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ABSTRACT

CATALYTIC STRATEGIES FOR ENHANCING ELECTROCHEMICAL OXIDATION OF
1,4-DIOXANE: TiO2 DARK ACTIVATION AND MICROBIAL STIMULATION

1,4-dioxane, a probable human carcinogen, is an emerging contaminant currently being
reviewed by the U.S. Environmental Protection Agency for possible health-based maximum
contaminant level regulations. As both stabilizer in commonly used chlorinated solvents and as
a widely used solvent in the production of many pharmaceuticals, personal care products
(PPCPs), 1,4-dioxane has been detected in surface water, groundwater and wastewater around
the U.S. It is resistant to many of the traditional water treatment technologies such as sorption to
activated carbon, air stripping, filtering and anaerobic biodegradation making 1,4-dioxane
removal difficult and/or expensive. State-of-the art technologies for the removal of 1,4-dioxane
usually apply advanced oxidation processes (AOPs) using strong oxidants in combination with
UV-light and sometimes titanium dioxide (TiO2) catalyzed photolysis. These approaches require
the use of expensive chemical reagents and are limited to ex situ (i.e. pump and treat)
applications.
Here, at Colorado State University’s Center for Contaminant Hydrology, innovative
flow-through electrolytic reactors have been developed for treating groundwater contaminated
with organic pollutants. The research presented in this dissertation has investigated catalytic
strategies for enhancing electrochemical oxidation of 1,4-dioxane in flow-through reactors. Two
types (abiotic and biotic) of catalysis were also explored: (1) dark, electrolytic activation of
insulated, inter-electrode TiO2 pellets to catalyze the degradation of organic pollutants in the
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bulk solution by reactive oxygen species (ROS), and (2) adding permeable electrodes upstream
of dioxane-degrading microbes, Pseudonocardia dioxanivorans CB1190, to pre-treat mixed
contaminant water and provide O2 stimulation to these aerobic bacteria.
For the abiotic form of catalysis, we characterized the properties of novel TiO2 interelectrode material, and elucidated the properties most important to its catalytic activity, using
1,4-dioxane as the model contaminant. The TiO2 was novel in its use as an “inter-electrode”
catalyst (not coated on the electrode and not used as a TiO2 slurry) and in the mechanism of its
catalytic activation occurring in dark (not photocatalysis) and insulated (not typical
electrocatalysis) conditions. Further studies were performed using electrochemical batch
reactors and probe molecules in order to gain mechanistic insights into dark catalysis provided
by detached TiO2 pellets in an electrochemical system. The results of our investigations show
that electrolytic treatment, when used in combination with this catalytically active inter-electrode
material, can successfully and efficiently degrade 1,4-dioxane. Benefits of catalyzed electrolysis
as a green remediation technology are that (1) it does not require addition of chemicals during
treatment, (2) it has low energy requirements that can be met through the use of solar
photovoltaic modules, and (3) it is very versatile in that it could be applied in situ for
contaminated groundwater sites or installed in-line on above-ground reactors to remediate
contaminated groundwater.
Although, 1,4-dioxane appears to be resistant to natural attenuation via anaerobic
biodegradation, some aerobic bacteria have been shown to metabolize and co-metabolize 1,4dioxane. For example, growth-supporting aerobic metabolism/degradation of 1,4-dioxane by
Pseudonocardia dioxanivorans CB1190, has been demonstrated in laboratory studies. However,
previous studies showed that this biodegradation process is inhibited by the presence of
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chlorinated solvents such as 1,1,1-trichlorethane (1,1,1-TCA) and trichloroethene (TCE). This
could dramatically impact the success for in situ 1,4-dioxane biodegradation with P.
dioxanivorans since chlorinated solvents are common co-contaminants of 1,4-dioxane. Our
previous investigations into electrolytic treatment of organic pollutants both ex and in situ
showed that effective degradation of chlorinated solvents like TCE was achievable. In addition,
the electrolysis of water generates molecular O2 required by the CB1190 bacteria as well. This
led us to hypothesize that the generation of O2 could enhance aerobic biodegradation processes,
and the concurrent degradation of co-solvents could reduce their inhibitory impact on 1,4dioxane biodegradation. In flow-through sand column studies presented here, we investigate the
electrolytic stimulation of Pseudonocardia dioxanivorans CB1190, with the expectation that
anodic O2 generation would enhance aerobic biodegradation processes, and concurrent
degradation of TCE would reduce the expected inhibitory impact on 1,4-dioxane biodegradation.
Results show that when both electrolytic and biotic processes are combined, oxidation rates of
1,4-dioxane substantially increased suggesting that aerobic biodegradation processes had been
successfully stimulated. In summary, the results of this dissertation provide evidence of (1)
efficient removal of recalcitrant 1,4-dioxane, especially with the addition of inter-electrode TiO2
catalysts, (2) elucidate possible mechanistic pathways for electro-activated dark TiO2 catalysis,
and (3) provide evidence for successful synergistic performance for electro-bioremediation
treatment during simulated mixed, contaminant plume conditions.
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CHAPTER 1

INTRODUCTION

RESEARCH OBJECTIVES
Our overarching goal is to develop an above-ground electrochemical reactor or in situ
electrolytic permeable reactive barrier that is an effective, economical, and environmentally
responsible treatment for recalcitrant pollutants, such as 1,4-dioxane (our model contaminant).
1,4-dioxane has demonstrated high recalcitrance to biodegradation in anoxic groundwater
environments and conventional groundwater treatments, such as filtration, sorption to activated
carbon, and air stripping, are extremely inefficient for 1,4-dioxane removal.1
Currently UV-light based advanced oxidation processes (AOPs) like UV/H2O2 are able to
effectively treat 1,4-dioxane through the production of hydroxyl radicals, which are powerful
non-selective oxidants. However, these UV-based processes are expensive and limited to ex situ
(i.e. pump and treat) systems. An efficient and practical technology, like advanced chemical
oxidation (AEO) is needed as an alternative to UV/AOPs. The first main objective was to
investigate the treatment efficacy of 1,4-dioxane in flow-through electrochemical reactors
(FTERs), both with and without the addition of inter-electrode TiO2 catalysts. To create
conditions more representative of contaminated groundwater environments, we built laboratoryscale, flow-through electrochemical reactors, and used groundwater-relevant flow velocities and
electrical conductivities. Previous electrolytic studies pertaining to 1,4-dioxane using simple
electrochemical batch reactors showed successful degradation was possible with boron-doped
diamond (BDD) anodes, however this material is not available in the mesh format and is
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considered to be prohibitively expensive for field-scale applications at this time.2 Experiments
were designed to derive optimal conditions and potential challenges applying to flow-through
remediation technologies in the field. In addition, this study is the first to test the selective
electrochemical activity toward 1,4-dioxane of Ti/IrO2-Ta2O5, a different electrode material, and
to include inter-electrode TiO2 pellets as a heterogeneous catalyst that is electrically insulated
and blocked from exposure to any light .This work is described in Chapter 2.
Principal hypotheses related to TiO2-catalyzed permeable electrolytic barriers:
•

Flow-through electrochemical reactors with permeable, mesh Ti/IrO2-Ta2O5 electrodes
can provide effective degradation of 1,4-dioxane under simulated groundwater
conditions.

