MW-Arec, the Ip/lg ratio alone cannot be used to estimate the thermal stability of the

CNTs in a sample. However, combined with the RBM (Figure SI-7.7b), Raman

spectroscopy can be a powerful tool for characterization of the thermal stability of CNTs

in an environmental or biological sample.
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Figure SI-7.7. Raman spectroscopy of (a) MW-Arc and MW-P D-band and G-band peaks
and (b) of the radial breathing mode for SWCNTs (SW) and MWCNTSs (MW-P).
SWCNTSs (not shown) have a very similar D-band/G-band peak ratio as the MW-Arc.
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Figure SI-7.8. Raman spectroscopy of MW-Mitsui in a digest Cyanobacteria matrix
loaded onto a quartz-fiber filter. Inset: Raman microscope image shows the CNT
aggregate (indicated by arrow) used to gather the Raman spectrum.
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Figure SI-7.9. Thermograms of (a) urban air and (b) urban air spiked with 3 pg MW-
Mitsui CNTs. The EC in (a) was determined by conventional air analysis using optical
correction, and the CNTs in (b) by a manual split as discussed in this study.
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Table SI-7.1. Quantification methods for carbon nanotubes

Method Matrix Application Advantages Disadvantages Reference
Only valid for
Near-infrared semiconducting :
fluorescence Sl SEESH ST Low detection limit ~1 ug SWCNTSs; CNTs must be (|_,|' FUEG) Gl L, 2077
water, DO samples - X O'Connell et al., 2002)
(NIRF) fully dispersed; clean
matrix only in D2O
Ultraviolet-visible Stock suspensions in Clean matrix only with
light near infrared  Ultrapure , P Simple, economic, readily i oniy! (Bahretal., 2001; Z. F. Li
water; extracted : HO; good dispersion
absorbance (UV- water samoles available required et al., 2006)
VIS NR) P a
Excellent detection limit DS 15 EOTREmelivee
Fluorescence probe Toxicity studies; fate (2.5 fg); no background C.:NTS LG 53 e Gl .
. Yeast cells ’ e~ ' : . first; may alter (Xiao et al., 2006)
labeling and transport interferences; not biased . .
physicochemical surface
to CNT type .
properties
Lumbriculus . . Difficult, expensive
. . . Toxicity studies; fate Good for any type of ; ’ i (Petersen et al., 2008; L.
Isotopic labeling variegates and transport matrix, no CNT bias isotope labeled CNTs W. Zhang et al., 2011)
Peat must be used
Low volume samples (60
uL max); internal
. . L Very good detection limit  calibration needed each (R. H. Wang et al., 2009;
el cleetrphemss Ul eale L] etz (5 ng); no CNT bias time because of variation ~ R. H. Wang et al., 2011)
in gel, light intensity, and
scan
Thermogravimetric Characterization of dry . . Only valid for CNTs by
analysis (TGA) CNT only CNTs Simple, economic themselves (Pang et al., 1993)
1 :
Advanced_ I Marine . . Good S RO 2 LT Detection limit ~10 ug; (Plata et al., Submitted
coupled with MS sediments Environmental matrices  from organic and complex instrument 2011)
(TGA-MS) elemental carbon P
Temperature .
programmed CNT only Dry CNT samples Simple, economic CNT only matrix ﬁlxgizzgft;;'s’aiggléoog)
oxidation (TPO) ’
Chemothermal . . . Simple, economic, can Recovery is dependent on
oxidation, 375 °C L\ggirmeGnts g:t-;iég el separate CNTs from black  type of CNT (e.g., low for  (Sobek & Bucheli, 2009)

(CTO-375)

carbon

CNTs with high defect



9.1

Can't distinguish between

CNTs and carbon

background unless a very  (Tamura et al., 2011)
stable CNT is used (i.e.,

low defect density)

Rat lung Highly graphitic CNTs  Simple, economic, readily
2
Advanced” CTO tissue in complex matrices available

'Hydrogen assisted thermal degradation was used
2Pre-oxidative steps were employed to remove background organic/elemental carbon
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Table SI-7.2. CNT Ip/lc ratios and the temperature at 50% CNT mass loss under oxidizing conditions

CNT ID I/lg Oxidation Temperature (°C)* | CNT Thermal Classification
MW-O 1.3+0.10 715

MW-P 1.4+0.12 675

MW-F 1.5+0.12 650

MW-15 0.78 + 0.050 778

MW-20 1.3+0.10 716 Thermally “Weak”
MW-30 1.2+ 0.090 715

MW-100 12+0.16 715

MW-OH 12+0.18 717

MW-COOH 1.2+0.19 715

SW 0.080 = 0.060 651

SG-65 0.13 +0.90 593

MW-15G 0.52 +0.023 844

MW-Mitsui | 0.10+0.014 867 Thermally “Strong”
MW-Arc 0.20 + 0.060 907




Detection of Graphene

Graphene is essentially a SWCNT unrolled or a single sheet of graphite thickness
of one carbon atom. As such, the same quantification method developed for CNTs, PTA,
can be applied to graphene. Figure S1-7.10 shows the fraction of graphene remaining as a
function of time and temperature under oxidizing conditions (90% O2/10% He). GNPs
had a 50% mass loss temperature of approximately 950 °C, which classifies it as strong.
GO, on the other hand, had a 50% mass loss temperature of approximately 750 °C, which
puts it in the weak category, and, as a result, makes it much more difficult to detect GO in
complex matrices using PTA. This weakness is due to the large amount of oxygen (1:1
O:C ratio). There was also a significant mass loss during the inert phase for the GO,
which was attributed to the oxygenated functional groups. The Ip/lg ratios for GNP and
GO were 0.24 + 0.08 and 1.0 £ 0.05, respectively, which agrees with the thermal stability
classifications. PTA is ideal for GNPs and other non-oxidized forms of graphene, but
oxygenated forms will require reduction pretreatments in order to utilize the PTA

method.
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CHAPTER 8
EXTRACTION OF CARBON NANOTUBES FROM COMPLEX ORGANIC
MATRICES WITH APPLICATION TO RAT LUNG TISSUE*
*To be submitted: Doudrick, K., Corson, N., Oberddrster, G., Eder, A., Herckes, P.,

Halden, R., Westerhoff, P. Extraction of carbon nanotubes from complex organic
matrices with application to rat lung tissue. Nanotoxi.