•

Relative 1,4-dioxane degradation efficiencies will be higher under certain water quality
and flow characteristics, such as having lower 1,4-dioxane concentrations, higher ionic
strength, and slower seepage velocities.

•

Certain operational parameters, such as voltage, current density, and the number of
polarized electrodes in use, can be controlled to achieve targeted 1,4-dioxane removal
outcomes, providing the opportunity for utilizing the least amount of energy and
materials resources whenever possible.

•

Inter-electrode TiO2 pellets will catalyze the electrochemical degradation kinetics of 1,4dioxane in the absence of light and while electrically insulated from the anode.
The second main objective was to gain mechanistic insights into the dark catalytic

activity of TiO2 in electrochemical systems. In these studies, we explored which catalyst
properties were most relevant to the electrochemical activity of different compositions of TiO2
pellets with regards to 1,4-dioxane degradation efficiencies in FTERs and electrolytic batch
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reactors. In addition, numerous probe molecules (e.g. 1,4-benzoquinone, tert-butyl alcohol,
carbon tetrachloride) were used in electrolytic batch reactors to gain insight into what
mechanisms were governing the catalytic activity of TiO2 in the dark electrochemical reactors.
Again, previous studies have examined TiO2 as a photocatalyst or as a non-active electrode
coating material for electrocatalysis. However, previous studies have not examined TiO2 as a
separated and insulated inter-electrode catalyst in dark (non-photocatalytic) conditions. This
work is described in Chapter 3.
Principal hypotheses related to the mechanisms responsible for the improved contaminant
degradation kinetics observed in the presence of electrically insulated TiO2:
•

TiO2 pellets will have higher catalytic activity with greater specific surface area, smaller
crystallite size, and high percentage of TiO2 in the anatase phase. Since, this is not a
photocatalytic process, it is unclear whether the band gap energy will affect activity.

•

Electrode-generated •OH radicals will “drift” downstream (downgradient in an aquifer)
and adsorb onto TiO2 surfaces, forming “surface-active complexes” capable of oxidizing
co-adsorbed pollutants (i.e. 1,4-dioxane and its transformation products).

•

The electric field will induce charge migration/separation within the electrically insulated
TiO2 pellets creating localized partial negative (e- majority) and partial positive (hole or
h+ majority) regions, which then are able to perform chemical reactions with molecules
adsorbed to the surface (i.e. 1,4-dioxane, its intermediates, and H2O).
The third main objective was to examine possible synergistic effects of the electrolytic

degradation of 1,4-dioxane and a common co-solvent, TCE, while also stimulating aerobic
bacteria capable of biodegrading 1,4-dioxane. Previous work has demonstrated the
microaerophilic bacteria Pseudonocardia dioxanivorans CB1190 is capable of metabolizing 1,4-
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dioxane as its sole energy and carbon source.3-5 However, further studies revealed a possible
limitation for in situ field applications in which groundwater is anoxic and/or contains
chlorinated co-contaminants like TCE which can greatly inhibit the microbial degradation of 1,4dioxane.6 This work is described in Chapter 4.
Principal hypotheses related to the synergistic effects observed when combining
electrochemical and microbial degradation of 1,4-dioxane:
•

Electrolysis of water will generate O2 at the upstream anode of flow-through reactors,
providing a necessary e- acceptor for aerobic 1,4-dioxane biodegradation by P.
dioxanivorans CB1190, leading to improved degradation kinetics when compared to
control experiments of microbes without the addition of electrolysis.

•

Direct anodic oxidation of 1,4-dioxane will synergistically contribute to the overall
removal of 1,4-dioxane, resulting in mineralization to CO2, or transformation to more
easily biodegradable products.

•

The highest abundance of CB1190 bacteria will primarily occur downstream of the
charged electrodes due to optimal microbial conditions, rather than between the charged
electrodes where harsh redox and pH conditions are expected to exist.

•

Electrolytic degradation of chlorinated co-contaminants (i.e. TCE) will reduce or remove
the microbial inhibition associated with the biotoxicity impacts of chlorinated solvents.

RESEARCH RATIONALE
Contaminants of emerging concern. The intensification of industrial activities and
development of synthetic chemicals since the latter half of the 19th century has inevitably caused
environmental pollution with dramatic consequences for atmosphere, soils, and waters. Because
of known or potential risks to human and environmental health, these environmental pollution
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problems need to be effectively managed, both with strong regulatory enforcement as well as
adaptation to environmentally benign industrial practices on the front end and comprehensive
remediation strategies on the back end. Despite noble legislative attempts at environmental
protection in the 1970s such the Clean Water Act, Safe Drinking Water Act, and Toxic
Substances Control Act (TSCA), our efforts at environmental remediation have fallen tragically
short.
Unfortunately, scientific literature and recent environmental problems in the news clearly
indicate our surface and groundwater environments continue to become polluted, so much so that
even providing safe drinking water for our homes can be at risk. In 2014, after cost-cutting
measures that switched the source of municipal water for Flint, Michigan, many of the 99,000
residents were exposed to high levels of lead and disinfection byproducts (trihalomethanes) in
their drinking water for 18 months.7 In Ann Arbor, Michigan, accidental releases of 1,4-dioxane
used to produce medical filters created a large 1,4-dioxane plume (levels > 1000 µg/L) under
residential neighborhoods (first discovered in 1984) that continues to contaminate groundwater
used for municipal drinking water, and persists towards the Huron River, another municipal
source of water. No treatment has worked well enough to stops its progression, and just this year
new reports of 1,4-dioxane vapor intrusion into Ann Arbor homes has exceeded safe limits.8
And in another case in North Carolina, multiple wastewater treatment effluents are thought to be
the culprit of 1,4-dioxane hot spots of up to 1000 µg/L in the Cape Fear River Basin. Other
examples of decades-long environmental challenges include river sediment and aquifer exposure
to the insulation chemicals PCBs (polychlorinated biphenyls) used in electrical transformers and
the ubiquitous industrial use of vapor-degreasing, chlorinated solvents like TCE
(trichloroethylene).9
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Although many of our industrial processes and pollutant management systems have
improved over the last 40 years, the majority of Superfund sites have yet to be comprehensive
remediated, accidental releases still happen, and new chemicals with new environmental
problems present themselves each year. The TSCA inventory contains about 85,000
contaminants registered for commercial use and the Chemical Abstracts Service (CAS) of the
American Chemical Society (ACS) registers approximately 15,000 new chemicals and biological
sequences each day.10 This is a daunting number of synthesized chemicals which, while they
surely supply societal benefits, will inevitably produce unknown or unintended negative
consequences when released into the environment. And while other chemicals may not be new,
new information concerning high risk factors has recently emerged, as is the case for
perfluorochemical compounds (PFCs) and 1,4-dioxane. These contaminants of concern (whether
legacy or emerging) create a great need for scientific research into effective remediation
strategies to preserve the environment and protect human health. My research motivation is to
contribute scientifically to finding practical & effective remediation processes particularly for
recalcitrant pollutants in groundwater. Therefore, the overarching goal of my research is to
investigate the best operational parameters for advanced electrochemical oxidation to provide an
alternative treatment option for recalcitrant contaminants that persist in groundwater, with 1,4dioxane being the primary model contaminant of my investigations.

LITERATURE REVIEW
1,4-Dioxane in the environment and its remediation challenges. 1,4-dioxane (C4H8O2)
is a contaminant of emerging concern according to the U.S. EPA. 1,4-dioxane has been detected
in surface water and groundwater all across the U.S., including many federal superfund

6

facilities.11-13 This chemical can have chronic toxic effects to liver and kidney,14, 15 and is
designated as a probable human carcinogen, partially based upon reported cancers in liver, nasal,
and mammary glands in animal research models exposed to high levels of 1,4-dioxane in
drinking water.15, 16
1,4-Dioxane a cyclical ether and an aprotic solvent that is miscible in water, making it a
desirable organic solvent for certain industrial processes. It is especially desirable when reactions
are carried out at higher temperatures, because it has a relatively high boiling point of 101°C. Its
two oxygens are Lewis bases and therefore the molecule can serve as a chelating diether ligand.
The Lewis base properties of 1,4-dioxane are what allow for it to form ligand adducts to “poison”
the unwanted catalytic AlCl3 and prevent degradation of chlorinated solvents stored in aluminum
barrels. Historically, this stabilizer function of 1,4-dioxane was widely used to preserve chlorinated
solvents in vapor-degreasing applications, and due to improper disposal and accidental spills is the
most common environmental exposure route.12, 14
Environmental exposure can come from many other sources as well due to 1,4-dioxane's
continued use in industry. It is still used as a wetting agent in paint strippers, textiles, and paper
processing.17, 18 1,4-Dioxane is also generated as a by-product or impurity during the synthesis of
many important products such as polyethylene terephthalate (PET), polyoxyethylene nonionic
surfactants, and cosmetics.12, 14 Additionally, residues of 1,4-dioxane may be present on certain
food packaging materials and on food crops treated with pesticides containing 1,4-dioxane (such as
vine ripened tomatoes).14
In comparison to many other organic solvents, 1,4-dioxane has very low octanol-water and
organic carbon partition coefficients (log Kow= -0.27 and log Koc= 1.23) allowing accidental
releases to rapidly leach into groundwater, forming large and dilute plumes, often in combination

7

with other industrial solvents. U.S. state regulations for potable water and groundwater currently
mandate maximum contaminant levels (MCLs) very near to the current EPA guideline for 1,4dioxane in potable water of 0.3 µg/L. 1,4-dioxane is not only persistent, but once released into
groundwater it is also difficult to treat due to its miscibility with water, low sorption affinity, and
low volatility. Current conventional water treatment practices such as sorption to activated carbon,
air stripping, filtration, and anaerobic biodegradation have proven to be relatively ineffective at
removing 1,4-dioxane from water. Therefore, more aggressive technologies are needed for
remediation of groundwater contaminated with 1,4-dioxane.
Currently applied technologies that effectively degraded 1,4-dioxane are UV/AOPs that
generate ·OH radicals by the application of high energy UV light to chemical reagents such as
ozone (O3) or hydrogen peroxide (H2O2) and are sometimes enhanced by aqueous slurries of TiO2
to catalyze production of ·OH from the surrounding water. 19 18, 20, 21 The need for UV light and
input of additional chemical reagents (H2O2, O3, Fe+2) has been a critical limitation in full scale
treatment technologies due to high operation and maintenance costs of powering racks of UV
lamps and continually supplying strong chemical reagents. Other obstacles preventing widespread
use of UV-based AOPs include the low quantum efficiency of incident photon to electron transfer
oxidation reactions due to fast electron/hole recombination reactions, difficulty in post-treatment
recovery of TiO2 catalyst often used as a slurry, and unwanted quenching of reactive oxygen
species by non-target organic molecules in the environmental matrix.22, 23 Furthermore, UV-based
AOPs are limited to more costly ex situ applications such as "pump and treat” where groundwater
is pumped from underground to be chemically treated in above-ground reactors before the treated
water is then reinjected into the aquifer. Due to these limitations, there is high interest in
alternative 1,4-dioxane removal technologies that are more cost-effective and able to treat
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groundwater via in situ applications. Based upon other UV-based AOPs in the literature which
were effective at degrading 1,4-dioxane and previous successes our laboratory group had with
electrochemical degradation of other organic contaminants, we hypothesized that electrolytic
oxidation of 1,4-dioxane may be a feasible alternative treatment, even in a flow-through
application.
Advanced electrochemical oxidation. Many studies of water treatment spanning the last
two decades have established the efficacy of electrochemical degradation for aqueous organic
contaminants, including the removal of textile dyes, pesticides, chlorinated solvents, and highly
persistent perfluorinated compounds24-29. Previous research has also demonstrated the
advantages of electrochemical degradation, including the tunability and versatility of oxidation
and reduction potentials, the ability to achieve high conversion rates to CO2 (full mineralization)
using relative low energy, and a clean reagent– the electron.2, 23, 24, 30-32 Many prominent
researchers in the electrochemical degradation field, such as C. Comninellis, C.A. MartinezHuitle, M. Panizza, and G. Cerisola have published extensively on proposed models describing
the mechanism for anodic oxidation processes as being initiated by physisorbed or chemisorbed
•