Abstract
Various treatment methods including Solvable (2.5% sodium hydroxide/surfactant

mixture), ammonium hydroxide, nitric acid, sulfuric acid, hydrochloric acid, hydrofluoric
acid, hydrogen peroxide, and proteinase K were examined for their ability to extract
carbon nanotubes (CNTs) from rat lung tissue. The defining metric was the percent
recovery of CNTs from rat lung tissue after treatment, which was quantified using
programmed thermal analysis (PTA). The recovery was affected by the damage done to
the CNTSs as a result of harsh treatment methods and the amount of interfering carbon
from the rat lung tissue as a result of incomplete digestion. Solvable emerged as the
optimal treatment method because it (1) digested rat lung tissue while keeping the CNTs
intact, (2) maintained a stable centrifuge pellet during sample washing, and (3) did no
damage to the PTA instrument. Although Solvable was the optimal method, a small
amount of interfering carbon (~0.2 ug) still remained, and the addition of a second
treatment step using pro K was necessary to remove this. When approximately 3 pg of
CNTs were spiked into a whole rate lung and then extracted using the two-step digestion
method, a percent recovery of 93+£15% was obtained. This extraction method is ideal for
in vivo studies, and it is applicable to other complex matrices as well (e.g., wastewater
sludge).
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8.1 Introduction

Carbon nanotubes (CNTS) are steadily becoming a viable component in consumer
products, drug-delivery systems, composite materials, and electronics (Endo, Strano, &
Ajayan, 2008). Their increased demand and production warrants consideration of their
environmental and human health impacts. Inhalation and dermal exposure from CNT
manufacturing and through CNT product degradation poses the highest risk for CNT
exposure, with inhalation being the most probable pathway (Aschberger et al., 2010; Han
et al., 2008; Kuhlbusch, Asbach, Fissan, Gohler, & Stintz, 2011; Maynard et al., 2004).
Typically, rats are used as model organisms for in vivo studies that look at the
inflammatory response caused by CNTSs. There have been a number of studies that
explore the effect of CNTs, but currently no information exists on the clearance rates of
CNTs from the lung (e.g., dose metrics). This is mainly due to the lack of methods
available for extracting CNTs from complex matrices (e.g., tissue, wastewater) (Petersen
& Henry, 2012).

Chemical digestion methods are commonly used to extract metals from soils,
sediments, sludges, plants, and animal tissues (USEPA, 1995). These methods use
oxidant, acidic, and alkaline chemicals to break chemical bonds of the solid matrix
through hydrolysis or oxidation (i.e., dissolves solid). Common chemicals used to digest
samples include nitric acid (HNO3), sulfuric acid (H2SO4), hydrofluoric acid (HF),
hydrochloric acid (HCI), hydrogen peroxide (H20.), alkalis (e.g., sodium hydroxide), and
enzymes (e.g., proteinase K). For CNTs in complex matrices, the major challenge is
digesting the matrix while keeping the CNTs intact. Unfortunately, some of the chemicals
used in standard methods, such nitric acid and sulfuric acid, are known to break carbon-
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carbon bonds in CNTs, oxidize the surface, or degrade the CNTs to CO and CO: (Peng &
Liu, 2006; 1. D. Rosca et al., 2005; Tchoul, Ford, Lolli, Resasco, & Arepalli, 2007).

For this study, we use a previously developed method to quantify CNTSs, called
programmed thermal analysis (PTA), that utilizes the unique thermal stability of CNTs
(K. Doudrick, Herckes, & Westerhoff, 2012). Although CNTs are one of the most
thermodynamically stable forms of carbon, these digestion processes may result in carbon
mass loss and/or a decrease in the thermal strength. For lung tissues, alkalis and enzymes
have been shown to effectively dissolve the tissue while keeping minimizing damage to
graphitic-like carbon (Griffis et al., 1983; Searl & Cullen, 1997).

The aim of this study was to develop a method for extracting CNTs from rat lung
tissue. To achieve this we wanted to dissolve the rat lung tissue while maximizing CNT
recovery. Commonly used acids, alkalis, oxidants, and enzymes were examined. The
percent recovery of CNTSs from rat lung tissue was quantified using programmed thermal
analysis (PTA) (K. Doudrick et al., 2012). In this study, two types of multiwalled CNTs
(MWCNT) were used to represent the broad thermal stability spectrum of CNTs (K.
Doudrick et al., 2012). The thermal fingerprint of the CNTs obtained during PTA was
important for determining the change in the thermal stability of the CNTSs after treatment.
Raman spectroscopy was also used to determine if CNT structural damage was evident
(Osswald, Havel, & Gogotsi, 2007). For application to rat lung tissue, we considered the
treatment method to be unsuccessful if it (a) destroyed CNTSs or (b) did not effectively
dissolve the rat lung. The results of this study will expand the knowledge on carbon
nanomaterial extraction from complex matrices, and it will have an impact on carbon
nanomaterial inhalation toxicity studies.
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8.2 Experimental Methods
Materials

Two types of CNTs were used to represent a thermally weak (W-CNT) and strong
(S-CNT) CNT, as determined previously, to represent the thermal stability upper and
lower of the broad spectrum of CNTs (K. Doudrick et al., 2012). The W-CNT
(Cheaptubes, Inc., MWCNT, 20-30 nm diameter, 10-30 pum length as reported by
manufacturer) and the S-CNT (Mitsui & Co., MWCNT, 40-50 nm diameter, 10-20 um
length as reported by manufacturer) were suspended in ultrapure water with the aid of a
dispersion media similar to that used in rat lung CNT exposure studies (Porter et al.,
2008). The dispersion media consisted of bovine serum albumin (Sigma Aldrich A-2058,
>97%), 1,2-dipalmitoyl-sn-glycero-3-phosphcholine (DSPC, Sigma Aldrich P-0763,
>99%), and sodium chloride (NaCl, Sigma Aldrich S7653, >99.5%). Chemicals used for
digestion included, 67-70% (15.8 M) HNO3z (EMD NX0409-2), 98% (18.4 M) H.SO4 (JT
Baker 6902-05), 30% (9.8 M) H20> (JT Baker 5155-01), 32-36% (11 M) HCI (EMD
HX0603-3), 40% (22.6 M) HF (JT Baker 6904-05), 28-30% (14.8 M) NH4OH (Sigma
Aldrich 320145), Solvable (Perkin Elmer; 2.5% NaOH, 2.5-10% N, N-
dimethyldodecylamine N-oxide, 2.5-10% polyethylene glycol trimethylnonyl ether),
proteinase K (20 g/L) and ATL buffer (QIAGEN 19131, 19076). The ATL buffer
composition is mostly propriety; the known components include sodium dodecyl sulfate
(2.5-10%) and edetic acid. Rat lungs were obtained from male Sprague Dawley rats

(Rockland, Inc.), dried at 110 °C, and then ground using an agate pestle and mortar.
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Preparation of CNT Suspensions

First, 10 mL of dispersion medium (DM) was prepared using 3.99 mL 0.9%
NaCl, 6 mL of BSA (1 mg/mL in 0.9% NaCl), and 0.01 mL of DSPC (10 mg/mL in
ethanol, made fresh each stock batch). CNTs were added to obtain a concentration of 0.5
mg/mL (5 mg). The dispersion was stirred briefly and then probe sonicated (Misonix

Sonicator 4000, ¥4 inch tip) in an ice bath for 10 minutes at 50 % power.

Digestion of CNTs and Rat Lung Tissue

The procedure for digesting rat lung tissue and CNTs is outlined in Figure 8.1.
Briefly, S-CNT, W-CNT, or rat lung tissue samples were placed in a 2 mL plastic
centrifuge tube and the appropriate chemical was added. For the CNTSs, approximately 25
pg were added to 1 mL of chemical. The pro K mixture was prepared by mixing 20 pL
pro K, 180 pL of buffer ATL, and 800 pL of water (total volume =1 mL). For chemical
digestion screening for rat lung tissue, approximately 10 mg of dried rat lung tissue was
added to identical amounts of chemical as that for the CNTSs. For recovery experiments,
whole lung tissue was dried in a furnace at ~110 °C, placed in a 15 mL centrifuge vial,
and 5 mL of chemical was added. For all experiments, samples were heated at 60 °C and
mixed intermittently (30 s on at 700 RPM, 5 min off) for 24 hrs. For the rat lung tissue,
initial success was deemed by visual examination; those samples that were dissolved (i.e.,
no visible tissue remaining) were considered successful, while those that still had tissue
remaining were deemed unsuccessful. After treatment, the CNTs were washed three
times with a salt solution (e.g., 0.1 M potassium nitrate to promote aggregation) and
water via centrifugation at 25,000 G’s for 15 minutes. Acidic and alkaline samples were
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neutralized with 1 M NaOH and 1 M HNOs during the initial washing steps (~30 puL was
added). After washing, CNT pellets were loaded onto pre-fired quartz-fiber filters (QFF),

wrapped in pre-fired aluminum foil, dried in air, and then dried in a furnace at 90 °C.

1 mL of vchemlcal 25 ng CNTs‘ and/or 10 mg Heuf and fitik 4660 °C.for
(e.g.. H1\O3)\/ rat lung powder 24 hrs
o Uil
2mL
microcentrifuge
vial
Centrifuge at 25,000 G’s Decant, wash with 0.1

KNOj; and water, repeat
until neutral (min. 3x)

J

CNT pellet

Figure 8.1. Digestion procedure for rat lung tissue and CNTSs.

Programmed Thermal Analysis

PTA was used to determine the thermal stability of the treated CNTs under inert
and oxidizing conditions, and to quantify the CNTSs; its operation is described in detail
elsewhere (K. Doudrick et al., 2012). Briefly, samples were heated using a CNT specific

temperature ramp program (Figure S1-8.1) under 100% He and then heated under
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90%He/10%0,. The maximum temperature under inert conditions was set to avoid loss
of W-CNTs, as found previously (K. Doudrick et al., 2012). The inert heating process is
used to remove any organic carbon remaining after digestion, and the oxidizing heating
program is used to develop the CNT thermal fingerprint. The time required to reach 50%
CNT mass loss was used to determine the effect of the digestion methods on the thermal

fingerprint of the CNT.

Raman Spectroscopy

Raman spectroscopy was performed on a custom-built instrument in 180°
geometry. The sample was excited using a 532-nm laser with 100-mW maximum power,
which was controlled using neutral density filters. The data were collected using an
Acton 300i spectrograph and a back thinned Princeton Instruments liquid nitrogen cooled
CCD detector with a spatial resolution <1 um and spectral resolution of ~1 cm™. The
CNT defect peak (D-band) and the graphitic peak (G-band) were analyzed at four

different points for each sample. The average Ip/lg ratio was calculated.

8.3 Results and Discussion
CNT Thermal Analysis

PTA was used to evaluate the effect of various chemicals on CNTs. Figure 8.2
shows the CNT percent recovery for S-CNTs and W-CNTs. Solvable resulted in the
highest recovery for both CNT types. For some of the digestion methods, good recovery
was not possible because the CNTs could not form a stable pellet throughout the washing
steps, or they adhered to the sides of the centrifuge vials. H. peroxide and hydrochloric
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acid samples stuck to the centrifuge vials and did not form a stable pellet resulting in a
loss of CNTs during decantation. Hydrofluoric acid, pro K, and water samples formed
semi-stable pellets, meaning there was still some slight sticking to the centrifuge tube
sides or the pellet was not fully compact. Solvable and ammonium hydroxide formed
very solid pellets without sticking to the vials; although, pellet formation decreased for
ammonium hydroxide during the washing steps. For the samples that did not produce
more compact pellets, increasing the centrifugation speed (up to 25,000 G’s) or
increasing the time (up to 1 hr) did not improve the pellet formation. A functionalized
version of the W-CNT (F-CNT) was used to determine the applicability of centrifuging
using the most optimal method, Solvable. Even though the functionalized W-CNTSs are
very stable in water, pellet formation was identical to the non-functionalized W-CNTs
(Figure SI-8.2), indicating the effectiveness of using Solvable for hydrophilic CNTs as
well. Because of the issues forming pellets during the washing steps, the recovery results
are not a true indicator of the damage induced by the different methods. As such, other
analyses, such as thermal fingerprint analysis and Raman spectroscopy, were completed

to validate the recovery results.
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Figure 8.2. Percent recovery for S-CNTs and W-CNTs following various digestion
methods (single run).

The thermal fingerprints of the CNTs (Figure SI-8.3) were analyzed to determine
if the chemical digestion methods had an effect on the oxidation temperature. This is
important for two reasons: (1) a significant decrease in oxidation temperature may
indicate mass loss during the digestion, and (2) decreasing the oxidation temperature of
the CNTSs results in an increase in interference with matrices containing carbon with low
oxygen content (i.e., more thermally stable). Figures 8.3 and 8.4 show the peak fraction
of the total CNT area for each temperature step and the time required for 50% mass loss
after treatment under oxidizing conditions with various methods for an W-CNT and a S-
CNT, respectively. Each temperature step (500, 550, 600, 650, 700, 750, 800, 910 °C)
corresponds to a peak (peaks 1-8) in thermal fingerprint of the CNT (e.g., Figure S1-8.3).
The untreated sample (i.e., the raw CNT analyzed as a dry powder) was used as a control.
W-CNTs evolved during peaks 1-6, and S-CNTs evolved during peaks 5-8. The
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normalized area of each peak gives a good idea of the change in the thermal fingerprint of
the CNT after each treatment method. The key factor to thermal stability was the
availability of oxygen on the surface of the CNT.

For both CNT types, the water sample, containing only CNTs and water, was one
of the weakest CNT in terms of thermal stability. This was attributed to the dispersant,
which remained wrapped around the CNT during washing and contributed oxygen during
the thermal analysis. For other methods, the dispersant was destroyed (i.e., oxidized,
hydrolyzed) during the treatment processes. Similarly, the F-CNT was the weakest CNT
overall due to the large amount of oxygenated surface (~6%). The addition of oxygenated
functional groups caused a shift in the maximum peak oxidation temperature of 150 °C
(i.e., peak 6 to peak 3).

For W-CNT samples that had a significant decrease in the time to 50% mass loss
(e.g., hydrogen peroxide), the maximum peak oxidation temperature was shifted 50 °C
(i.e., peak 6 to peak 5), and in general, an increase in the CNT fraction evolving at lower
temperatures. These results show that Solvable, hydrofluoric acid, hydrochloric acid, and
pro K treatments had minimal effect on the W-CNT oxidation temperature. Ammonium
hydroxide, sulfuric acid, nitric acid, and hydrogen peroxide did the most damage to the
W-CNT.

For S-CNT samples that had a marked decrease in the time to 50% mass loss
(e.g., sulfuric acid), the peak oxidation temperature remained at 910 °C, but the amount
of CNT evolving during that step (i.e., peak 8) decreased. Solvable, nitric acid,
hydrofluoric acid, hydrogen peroxide, and pro K did not significantly affect the oxidation
temperature of S-CNTs. Ammonium hydroxide, sulfuric acid, hydrochloric acid
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treatments induced some damage to the S-CNT structure, but not enough that the

oxidation temperature was shifted significantly.
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Figure 8.3. Peak fraction of the total CNT area for each temperature step and time
required for 50% mass loss for a W-CNT under oxidizing conditions after treatment with
various methods. Grey shaded area is the functionalized W-CNT (F-CNT) after treatment
with Solvable.
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Figure 8.4. Peak fraction of the total CNT area for each temperature step and time
required for 50% mass loss for an S-CNT under oxidizing conditions after treatment with
various methods.