OH radicals generated from the electrolysis of water.2, 32, 33
To summarize the dominant mechanistic theory, electrochemical oxidation (or electrolytic

treatment) is an emerging AOP that can completely mineralize aqueous organic compounds
mediated by highly reactive hydroxyl radicals generated from the electrolysis of water (eq. 1). 34-36
H2 O → ·OH + H + + e−

(1)

In many instances, organic pollutants can be degraded by direct anodic oxidation as shown
in equation 2 below, where an electron is transferred from the contaminant (RH) to the anode.37, 38
RH → R· + e− + � +

(2)
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More specifically, the model proposes that the initial reaction of the anode (denoted as M)
with water produces a physisorbed hydroxyl radical M(•OH) (equation 3). In the case of “nonactive” electrodes, like BDD anodes, the •OH remains loosely sorbed and is readily available for
oxidation reactions with any nearby organic molecules via hydrogen abstraction or addition across
π bonds. The continual production of these physisorbed •OH are non-selective in their oxidation
capacity and therefore full mineralization of organic pollutants (R) is more efficiently obtained
(equation 4). The competing reaction to form molecular oxygen is shown in equation 5.
M + H2O  M(•OH) + H+ + e-

(3)

3 M(•OH) + R  M + CO2 + H2O + H+ + e-

(4)

M(•OH)  M + ½ O2 + H+ + e-

(5)

For surface “active anodes”, like the Ti/IrO2-Ta2O5 mesh electrodes used in the
experiments presented here, the more dominant pathway is thought to be one in which a higher
oxide (MO) of the metal oxide coating can be formed. This is more of a “chemisorbed •OH”, and
the literature generally describes this species as being more selective in its oxidation capacity and
not as capable of leading to full mineralization of pollutants to CO2.30
M(•OH)  MO + H+ + e-

(6)

MO + R  M + RO

(7)

MO  M + ½ O2

(8)

Some batch reactor studies have shown successful degradation of 1,4-dioxane using
electrochemical oxidation.21, 39, 40 De Clercq, et al., was able to achieve 92% COD removal of 1,4dioxane using solely electrochemical treatment on a boron-doped diamond anode and proposed
that complete oxidation takes place due to electro-generated hydroxyl radicals.40 Other
investigations have demonstrated that electrochemical treatment could be combined with
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photocatalysis or ozonation to oxidize recalcitrant 1,4-dioxane. Kushimoto, et al., combined
electrolysis with ozonation using a two compartment reaction cell and a solid electrolyte to
degrade 1,4-dioxane, and Yanagida, et al., utilized the adsorption and desorption effects of voltage
switching to assist photocatalytic degradation of 1,4-dioxane.41, 42 However, these electrochemical
degradation studies primarily focused on wastewater and/or surface water treatment; very few
studies have been related to electrochemical degradation technologies for groundwater
applications.
The study presented here is the first to use flow-through electrochemical reactors to
investigate the potential for treatment of 1,4-dioxane in groundwater. Figure 1.1 is a conceptual
diagram of what permeable electrolytic barriers look like when installed in the ground.

Figure 1.1 A conceptual diagram of an in situ permeable electrolytic reactor.

The reactor consists of parallel sets of closely spaced (e.g. 5-10 cm) permeable electrodes
transverse to groundwater flow through a solvent plume. The application of a low DC voltage
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difference between the electrodes induces aqueous oxidation reactions at the anode (positive) and
reduction reactions at the cathode (negative). Field-scale permeable electrolytic barriers have been
installed by the Center for Contaminant Hydrology (CCH) in the past. In one field application
using up to 6.5 Volts, chlorinated solvents were treated at F.E. Warren Air Force Base in Cheyene,
Wyoming. This study demonstrated that the electrical cost to power this technology was low,
averaging $0.013/m2/day during 18 months of operation, all while reducing TCE flux
concentrations by 90 to 95%.43 A second field demonstration was performed by the CCH group to
successfully degraded energetic compounds, like trinitrotoluene, at the Pueblo Chemical Depot in
Colorado.44 Photos in Figure 1.2 show the installation of mesh electrode barriers into the
subsurface and the solar panel array that was used to supply all power needed for the reactor.
TiO2 as a catalyst. We hypothesized that an inter-electrode catalyst will provide
additional reactive surface area, in addition to the electrode surface, to enhance the oxidation
rates of 1,4-dioxane. In preliminary studies conducted in the laboratory comparing possible
inter-electrode catalysts, the highest organic pollutant removal efficiencies were achieved by
titanium oxide (TiO2) based catalysts compared to activated carbon and zeolite. The TiO2
provides a catalytic surface within bulk volume between the electrodes, and have been
immobilized through a pelletization fabrication process which prevented losses of catalytic
material through the small openings in the mesh electrodes. The idea for using TiO2 as an interelectrode catalyst was inspired by its widespread use in photocatalytic degradation or organics in
water– however, instead of high energy UV photons, the production of ·OH radicals and the
energetics of the reactions will be driven electrochemically. Additional benefits of electrolytic
treatments include tunability of its oxidizing potential via voltage control, ease of automation,
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and environmental and cost benefits that come with not requiring the addition of strong chemical
reagents.

Figure 1.2 Installation photos of field demonstration of an in situ electrolytic barrier. A) Setting
the mesh electrode panels inside the trench box, B) emplacing a cement/bentonite seal at the base
of the barrier to limit underflow, C) sheet pile prior to backfill with native sands, and D) solar
panels powering the permeable electrical barrier sustainably at the Pueblo Chemical Depot. Photos
are used with permission of Sale, et al. (2010) SERDP-ESTCP Project ER-0519.44

Since our inter-electrode TiO2 pellets are detached from the electrode, much like what is
used in TiO2 photocatalysis, we used literature in this area to help with possible mechanistic
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clues. The semiconductor TiO2 exists in two main crystalline phases: rutile and anatase, among
which rutile is the thermodynamically stable state, while anatase is a metastable state.45 Many
studies have confirmed that the anatase phase of TiO2 is usually superior as a photocatalytic
material for water purification, and hazardous waste remediation.45-47 Band gap excitation of the
semiconductor TiO2 is initiated by high energy UV light absorption, causing the excitation of an
electron e-* into the conduction band, leaving an oxidizing hole h+ in the valence band. This
excitation step, especially the formation of highly oxidizing h+, leads to the production of ·OH
from adsorbed water molecules. The strong oxidizing power and low selectivity of these ·OH
radicals allows for successful oxidation– and often full mineralization to CO2 – of many different
organic pollutants, even those considered highly recalcitrant, like 1,4-dioxane.21, 48-50 When
compared with other semiconductor materials with catalytic potential, TiO2 is shown to be the
most promising due to its high efficiency, low cost, photostability, and nontoxicity.51, 52
TiO2 has also been used as an electrocatalyst to protect against corrosion of the underlying
metal anode and enhance electron transfer reactions due to the ability of the semiconductor to
quickly exchange protons and electrons along its lattice structure. Previous researchers have
demonstrated that upon anodic polarization of the metallic anode, the excitation of electrons into
the conduction band (to travel toward the metal anodic substrate) will leave holes (positive
charge carriers) in the valence band capable of oxidizing adsorbed organic pollutants directly, or
indirectly by producing •OH radicals from the oxidation of adsorbed H2O molecules.5354 53-56 The
use of immobilized, inter-electrode TiO2 pellets in our FTERs is aimed toward mitigating the
mass transport limitations intrinsic to electrochemical reactors, which require direct contact of
the electrode with organic pollutants in order to achieve electrochemical oxidation or reduction.
The addition of detached TiO2 pellets extends the reactive surface area to within the bulk
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solution between electrodes, possibly even allowing for additional production of •OH radicals
from the water molecules adsorbed to the electro-activated TiO2 surfaces.
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CHAPTER 2