For both CNT types, ammonium hydroxide and sulfuric acid were the most
detrimental to the CNT, and the slight differences between the other treatments and both
CNTs was probably due to the difference in initial defects and the way the different
treatments react with defects. For example, a mixture of sulfuric and nitric acids has been
shown to first attack available defects and then create new defects (Chiang, Lin, &
Chang, 2011). Beyond CNT damage, some of the harsher treatments resulted in damage
to the PTA instrument tubing and metal from residual acids/alkalis (e.g., sulfuric acid,
nitric acid). While this risk could be minimized with additional washing steps, this

decreases the recovery of CNTSs.
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Raman Spectroscopy of CNTs

Raman spectroscopy has been shown to be a promising characterization tool for
CNTs with spectral peaks that are specific to CNTs or graphite and to no other form of
carbon (Dresselhaus et al., 2005). Between 1300 and 1600 cm™, there are two distinct
peaks for CNTs, called the D-band and the G-band. The D-band is present because of
defects or disorder present within the CNT sample and increases in intensity with
increasing disorder. The G-band is the graphitic band, and a higher, narrower peak
indicates a more ordered CNT. The ratio of the D-band to the G-band (Io/lg) is often used
to determine the defectiveness of CNTs, and it may be possible that this ratio can be used
to estimate the thermal stability of CNTs (Behler et al., 2006; Bhalerao et al., 2008; J.
Chen et al., 2007; Kim et al., 2003; D. K. Singh et al., 2010; Tran et al., 2007).

Figure 8.5 shows the Ip/lg ratio for S-CNTs and W-CNTs after treatment with
various chemicals. For the S-CNTSs, hydrochloric acid and ammonium hydroxide were
the only treatments that had any statistical difference from the control, which is in good
agreement with the thermal analysis. For example, ammonium hydroxide increased the
In/lg ratio from ~0.3 to 0.4, which suggests that some damage occurred but not enough to
have a marked effect on the oxidation temperature. For the W-CNTs, there was not a
change in the Ip/lg ratio for any of the treatment methods. The absence of change is
expected because the W-CNTs already have a high initial defect density, which leaves
little room for the formation of additional defects (Schonfelder et al., 2012). Although
Raman is a useful tool to detect CNTs and determine the oxidation peak temperature of

the CNTs (K. Doudrick et al., 2012), it is not sensitive enough to evaluate the treatment
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methods for CNT loss, and it should only be used to complement the thermal results of S-

CNTs.

1.2 1 wmStrong = Weak
104 * I T v = = * -
2 0.8 H
IS
@
£ 0.6 -
>
0.4 -
0.2 _ I I I I
0.0 n T T T T T T T
o NI 2 X9 "9 9 "9 A &
¥ ") S & > L N S o
S AR N I A
S &8 S & R
g o &

Figure 8.5. Ip/lg ratios obtained from Raman spectroscopy for CNTs after treatment with
using various chemicals (60 °C for 24 hrs).

Rat lung tissue digestion

When dissolving organic matter (e.g., tissue) with acids, alkalis, oxidants, or

enzymes, generally some thermal energy beyond room temperature is needed for activity

to occur in a timely manner. Typically the boiling point of the liquid (i.e., temperature at

reflux) generates the highest activity; this can range from high (e.g., H2SO4 — 337 °C) to

low (e.g., HCI — 84 °C) temperatures. However, at higher temperatures, controlling the

activity of the treatment becomes more difficult (i.e., reacts too fast). For this study,

treating CNTs at the respective reflux temperatures resulted in major CNT loss for strong
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acids and oxidants (e.g., H2SO4, H2032). As a results, the rat lung tissue treatment methods
were evaluated at a mild temperature, 60 °C.

A visual inspection of the samples before and after treatment was used to
determine the efficacy of the treatment methods (Figure 8.6). All alkalis (Solvable,
ammonium hydroxide, tetramethylammonium hydroxide (TMAH), potassium
hydroxide/ethanol (KOH-EtOH)) were effective at dissolving the tissue within the first
hour. However, KOH-EtOH and TMAH are not discussed further because KOH-EtOH
melted the QFFs during PTA, and TMAH produced triethylamines upon heating, which
makes its use non-ideal due to the offensive odor that is produced. The resultant liquid for
the alkalis was transparent yellow and a small pellet was formed consisting of non-
digestible carbon (Figures 8.6a and 8.6b). Nitric acid was very effective dissolving the
tissue within 30 minutes, resulting in a transparent yellow solution with no obvious pellet
(Figure 8.6¢). Sulfuric acid, hydrochloric acid, and hydrofluoric acid all dissolved the
tissue, but the result was a dark liquid consisting of high refractory soluble carbon and
black particulates remained (Figures 8.6d-8.6f), indicating incomplete digestion.
Hydrogen peroxide dissolved most of the tissue, but white visible particulates remained
after 24 hrs, which formed a large pellet of undigestable carbon (Figure 8.6g). Of the
enzymes examined, only pro K (W/ATL buffer) was successful at dissolving the tissue in
the allotted time (Figure 8.6h). Without ATL buffer present, pro K showed no activity
within 24 hrs, indicating the need for activation. Of the various chemicals examined for
dissolving rat lung tissue, Solvable, ammonium hydroxide, nitric acid, and pro K were

deemed the most successful.
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)

Figure 8.6. Rat lung tissue after various digestion methods and centrifugation. (a)
Solvable, (b) ammonium hydroxide, (c) nitric acid, (d) sulfuric acid, (e) hydrochloric
acid, (f) hydroflouric acid, (g) hydrogen peroxide, and (h) pro K.

Demonstration of Final Digestion Method: Recovery of S-CNTs from Rat Lung Tissue
Screening results of the different treatment methods indicated that Solvable was
the most effective for dissolving rat lung tissue without causing extensive CNT loss.
Solvable was also effective because of its ability to form stable CNT pellets during
washing and the low risk of damage to the instrument (i.e., 5% -OH compared to 30% for
NHsOH). Figure 8.6a shows the thermal fingerprint for rat lung tissue during the
oxidation phase after treatment with Solvable (no CNTSs). Although Solvable was
successful at hydrolyzing the tissue and removing most of the interfering carbon, some
hydrolysate still remained in the pellet (e.g., Figure 8.5a), resulting in a small amount
(~0.2 pg) of interfering carbon remaining. Pro K, which is known to be very effective at

cleaving peptide bonds and catalyzing the hydrolysis process, was used as a follow-up
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digestion method. Figure 8.6b shows the fingerprint of the rat lung tissue after Solvable
treatment followed by pro K treatment. The pro K was successful at eliminating the
remaining interfering carbon. This two-step method was selected as the final method for

recovery of CNTs from rat lung tissue.
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Figure 8.6. Thermograms for a whole rat lung after treatment with (a) Solvable followed
by (b) pro K. Data has been cropped to show only the temperatures that S-CNTs oxidize
at (i.e., ~650-900 °C).

The final digestion method was used to determine recovery of approximately 3 pg
S-CNTs from whole rat lungs (dry weight ~0.29). As a control, 3.6 ug of S-CNTs was
treated with the two-step digestion method. The average recovery for triplicate samples

was 3.3+0.09 g, or about 91% recovery. This indicates minimal loss of S-CNTSs as a

result of the two-step digestion method with intermittent centrifugal washing.
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The process was repeated for whole lungs spiked with S-CNTs. The average
recovery for triplicate samples was 2.8+0.44 g or approximately 93+15%. This shows
that interfering carbon from the rat lung tissue was removed and S-CNTs were
successfully recovered from the rat lungs using the two-step digestion method developed

herein.

8.4 Summary and Conclusion

This study examined a number of chemicals commonly used to extract metals
from complex matrices for application to CNTSs. The results were applied to rat lung
tissue, but will have an impact other studies focused on other complex matrices such as
composite materials and sediments. Solvable proved to be the most effective at dissolving
rat lung tissue while maintaining a high percent recovery of CNTs. Removing all
interfering carbon from the rat lung tissue required the development of a two-step
digestion method using Solvable and pro K.. Recovery of S-CNTSs from rat lung tissue
was efficient with a percent recovery of approximately 93%, indicating the ability of this

method to be used in in vivo studies.
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8.5 Supporting Info
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Figure SI-8.1. PTA program for evaluating CNTs

Figure SI-8.2. Image of functionalized W-CNT pellet after treatment with Solvable.
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CHAPTER 9
SYNTHESIS CHAPTER: A FRAMEWORK FOR ENGINEERING

PHOTOCATALYSTS FOR NITRATE TREATMENT

Introduction

As the human population increases so will the demand for food and water. In
order to meet food demands, we will need to use more fertilizer, and as a result, nutrient
pollution in our waters will increase. Of these fertilizer nutrients, nitrate remains the most
problematic, causing depleted oxygen zones and reducing the amount of potable water.
Production of nitrate-based fertilizers have also unbalanced the natural nitrogen cycle by
taking nitrogen from the atmosphere without returning it. The physico-chemical
properties of nitrate makes it problematic for nitrate removal in a water treatment plant.
Currently, ion-exchange and separation (e.g., reverse osmosis) are the most commonly
used methods. These are physical removal processes that leave a concentrated brine
waste solution requiring further treatment or disposal, and they does not solve the
nitrogen cycle issue.

New treatment methods such as biological and catalytic denitrification are
destructive turning nitrate into nitrogen gas, but they have disadvantages that make them
unsuitable as a permanent solution. For example, biological treatment carries the risk of
cross-contamination, and the systems are slow to start up and difficult to maintain.
Catalysts are effective and reusable, but they require a non-renewable energy source such
as hydrogen and expensive materials such as palladium, making them an unsustainable
option. Photocatalysis holds the promise of catalysts and uses a renewable energy source,
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sunlight. The key to engineering new photocatalysts will be using abundant and stable
materials that absorb a majority of the solar spectrum.

The goal of this chapter is to use the results presented in this dissertation to
develop a framework for engineering more efficient nitrate-selective photocatalysts. First,
a summary of the photocatalytic mechanisms of nitrate reduction found in the literature
and presented in this dissertation is given. This summary is used to develop a conceptual
framework for designing photoelectrochemical systems (e.g., heterogeneous
photocatalysts) specifically for nitrate treatment in water. The strategy used to develop
this framework is applicable for other water pollutants (e.g., chromate), among other
things (e.g., CO> to fuel). When engineering photocatalysts specifically for nitrate
treatment in water there are five things that we must design for including (1) efficient
removal at neutral pH, (2) ability to use water as a hole scavenger, (3) N2 by-product

selectivity, (4) stability in water, and (5) non-toxic to humans and the environment.

Photocatalytic Reduction of Nitrate

The one-electron reduction potential for nitrate (NO3) to the nitrate ion (NO2") is
very high (E° = -1.1 V) (Cook et al.,, 2001), which is more negative than most
semiconductor chemical potentials. So, the most probable first step in the photocatalytic
nitrate reduction process is nitrate to nitrite (NOsz™ + 2H" + 2 > NO2 + H0), which
requires two electrons and has a more positive redox potential (E° = 0.88 V). Because this
is a multi-electron transfer (n = 2), the reaction will be most efficient when two electrons
are transferred simultaneously (i.e., electron-coupling). Because protons are also involved
in nitrate reduction, protons should also be localized near the coupled electrons. This

201



overall process is considered a multi proton-coupled electron-transfer (PCET). For nitrate
reduction over TiOz, the multi-PCET pathway is very important as shown in Chapters 2
and 3, where no nitrate reduction occurred at neutral pH. Also shown was that nano-silver
islands loaded onto the surface of TiO allowed for nitrate reduction at neutral pH. Silver
(Ag) is an effective source for pooling and localizing electrons (Takai & Kamat, 2011),
which facilitates the multi-electron reactions and may lower the overpotential for nitrate
reduction steps. At acidic pH, nitrate reduction was observed under all conditions tested
and no aqueous nitrogen by-products (e.g., ammonium) remained. Getting past nitrite is
possible at acidic pH, but not at neutral pH, even when an electron localization/trapping
site (i.e., Ag) is present. This suggests that proton localizing near the electron trap site is
very important for moving past nitrite and achieving reduction to N. at neutral pH.
Examining the pKa of nitrite, which is about 3.3, may shed some light on this matter. Near
this pH is where the by-product swing from N2/NH4* to NO>™ occurs. This suggests that
moving past nitrite requires HNO2, which is in good agreement with the proton localization
theory since the proton would already be coupled to the nitrite ion and readily available to
participate in the PCET reaction. So, the two-electron reduction of nitrate to nitrite has a
significant potential barrier, and the barrier for moving beyond nitrite seems to be even
greater as a result of non-localized protons. Determining the activation magnitudes and
designing for these barriers will be key to developing an N selective photocatalyst at
neutral pH.

The oxidation reaction must also be considered when looking at the probability of
a successful photocatalytic reaction and the mechanisms of nitrate reduction. In the case
of using an organic compound as the hole scavenger (e.g., formate), powerful reducing
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radicals may be produced (e.g., CO>"), and these could facilitate the one-electron
reduction of nitrate. However, as discussed in Chapter 3, in the case of formate and on
the basis of stoichiometry, formate is used as a two-hole scavenger and there is no clear
evidence that these radicals are being produced when using TiO- for photocatalytic
nitrate reduction. This evidence adds to the importance of designing for the PCET
reactions. To move beyond using an organic hole scavenger and move toward using
water as a hole scavenger, we must consider the water oxidation process carefully. Water
splitting is one of great interest to the energy community and has taken a front seat as one
of the most promising options for sustainable energy. Water oxidation to oxygen gas
requires four holes and is most efficient using a PCET (Gagliardi, Vannucci, Concepcion,
Chen, & Meyer, 2012; Gagliardi et al., 2010; Huynh & Meyer, 2007; F. Liu et al., 2008).
Similar to nitrate, the intermediate one-electron steps are slow and require a large
potential barrier (e.g., OH+/H.O = 2.31 eV). If the two reactions are coupled together,
competing multi-electron, multi-proton reactions occur, resulting in a kinetically slow
redox reaction. Furthermore, the intermediates from nitrate reduction are likely to
compete for the hole site with the more difficult water oxidation reactions, further
limiting the overall redox reaction. So, in order for the photocatalyst to be efficient at
reducing nitrate using water as a hole scavenger, a water oxidation specific
photocatalyst/co-catalyst will be required and the reaction will have to be tailored to

reduce the back-reaction of intermediates (e.g., NO2, H>).
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Choosing the Photocatalyst