ADVANCED ELECROCHEMICAL OXIDATION OF 1,4-DIOXANCE VIA DARK
CATALYSIS BY NOVEL TITANIUM DIOXIDE (TiO2) PELLETS 1

Conceptual Diagram

1

Chapter 2 is taken from a manuscript of the same name recently accepted with revisions (to be
completed by June 28, 2016) by Environmental Science & Technology with authors Jasmann,
J.R., Borch, T., Sale, T., and Blotevogel, J. All sampling, sample preparation, analytical
chemistry, and other work described was performed by the author of this dissertation.
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CHAPTER SYNOPSIS
1,4-dioxane is an emerging groundwater contaminant with significant regulatory
implications. Since it is resistant to traditional groundwater treatments, remediation of 1,4dioxane is often limited to costly ex situ UV-based advanced oxidation. By varying applied
voltage, electrical conductivity, seepage velocity, and influent contaminant concentration in
flow-through reactors, we show that electrochemical oxidation is a viable technology for in situ
and ex situ treatment of 1,4-dioxane under a wide range of environmental conditions. Using
catalytic titanium dioxide (TiO2) pellets, we demonstrate for the first time that this prominent
catalyst can be activated in the dark even when electrically insulated from the electrodes. TiO2catalyzed reactors achieved efficiencies of greater than 97% degradation of 1,4-dioxane, up to
3.2 times higher than non-catalyzed electrolytic reactors. However, the greatest catalytic
enhancement (70% degradation vs. no degradation without catalysis) was observed in low ionic
strength water, where conventional electrochemical approaches notoriously fail. The TiO2
pellet’s dark-catalytic oxidation activity was confirmed on the pharmaceutical lamotrigine and
the industrial solvent chlorobenzene, signifying that electrocatalytic treatment has tremendous
potential as a transformative remediation technology for persistent organic pollutants in
groundwater and other aqueous environments.

INTRODUCTION
1,4-Dioxane is a semi-volatile, cyclic ether historically used as a stabilizer in chlorinated
solvents, and currently still used in the manufacturing of various commodities.12, 57 58, 59 Due to
accidental releases or inefficient removal with conventional wastewater treatment, 1,4-dioxane
has been increasingly identified in surface water and groundwater.13, 17 Its water miscibility and
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low potential for sorption to soil promote the formation of large and dilute plumes. 1,4-Dioxane
is not expected to rapidly biodegrade in the environment due to strong internal chemical bonding
of its heterocyclic ether ring.1, 13, 57, 58 Moreover, conventional groundwater treatments, such as
sorption to activated carbon and air stripping, are extremely inefficient for 1,4-dioxane removal.1,
57

The most commonly employed remediation technologies for 1,4-dioxane are UV/H2O2,
UV/O3 or other advanced oxidation processes (AOPs)19 involving hydroxyl radicals (•OH) as
potent, non-selective oxidants.21, 48, 60-62 However, the power requirements for continuous UV
irradiation and consumption of chemical reagents (e.g., H2O2, O3, ferrous iron) have been a
critical limitation to full-scale (plume) treatment due to the high operation and maintenance
costs.18, 63 Furthermore, UV-based AOPs are limited to more costly ex situ applications such as
pump and treat.1 Thus, there remains a pressing need to develop low-energy, cost-effective
removal technologies for 1,4-dioxane.
Advanced electrochemical oxidation (AEO), also referred to as electrolytic treatment, is
an emerging AOP that can completely mineralize persistent organic pollutants (POPs) with direct
electron transfer at the electrode surface and through mediated oxidation by electro-generated
reactive oxygen species (ROS), such as •OH radicals produced from the electrolysis of water.30,
35, 64

Many water treatment studies have demonstrated high conversion rates of recalcitrant

organic pollutants to CO2 or readily biodegradable products using AEO processes, but have also
acknowledged the intrinsic mass transport limitations associated with organic pollutants required
to interact with the electrode surface.27, 28, 65 Recent studies, using boron-doped diamond (BDD)
electrodes, demonstrated that 1,4-dioxane can indeed be completely mineralized by anodic
oxidation.39, 40 The high cost of BDD electrodes, however, precludes their application in large-
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scale operations at this point. In addition, many electrochemical studies are conducted in stirred
batch reactors with elevated electrolyte concentrations that favor high mass transfer rates and
current densities, creating increased contaminant degradation rates that may not transfer well to
field applications. This is especially true for treatment of contaminated groundwater low in
electrical conductivity, which remains a major challenge that has thus far only been overcome by
resorting to the addition of chemical oxidants.66
To advance electrolytic treatment as a practical solution for field-scale application, we
built flow-through electrochemical reactors (FTERs) to investigate the potential for treatment of
groundwater contaminated with 1,4-dioxane under electrical conductivity and flow conditions
simulating in situ implementation or aboveground reactors. These bench-scale FTERs are
equipped with dimensionally stable Ti/IrO2-Ta2O5 mesh electrodes that are cost-practical due to
their widespread use in cathodic corrosion protection, resistant to fouling through periodic
polarity reversals, and have been used successfully in permeable reactive barrier format for the
electrochemical degradation of chlorinated solvents and energetic compounds in field
applications at voltages of up to 17 V over extended periods of more than two years.44, 67, 68
Moreover, we explored whether contaminant degradation rates can be increased by
placing a catalytic material in the inter-electrode space. Fabricating a stable pellet from titanium
dioxide, which is widely known to promote photocatalytic degradation of recalcitrant organics in
water,22, 69 we show for the first time that in an electric field, TiO2 is also catalytically active in
the dark even when electrically insulated from direct electrode contact, i.e., without any potential
applied to it.
The specific objectives of our study were to 1) evaluate the dark catalytic activity of the
TiO2 inter-electrode pellets, 2) elucidate the degradation pathway of electrocatalytic oxidation of
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1,4-dioxane, and 3) determine effects of the major operational parameters of voltage, current
density, seepage velocity, and both electrolyte and 1,4-dioxane concentration as a basis for
technical planning for field implementation. Finally, to better recognize the future application
potential for this catalyzed AEO technology, we evaluated the removal efficiency for two other
POPs, namely the anti-epileptic drug lamotrigine and the industrial solvent chlorobenzene.