The first step to designing a photocatalyst for nitrate reduction is selection of the
photocatalyst materials. For the photocatalyst, the bandgap, the chemical potential, the
type (i.e., n-type or p-type), and the material composition (e.g., metal oxide or metal
sulfide) will all be important. These material properties will affect the oxidation-
reduction potential, absorption properties, surface charge, toxicity, aqueous stability, and
pollutant selectivity.
Through bandgap excitation, the photocatalyst generates the electrons and holes that are
necessary for oxidation-reduction reactions. The conduction band (CB) minimum of the
photocatalyst is often used to estimate the electrochemical potential (i.e., the energy
binding an electron inside the semiconductor), but the Fermi level or chemical potential is
a better measure of the true electrochemical potential. For example, in an n-type
semiconductor, the Fermi level lies very near the CB, but in a p-type the Fermi level is
closer to the valence band (VB) maximum. Generally, an n-type semiconductors will
have a more reductive potential and a p-type a more oxidative potential. This is the first
characteristic that should be considered when selecting a photocatalyst for a specific
pollutant because if the potential does not have the appropriate magnitude then treatment
of the pollutant(s) will be (theoretically) impossible. Generally, this potential should be
greater than the theoretical value due to kinetic overpotential barriers (e.g., reduction of
nitrate to nitrite). In the case of a heterogeneous photocatalyst, where all reactions are
occurring on the same surface, both the oxidation and reduction potentials must be
considered. For oxidation to occur, the VB must be more positive than the oxidation
potential, and for reduction to occur the CB must be more negative than the reduction
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potential. In other words, the bands should straddle the redox reactions of concern. An
example of this is shown in Figure 9.1 and Figure 9.2 for a number of metal oxide and
metal sulfide photocatalysts, respectively, with the nitrate reduction (to NO2) and the

water oxidation (to O,) potentials listed as a reference.

205



| NO,/NO,
0,/H,0

00
sozel |
094 |
€01LND |
€094A |
€011 |
€01LuZ |
ozn |
zolL |
ouz |
€OILUN |
09d |
OIN |
€079 |
€0z |
LOT11eT |
eozul |
€OGNI |
€OILSN |
€OINY |
EOILIV |
ous |
€oely |
coeln |
OUN |
€oeleN |
€0zql |
2047 |
€OILIS |
€0TMd |
gozws |
€0TAA |
€0zeo |
€OTPN |
eozel |

(o]

TT T T T T T T T T T T T T T T T T 1T

o -

(A9) |enuaod

o~

NO,/NO,"
0,/H,0

COUN

r0Ogad

L07eLTZ3H

LOTANTZEH

OpPd

EOM

08H

HOO®4

ond

€0c¢!lg

€0¢as

€0¢d

SOCA

610¢T°49d

€O0ILIN

o4\

¥0¢24pPD

€0!110D

(0]%0)

SOZAN

€olled

€07IL

cous

206

(A®) |ennuarod

Figure 9.1. Band gaps of various metal oxides along with the reduction potentials for nitrate (to nitrite) and water (to oxygen).

Data adapted from (Y. Xu & Schoonen, 2000). All numbers are subscripts.
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Metal oxides tend to have better oxidation potentials than metal sulfides because
of the O 2p orbitals that put the VB around 3 eV. Metal sulfides will have nearly the
same reduction potentials as metal oxides because of the metal forming CBs, but with
more negative oxidation potentials because of the s-shell formed valence bands. This
results in a photocatalyst with a smaller bandgap that is ideal for reduction reactions.
Unfortunately, most metal sulfides are not stable in water and suffer from self-oxidation.
Some metal oxides, such as the rare-earth oxides and ZrO2, have both a high reduction
and oxidation potential, but this results in a large bandgap, which requires more energy
for activation. Combining two small bandgap semiconductors in tandem that have both a
strong oxidation and reduction potential will be the key to developing a nitrate reduction
photocatalyst.

Besides oxidation-reduction potential, the structure of the bandgap also affects the
efficiency of the reaction. The bandgap takes two forms: direct and indirect. A direct
bandgap is defined as the CB minimum and the VB maximum having the same
momentum, thus the transfer of the electron is direct. An indirect bandgap has an unequal
momentum, and, thus, a phonon must be used to overcome the crystal momentum. As a
result, the direct bandgap is more efficient at absorbing light and generating charge
carriers compared to the indirect bandgap, which requires the extra step of momentum
transfer. However, more efficient charge generation in the direct bandgap also results in a
more efficient radiative recombination rate. Ideally, the photocatalyst will be a direct
bandgap to ensure efficient charge transfer and this will be coupled with an additional

material that inhibits radiative recombination (e.g., Schottky barrier, indirect bandgap
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material). In the case of an indirect bandgap material, non-radiative recombination would
dominate (e.g., point defects and grain boundaries).

Stability is another concern when choosing a photocatalyst for water treatment
applications. Metal oxides such as TiO2 and ZrO; are generally stable. There are
exceptions, such as ZnO, which is unstable at acidic and basic pH. Chalcogenides such as
sulfides (e.g., ZnS) are also unstable. For those photocatalysts that are unstable, the
photocatalyst oxidizes itself in the absence of a sacrificial hole scavenger other than

water.

Heterojunction Photocatalyst

A heterojunction is formed when two photocatalysts are joined to form one
composite material. Heterojunctions are important for separating the charge carriers,
improving the oxidation and reduction potentials, separating oxidation and reduction
reactions, and reducing the rate of recombination. A good example of a heterogeneous
photocatalyst is P25 or P90, mixed phase TiO. photocatalysts consisting of anatase and
rutile. Anatase has an indirect bandgap and rutile has a direct bandgap. The mixed-phase
characteristic of this commercial material is believed to contribute to its high activity
(Hurum et al., 2006; Hurum, Agrios, Gray, Rajh, & Thurnauer, 2003; Hurum et al.,
2005). In this case, excited electrons are transferred to the CB of rutile, which lies below
that of the anatase CB, thus facilitating charge separation and preventing the likelihood of
recombination. When designing for a photocatalyst for nitrate reduction, a heterojunction
can be utilized by selecting two photocatalysts that are ideal for the oxidation and
reduction reactions.
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Choosing the Co-Catalyst

The main purpose of the co-catalyst is to control the by-product selectivity and to
improve reaction Kinetics. The co-catalyst material is generally loaded onto the surface of
the photocatalyst in a particulate heterogeneous system. For nitrate reduction and metal
co-catalysts, choosing a co-catalyst that forms a Schottky barrier with the semiconductor
is ideal because it creates electron storing in the metal (e.g., Chapter 4). Metals that form
ohmic contacts result in lowered nitrate reduction activity because of the lack of potential
barrier between the metal and the semiconductor. Results presented herein have shown
that silver is the best choice as a co-catalysts for photocatalytic reduction of nitrate
because of its ability to store electrons and ideal by-product selectivity. In a
photoelectrochemical system, silver would serve as the counter electrode for nitrate

reduction.

Water as a Hole Scavenger

When dealing with nitrate reduction in water, typically nitrate is more selective
for electrons than protons (with some material exceptions, e.g., Pt). However, with
regards to interfacial transfer in TiO>, the rate of recombination is faster than the rate at
which electrons transfers to the nitrate molecule. This is because the rate of water
oxidation (i.e., hole scavenger) is very slow, thus leaving the hole available for
recombination. As such, nitrate reduction over TiO2 using water as a hole scavenger is
not efficient. Generally, this limitation is overcome by adding a hole scavenger, one that

has fast oxidation Kkinetics, to the system to retard the rate of recombination, thus
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allowing for nitrate reduction. However, for drinking water applications, addition of a
hole scavenger is not desired.