MATERIALS AND METHODS
Reagents. All chemicals (> 99% purity) were used as received. 20-L glass carboys were
used to prepare Na2SO4 (EMD Chemicals) electrolyte solutions in deionized, ultra-purified
water, spiked with 1,4-dioxane (Honeywell), chlorobenzene (JT Baker), or lamotrigine (trade
name Lamictal, ENZO Life Sciences). A >99.6% anatase form of TiO2 powder (Alfa Aesar) was
used to fabricate catalyst pellets. 1,4-benzoquinone (Alfa Aesar) was used to assess the potential
for electrochemical •OH generation.
Mesh electrodes. Dimensionally stable, expanded mesh Ti/IrO2-Ta2O5 electrodes (1.0
mm thick with 1.0 x 2.8 mm diamond-shaped openings) were used (Corrpro).
Fabrication and characterization of TiO2 pellets. TiO2 powder was molded into a
mechanically stable pellet with dimensions 3.33 to 9.42 mm. The multi-step fabrication process
involved pressure compaction into cylindrical discs, chiseling into loosely adhered pellets, and 4hour sintering in ambient air at temperatures of 700 °C to 1,000 °C (Appendix A, Figure S2.1).
Several techniques were used to characterize the TiO2 pellets, including mechanical stability
screening, scanning electron microscopy (SEM) imaging, BET specific surface area and
porosimetry analysis, and synchrotron radiation-based X-ray diffraction (XRD) to determine
fractional mass in anatase or rutile mineral phases (Appendix A).
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Flow-through electrochemical reactors. The removal efficiency of 1,4-dioxane was
investigated using FTERs constructed of clear PVC pipe (10 cm I.D. x 46 cm, Ryan Herco
Products) with four circular mesh electrodes (10 cm O.D.) spaced 5.0 cm apart (Figure 2.1). The
first and third electrodes were positively polarized anodes with the second and fourth acting as
cathodes. Previous work has shown that an anode-cathode sequence (in the direction of flow)
leads to higher contaminant removal than a cathode-anode sequence.67 Each column was fitted
with two Ag/AgCl redox reference electrodes (World Precision Instruments), sampling ports and
multiple gas exhaust tubes to vent excess O2 and H2 gas produced during the electrolysis of
water. The section of each FTER upstream of the initial anode was packed with quartz silica
sand (20/35 mesh) to simulate porous aquifer material and enhance dispersive mixing of influent
contaminant prior to contact with the first electrode. A permeable non-conductive geocomposite
(HDPE geonet grid with polypropylene felt layer, GSE Environmental) was placed directly next
to each anode to control movement of sediments and insulate the TiO2 pellets from direct
electrical conduction. The inter-electrode space was filled with TiO2 pellets for the catalyzed
FTER experiments or with inert, 6-mm diameter glass beads for the non-catalytic control
experiments. While slight differences in porosity between TiO2 pellets and glass beads may have
led to different effective retention times at the same flow rate, we note that this would not
invalidate comparison of degradation processes at the electrode surfaces, which under mass
transport control occur within a ~1-μm diffuse zone around the electrodes,70, 71 and thus remain
unimpacted by variance in inter-electrode material porosity.
To simulate aquifer conditions, influent feedstock and FTERs were covered by black,
opaque plastic to maintain dark conditions and exclude photo(cata)lytic degradation processes.
Feedstock solutions contained 3.4 µM to 207 µM 1,4-dioxane in 10 mM Na2SO4 supporting

21

electrolyte (1,700 µS/cm). Na2SO4 is commonly used in electrochemical degradation studies
since it is assumed to be less electrochemically reactive than other electrolytes, like Cl- ions.2, 72
5
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Figure 2.1 Schematic of flow-through electrochemical reactor, FTER (not to scale). Linf and Leff
are sampling ports for liquid influent and effluent, respectively. RE are reference electrodes.

To minimize sorption, the feedstock was pumped through every reactor before each
experiment until influent and effluent contaminant concentrations were equal. Once steady-state
conditions were achieved at target voltage, a minimum of three influent and effluent samples
were collected for chemical analysis for each contaminant. Daily measurements were made of
pH, voltage potential and current between working electrodes. Control experiments without
voltage applied showed 2.3 ± 0.4% and 3.7 ± 0.7% removal of 1,4-dioxane for the TiO2catalyzed and non-catalyzed column experiments, indicating negligible losses that could have
been attributed to volatilization or adsorption to matrix materials.

22

To evaluate the degradation efficiency of other organic pollutants in comparison to 1,4dioxane, smaller FTERs were constructed of 15 cm long acrylic pipe with 5.0 cm I.D. and a
single pair of disc-shaped electrodes (18.25 cm2) spaced with an inter-electrode gap of 2.5 cm
(Figure S2.2). For the small-column FTER experiments, three aqueous feedstock solutions of 20
mM Na2SO4 (3,400 µS/cm) were prepared in 20-L glass carboys and spiked with 99 µM 1,4dioxane, 41 µM lamotrigine, or 66 µM chlorobenzene. Sampling and measurements were
performed in the same way as with the larger FTER experiments.
Analytical methods. Gas chromatography (Agilent 6890N GC) combined with mass
spectrometry (Agilent 5973N MS) in full scan and selective ion mode was used to quantify 1,4dioxane. The transformation products from 1,4-dioxane oxidation reactions were analyzed by
reversed-phase liquid chromatography (Agilent 1100 LC) in combination with negative
electrospray ionization time-of-flight mass spectrometry (Agilent G3250AA ESI--TOF-MS).
Lamotrigine (270 nm) and 1,4-benzoquinone (220 nm) were quantified by an Agilent 1200 series
HPLC equipped with a UV-diode array detector. An Agilent 6890N GC followed by an electron
capture device analysis was used to quantify chlorobenzene. Total organic carbon (TOC) was
analyzed by Shimadzu TOC-L Analyzer. Details of the analytical methods are provided in the
Appendix A.

RESULTS AND DISCUSSION
Catalyst characterization. Since anatase in its fine powder form would likely flush out
of a flow-through reactor, it was initially molded into larger pellets. Mechanical stability tests
(full results in Table S2.1) revealed that pellets sintered for four hours at 700 °C and 800 °C
remained friable and prone to abrasion, making them unsuitable for a flow-through system.
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However, the TiO2 heat-treated at 880 °C and 1,000 °C achieved satisfactory cementing of the
compacted TiO2 powder into high-strength pellets. Synchrotron XRD data showed sharp
diffraction peaks for all TiO2 pellets analyzed (Figure S2.3), indicative of high crystallinity. The
fractions of anatase and rutile were determined from the intensities of the anatase A101 and rutile
R110 diffraction peaks using the Spurr-Meyer equation73 (Appendix A). Calculations determined
that 98% remained in the anatase form for both the 700 °C and 880 °C treatments (800 °C pellets
were not analyzed by XRD). Conversely, XRD measurements of TiO2 sintered at 1,000 °C
indicated 14% remained as anatase and 86% had transformed to the more thermodynamically
stable rutile form.45
Based upon these screening results, only those TiO2 pellets sintered at 880 °C were used
in the FTER experiments. These pellets were further characterized by SEM and porosimetry
analysis. SEM images at 7,000x and 30,000x magnification (Figure S2.3) showed homogenously
sized spherical particles and uniform porosity across the surface of the TiO2 pellets, which is
consistent with other SEM images of anatase-based TiO2 used for catalytic degradation of
organic pollutants.45, 47, 74 Results of porosimetry analysis on TiO2 in the pellet form yielded a
specific surface area of 8.15 ± 0.03 m2/g, median pore diameter of 147 Å, and a relative porosity
of 80% mesopore surface area (pore widths from 17 to 3,000 Å) to total surface area.
Catalyzed electrochemical degradation experiments. With the goal of using the interelectrode space for additional degradation reactions to occur, and thus increase overall kinetics,
catalytic TiO2 pellets were packed between the electrodes (versus glass beads in the non-catalytic
control). Flow-through experiments were conducted to evaluate the impact of four major
operational parameters on the electro(cata)lytic degradation of 1,4-dioxane. As a point of
reference from which to vary one parameter at a time, four “benchmark levels” were selected to
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be representative of common aquifer conditions: 10 mM Na2SO4 supporting electrolyte (1,700
µS/cm), 30.6 cm/d mean linear seepage velocity, 3.4 µM (300 μg/L) 1,4-dioxane, and an
imposed electrical potential of 8.0 V. The 8.0 V was experimentally determined to be an
appropriate voltage for achieving near 50 - 70% 1,4-dioxane degradation under benchmark
conditions, deliberately leaving capacity for increased degradation efficiencies when varying
each operational parameter. The other varied parameters were chosen in ranges representative of
conditions that may be present in 1,4-dioxane-contaminated groundwater. Voltage, rather than
current (density), was chosen as the independent electrical variable to ensure a threshold voltage
was maintained above the O2 evolution potential of 1.8 V vs. NHE on Ti/IrO2-Ta2O5
electrodes,30 high enough to generate •OH radicals and prevent fouling of the mesh electrodes by
organic adhesions.40 In electrolytic degradation experiments of 1,4-dioxane performed with
starting pH values of 1.7, 7.0 and 12.4, Choi and co-workers demonstrated that initial pH did not
have a significant effect on anodic oxidation rates of 1,4-dioxane.39 Thus, pH was not varied in
our experiments and instead the measured pH of 7.2 ± 1.0 in our unbuffered electrolyte and 1,4dioxane feedstock was the influent pH value for all experiments.
Details of each experimental regime tested are summarized in Table S2.2 of the
Appendix A, including current density, effluent pH, solution redox potential, overall
electrochemical degradation efficiency, and the observed pseudo-first order rate constant (kobs).
The kobs values were calculated using a rate expression specific to flow-through experiments:75

�obs =

Ceff
�C )
inf
HRT

−ln(

where Ceff is effluent and Cinf is influent 1,4-dioxane concentration and HRT is hydraulic

residence time. The electrochemical degradation efficiencies, expressed as the percentage of 1,4-
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dioxane degraded after a single pass through an FTER, are displayed in Figure 2.2 for ten
different experimental regimes.
The results in Figure 2.2 reveal that 1,4-dioxane degradation efficiency was significantly
higher in the presence of the catalytic TiO2 pellet (p ≤ 0.010, α = 0.05) for all conditions tested.
Previous electrochemical studies have reported dark catalytic activity of TiO2, however, only
when used as electrode or in direct contact with an electrode, i.e., when a potential was directly
applied to it.53, 54, 76, 77 In our experiments, however, the TiO2 pellets were electrically insulated
from the anodes, revealing a yet unreported activation mechanism. To further elucidate how
TiO2 is activated in the dark, we conducted FTER experiments comparing the performance of
non-insulated and insulated TiO2 pellets to a non-catalytic control. Figure S2.5 (Appendix A)
shows that 1,4-dioxane degradation was catalyzed by inter-electrode TiO2 pellets with the
insulating geotextile layer (36% removal) and without the insulation (44%) when compared to
15% removal of 1,4-dioxane in the non-catalytic column. Thus, it was confirmed that direct
electrode contact or application of a potential to the TiO2 is not needed for its catalytic
activation. The detailed effects of this novel mechanism on aqueous contaminant degradation
are discussed below.
Effect of electrode potential. Figure 2.2(a) shows that there were no significant changes
in 1,4-dioxane removal efficiency in the non-catalyzed FTERs when the voltage was increased
from 8.0 to 11.0 to 14.0 V, displaying 49%, 45% and 46% degradation (p ≥ 0.20, α = 0.05). This
is likely due to the reaction kinetics being controlled by mass transport to the electrode surface
and not limited by ROS production.78, 79 At all three voltages, the inter-electrode TiO2 pellets
improved the degradation efficiency, increasing relative removal of 1,4-dioxane by a factor of
1.4 - 1.8 compared to electrolytic removal in the absence of inter-electrode catalysts.
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Additionally, stepwise improvements in degradation efficiency were observed in the catalyzed
reactors as the voltage increased, although a statistically significant increase was only observable
when going from 8.0 V (69% removal) to 14.0 V (81% removal) (p = 0.0006, α = 0.05).
Furthermore, raising the voltage concurrently increased the current density from 3.5 to
5.3 to 8.3 ± 0.02 mA/cm2 in catalyzed FTERs, creating appreciable increases in the pseudo-first
order rate constant kobs from 0.065 to 0.074 and 0.094 hr-1 respectively. In the non-catalyzed
experiments, current densities increased from 1.5 to 2.2 to 3.3 ± 0.02 mA/cm2, yet kobs values
remained relatively constant at 0.038, 0.033 and 0.034 hr-1. This shows that the increased
degradation rates in the TiO2-catalyzed FTERs cannot be explained simply due to the increases
seen in current density, serving as first line of evidence that the pellets operate under a different
mechanism than the electrodes.
Effect of electrolyte concentration. Varying the supporting electrolyte concentrations
from 3 to 10 to 30 mM Na2SO4 resulted in corresponding electrical conductivities of 570, 1,700,
and 5,000 µS/cm. Current densities increased from 2.5 to 3.5 to 7.0 ± 0.02 mA/cm2 in TiO2catalyzed FTERs, and from 1.1 to 1.5 to 3.4 ± 0.02 mA/cm2 in non-catalyzed FTERs. The most
substantial performance enhancement by the TiO2 catalyst was observed at the lowest electrolyte
concentration. Figure 2.2(b) shows that despite having a current density of 1.1 mA/cm2 with 8.0
V applied, no 1,4-dioxane removal was achieved in the non-catalyzed FTER, i.e., with treatment
at the electrodes only. However, when the inter-electrode TiO2 was present, 70% of influent 1,4dioxane was removed. These results highlight the great potential for TiO2-catalyzed
electrochemical technologies since the ability to achieve contaminant degradation in low ionic
strength waters is known to be a critical limitation of electrochemical degradation processes.66