There have been a number of photocatalysts that have been shown to be efficient
at oxidizing water (A. Kudo & Miseki, 2009). The most efficient photocatalysts were
selected and tested for nitrate reduction with and without an additional hole scavenger.
Additionally, various co-catalysts were loaded to examine their ability to catalyze the
water oxidation reaction. Photocatalysts that were examined are listed in Table 9.1. Some
were purchased from commercial source (listed), others were synthesized (see Chapter
6). Photocatalysts were examined at 1 g/L using 100 mg-N/L nitrate. Interestingly, none
of the photocatalysts tested had any nitrate removal activity using water as a hole
scavenger after two hours exposure using the 450-W UV lamp photoreactor described in
Chapter 3. Even when formic acid was added, no removal was observed, with the
exception of ZrO,, which had some activity. Lanthanum doped sodium tantalate loaded
with nickel oxide (NaTaOs:La/NiO) has the highest water oxidation reported (Kato et al.,
2003). This material was tested for 15 hrs achieving approximately 75% nitrate removal
and 25% selectivity to nitrogen gas was observed, with the rest being nitrite. This was
attributed to the back reaction of nitrite to nitrate at the hole site, which is preferential
over water oxidation, and similar results have been observed previously for TiO:
(Kominami et al., 2010). So, designing a photocatalytic system that separates the nitrate
reduction and water oxidation reactions will be necessary to achieve efficient nitrate

reduction using water as a hole scavenger.

211



Table 9.1. Summary of materials tested for photocatalytic nitrate reduction using water
as a hole scavenger. HT: Hydrothermal; photo-loaded: photoreduction method; SS:
solid-state.

Photocatalyst Synthesis Method
NaTaOs (Commercial) Commercial, Materion
NaTaOs Hydrothermal
NaTaOs3 Sol-gel

NaTaOs Solid state synthesis
NaTaOs/Pd HT/photo-loaded
NaTaOs/lrO2 HT/photo-loaded
NaTaOs/Pd-1rO2 HT/photo-loaded
NaTaOs/Ni HT/photo-loaded
NaTaOs/Ni-450 C HT/photo-loaded
BiVO4 Commercial, Materion
BiVO4/Ag (1%) Commercial, Materion/photo-loaded
BiVO4:Mo SS (5%) Solid state synthesis
WOs3 Commercial, Sigma
SrTiOs3 HT

SrTiOs/Rh(1%) HT/chemical loaded
SrTiOs/Rh(2%) HT/chemical loaded
SrTiOs/Rh(1%)-RuO2  HT/chemical loaded
ZrO2 Commercial, Sigma
NaTaOs:La(1%) Solid state

NaTaOs:La(1%)/NiO Solid state/chemical loaded

Engineering a Nitrate Reducing, Water Oxidizing Photoelectrochemical System

This study has laid out a framework for developing a nitrate-specific
photocatalytic system. In order to use water as a hole scavenger, the nitrate reduction and
water oxidation reactions must be spatially separated to prevent the back reaction of
nitrite to nitrate. Additionally, a co-catalyst for each reaction is need to ensure good
efficiency and appropriate by-product selectivity (i.e., N2). In the case of nitrate, this co-
catalyst should be efficient at electron storage and proton localization.

Figure 9.3 shows a conceptual design of a tandem photoelectrochemical cell that
meets these criteria. For the nitrate reduction reaction, the photocatalyst should be a p-
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type photocatalysts with a CB position below -1 eV and a bandgap less than 3 eV. For the
water oxidation reaction, the photocatalysts should be an n-type with a VB position above
2 eV and a bandgap also below 3 eV. The overall redox potential of the two-photon
tandem system covers a large range without the need for a wide bandgap photocatalyst
(i.e., > 5 eV). The photoelectrodes are separate, thus eliminating back reaction, and each

can be tailored with co-catalysts specific for the reduction and oxidation reactions.

NO3- catalyst
A NO,

o —

HZO HZO catalyst

Electron path
——

Figure 9.3. Conceptual design of a tandem photoelectrochemical system for nitrate
reduction and water oxidation. Er is the Fermi level. CB and VB are conduction band and
valence band, respectively.

In order to develop this tandem cell, information on the atomic-scale mechanisms
will be required for selecting the appropriate materials (i.e., photocatalyst, co-catalyst).
We know that TiO- is a good photocatalyst and silver is a good co-catalyst for nitrate
reduction, but we do not know exactly why (e.g., does it adsorb to silver?). In-situ surface

studies, such as attenuated total reflectance-Fourier transform infrared spectroscopy
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(ATR-FTIR) and Raman spectroscopy, as well as theoretical studies, such as density
functional theory (DFT), are needed to determine exactly why TiO> and silver are unique
for nitrate. The results of these types of studies will be imperative for engineering a

photoelectrochemical system specifically for nitrate treatment.
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CHAPTER 10

SUMMARY, CONCLUSIONS, AND FUTURE RECOMMENDATIONS

10.1 Summary

This overarching goal of this dissertation was to gain additional insight into the
mechanisms and develop new materials for the photocatalytic reduction of nitrate in
water. The dissertation was organized into different chapters to separate the main

objectives that were completed to meet this goal.

Dissertation Objectives

1. Evaluate the ability of three similar, yet distinct, commercial TiO;
photocatalytic nanomaterials for the reduction of nitrate in groundwater, and
determine the material characteristics controlling the nitrate reduction
efficiency. (Chapter 3)

2. Determine the effect of experimental parameters such as pH, nitrate
concentration, hole scavenger concentration, and photocatalyst dose on the
photocatalytic nitrate reduction activity. Provide insight into the role of silver
as a co-catalyst. (Chapter 4)

3. Use TiO2 to photocatalytic treat ion-exchange brine and test the ability of the
treated brine to regenerate the ion-exchange sites. (Chapter 5)

4. Examine metal and carbonaceous nanomaterials as TiO co-catalysts for the

photocatalytic reduction of nitrate. (Chapter 6)
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5. Develop a method for detecting carbon nanotubes in complex environmental
and biological matrices. (Chapter 7)

6. Develop a method for extracting carbon nanotubes from rat lung tissue.
(Chapter 8)

7. Develop a framework for engineering photocatalysts specifically for nitrate

treatment in water. (Chapter 9)

Observations
Chapter 3: Nitrate Reduction in Water Using Commercial Titanium Dioxide
Photocatalysts (P25, P90, and Hombikat UV100)

e Surface area is not the limiting characteristic as expected. Instead, the rate of
recombination, which is dependent on the material properties such as defects,
crystal size, and crystal phase, is the limiting factor. For photocatalysts with
similar recombination rates, surface area was the next limiting factor, and
increasing surface area help to mitigate the negative effects resulting from
groundwater constituents.

e No nitrate removal was observed at neutral pH, which signifies a potential barrier
existing due to either lack of coupled electrons and protons, which are necessary

for the reduction reaction.
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Chapter 4: Photocatalytic nitrate reduction in water: Managing the hole scavenger and

reaction by-product selectivity

Silver plays an important role as a co-catalyst, separating charge carriers and
storing electrons. Silver facilitated the multi-electron proton coupled nitrate
reduction reaction and nitrate removal was achieved at neutral pH.

Although removal was observed at neutral pH, the by-product selectivity was
100% nitrite, indicating that limiting reaction is nitrite reduction (e.g., to NO), and
that proton localization is necessary to move beyond nitrite.

Formate was observed to act as a two-hole scavenger and not a radical producer,
which provides further evidence that a multi-electron transfer is necessary as the
one-electron reduction of nitrate has a very negative potential.

The stoichiometric requirement of formate was determined such thata 1:1
removal of nitrate and formate was achieved, which reduces costs and the risk of

effluent DOC contamination.

Chapter 5: Photocatalytic Reduction of Nitrate Using Titanium Dioxide for Regeneration

of lon Exchange Brine

In synthetic brines, increasing NaCl was found to decrease the photocatalytic rate
of nitrate removal, but beyond 3% NacCl, the decrease was not significant.
Sulfate was found to be the major inhibitor in the ion-exchange brines. Barium
sulfate precipitation successfully removed the sulfate and increased the nitrate

removal rate.
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More than the stoichiometric requirement of formic acid calculated in Chapter 3
was required for efficient nitrate removal. This was attributed to the capture of
electrons by competing anions such as chloride and sulfate.

Residual formic acid in the brine did not inhibit ion exchange performance after
regeneration, and a single washing of the column removed adsorbed formic acid,
leaving the treated drinking water free of cross-contamination.

High chloride concentrations found in brine negated the benefits of adding silver,

most likely due to silver chloride complexation.

Chapter 6: Exploration of Co-catalysts for the Photocatalytic Reduction of Nitrate over

Titanium Dioxide

The addition of palladium and platinum on P90 retarded the nitrate removal rate,
owing to the ohmic nature of their contact and their preference for hydrogen
production.

Beside silver, other coinage metals such as copper and gold were able to increase
the nitrate removal rate, although, not as good as silver. Copper had a higher by-
product selectivity for ammonium than silver or P90 alone.

TiO2 coated CNTs showed no activity for nitrate removal in a heterogeneous
system (i.e., particulate). This was attributed to the electron shuttling away from
the surface of the composite to the CNT core.

TiO2/CNTs and TiO2/Graphene are excellent candidates for electrode materials.
TiO2/Graphene thin films exhibited a photocurrent six times that of TiO thin

films as a result of improved charge transfer to the electrode.
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Chapter 7: Detection of Carbon Nanotubes in Environmental Matrices Using

Programmed Thermal Analysis

A method for detecting CNTSs, termed programmed thermal analysis or PTA, was
developed for quantifying carbon nanotubes.

Two thermal categories of CNTs were discovered, termed “weak” and “‘strong,”
and refers to their thermal stability under inert and oxidizing conditions.

Raman spectroscopy was found to be successful for identifying whether a CNT
fell into the weak or strong category. Those that had an Ip/lg ratio less than 0.75
were strong, and they had little interference with complex matrices. Weak CNTs
had an Ip/lg ratio greater than 0.75 and were more difficult to separate from
complex matrices containing very thermal stable organic (e.g., milk) or
anthropogenic elemental carbon (e.g., soot).

Strong CNT masses of 0.51, 2.7, and 11 ug, corresponding to concentrations of
10, 54, and 220 pug CNT/g cyanobacteria, yielded recoveries of 160 + 29%, 99 +
1.9%, and 96 £ 3.0%, respectively.

The current detection limit at 99% confidence for urban air samples and strong

CNTs is 55 ng/m3 (0.33 pg).

Chapter 8: Extraction of Carbon Nanotubes from Complex Organic Matrices with

Application to Rat Lung Tissue

A method was developed for extracting CNTs from rat lung tissue.
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e Weak alkaline hydrolysis combined with surfactants (Solvable) was found to be
the most effective method for dissolving rat lung tissue while maintaining high
CNT percent recoveries.

e Proteinase K enzyme was used as a follow up method to the alkaline step to
remove remaining interfering carbon that remained after the Solvable step.

e 3 g S-CNTs were spiked into whole rat lungs (dry weight ~0.2g), and the
average recovery for triplicate samples was 2.8+0.44 g or approximately

93+15%.

Chapter 9: Synthesis Chapter: A Framework for Engineering Photocatalysts for Nitrate
Treatment

e Photocatalytic nitrate reduction in water is a step process requiring multiple
PCETs.

e A co-catalyst capable of storing electrons such as copper or silver is necessary to
complete the multi-PCETS.

e A co-catalyst capable of adsorbing and transferring protons is also required.

e Of the photocatalysts examined, titanium dioxide is far beyond other materials in
terms of activity. The hypothesized reason that water oxidizing photocatalysts
were not successful is because of the back reaction of nitrite to nitrate at the hole
site. This can be overcome by separating the oxidation and reduction reactions.

e The key will be to design a tandem photoelectrochemical system that is comprised
of two photoelectrodes, one specifically for reduction (photocathode) and one

specifically for oxidation (photoanode). Each of these should consist of an
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electron mediator such as graphene, and the photoelectrodes should be loaded

with a co-catalysts that facilitates the reactions.

10.2 Conclusions

Nitrate is currently a wide-spread water pollutant that will continue to grow as the
demand for food increases. Current nitrate treatment technologies are not sustainable, and
they do not solve the ultimate problem of completing the nitrogen cycle by returning
nitrate back to dinitrogen. Photocatalysis is an ideal candidate for solving the nitrate
problem because it can utilize solar energy, it is reusable, and it can be tailored to reduce
nitrate to dinitrogen. This dissertation has contributed to the understanding of the
photocatalytic reduction of nitrate. Herein, | presented one of the first studies to focus on
using photocatalysis for a specific pollutant. I also highlighted the need for responsible
engineering when developing new materials, which is to ensure that detection methods
are available for these materials to assist with risk assessment analyses.

One of this biggest issues limiting photocatalysis development for nitrate
reduction was the lack of knowledge on the mechanisms. This dissertation work
highlighted the macro-scale mechanisms and the appropriate application of current
photocatalysis materials. | showed that photocatalytic nitrate reduction proceeds in a
series of step-wise proton-coupled electron transfers, which emphasizes the need for
electron and proton localization at nitrate reduction sites. Commercially available
materials, such as TiO2, were limited to non-direct treatment of nitrate such as ion-
exchange brine wastes because of inability to efficiently use water as a hole scavenger.
To overcome this barrier, we should move away from single heterogeneous
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photocatalysts systems and toward tandem systems that separate the oxidation and

reduction reactions.

10.3 Future Recommendations

In order to advance the photocatalytic treatment of nitrate, nitrate-specific
photocatalysts will need to be developed. Before this can occur, we must know more
about the atomic-scale mechanisms, such as how nitrate interacts with the photocatalyst
and co-catalyst surfaces. One suggestion is to use a theoretical model, such as density
functional theory (DFT), and couple that with in-situ techniques, such as attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR). We also need to
develop high-throughput methods for synthesizing and testing an array of photocatalysts
and experimental conditions. These tools will be necessary for engineering photocatalysts
to be pollutant-specific.

For nitrate, a tandem photoelectrochemical system consisting of a nitrate reducing
photocathode and a water oxidizing photoanode, will be needed to achieve nitrate
reduction under neutral conditions and using water as a hole scavenger. For the nitrate
electrode, a co-catalyst that is good at localizing electrons and protons, and one that is
sustainable (i.e., not Pd) needs to be developed. For the water oxidizing electrode, there is
already a number of studies focused on creating these water oxidizing co-catalysts, and

these should be screened for nitrate specific photoelectrochemical systems.
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