27

90

100

TiO2
Catalyst
TiO2-Catalyzed

(a)

Non-Catalyzed
No
Catalyst

80
70
60
50
40
30
20

1,4-Dioxane Degradation (%)

1,4-Dioxane Degradation (%)

100

90

TiO2 Catalyzed

80
70
60
50
40
30
20

10

10
0

0

8.0 V

11 V

3 mM

14 V

100

30 mM

100

TiO2
Catalyst
TiO2-Catalyzed

No
Catalyst
Non-Catalyzed

(c)

80
70
60
50
40
30
20

1,4-Dioxane Degradation (%)

1,4-Dioxane Degradation (%)

10 mM

Na2SO4 Electrolyte

Voltage Applied
90

(b)

Non-catalyzed

TiO2 Catalyst

90

No Catalyst

(d)

80
70
60
50
40
30
20
10

10

0

0

3.4 μM

40.0 μM

207 μM

470 μM

15.3 cm/d

[1,4-Dioxane]0

30.6 cm/d

61.1 cm/d

Seepage Velocity

Figure 2.2 Degradation efficiencies of 1,4-dioxane in flow-through electrochemical reactors,
showing the effects caused when varying one of four operation parameters at a time: (a) applied
voltage, (b) Na2SO4 electrolyte concentration, (c) influent 1,4-dioxane concentration, and (d)
mean seepage velocity. The other parameters within each experiment were at “benchmark
levels”: 3.4 µM 1,4-dioxane, 10 mM Na2SO4 electrolyte, 30.6 cm/day and 8.0 V applied. Error
bars indicate standard deviation (n = 3) for samples taken during steady-state.

At higher electrolyte concentrations, both the catalyzed and non-catalyzed reactors
showed increases in degradation efficiencies. Under 10 mM and 30 mM Na2SO4 electrolyte
conditions, 1,4-dioxane removal efficiencies (and kobs) of 69% (0.065 hr-1) and 85% (0.107 hr-1)
were achieved in TiO2-catalyzed FTERs versus 49% (0.038 hr-1) and 61% (0.052 hr-1) in noncatalyzed FTERs (Figure 2.2(b), Table S2.2). The kobs values obtained here were the highest
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compared to all other treatment schemes tested, showing the major impact conductivity has on
electrolytic treatment efficacy.
Although lower electrolyte concentrations tended to produce decreased degradation rates
as expected, the surprising contrast in degradation performance in the 3 mM Na2SO4 treatment
provides further evidence that the catalytic mechanism of TiO2 is independent of chemical
processes directly at the electrode, and more strikingly, largely independent of electrolyte
concentration within the range of conditions tested.
Effect of influent 1,4-dioxane concentration. Contaminant load effects were
investigated with different initial 1,4-dioxane concentrations in FTERs. Results from the TiO2catalyzed FTERs in Figure 2.2(c) show a decline in relative removal efficiencies, 69%, 61%,
38%, and 44% corresponding to increases in initial 1,4-dioxane concentrations from 3.4 to 40.0
to 207 to 470 µM. Within non-catalyzed electrolytic columns, the same increases in influent 1,4dioxane concentrations correlated to even greater reductions in performance, shifting from 49%
1,4-dioxane removal at the 3.4 µM level down to 13% and 9% removal when starting with 207
and 470 µM 1,4-dioxane, respectively. In absolute quantities, however, mass removal of 1,4dioxane continued to increase with higher influent concentration in both reactors, ruling out the
possibility of surface saturation or insufficient ROS production being the controlling process for
the overall oxidation rates. This observation further supports previous reports of contaminant
degradation in flow-through electrolytic systems being rate-controlled by molecular diffusion
and not by reaction rate or ROS availability.78, 79
Effect of seepage velocity. In a mass transfer-limited system, a decline in degradation
efficiency would be expected with faster flow rates. This is due to shorter hydraulic residence
times, resulting in less opportunity for diffusion-driven collisions. In fact, Figure 2.2(d) shows
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that as the mean seepage velocity doubled from 30.6 to 61.1 cm/d, 1,4-dioxane degradation
decreased from 69% to 54% for TiO2-catalyzed FTERs, and from 49% down to 27% in noncatalyzed FTERs. Interestingly, the non-catalyzed removal efficiency dropped by half as the flow
velocity was doubled, while the catalyzed reactors exhibited only a 22% drop in removal
efficiency with the doubled velocity. The inter-electrode TiO2 diminished the detrimental impact
associated with less residence time, providing additional evidence that TiO2 offers a distinctive
mechanism for organic contaminant degradation.
When feedstock flow was slowed to 15.3 cm/d in the TiO2-catalyzed reactor, a
substantially higher 1,4-dioxane removal efficiency of 80% was achieved. Conversely, the same
15.3 cm/d flow resulted in an unexpected decrease in performance to only 21% removal obtained
in the non-catalyzed reactor. At slower velocities, surface tension interactions may allow for O2
and H2 gases, generated by water electrolysis, to remain at the electrode surface after exceeding
their respective solubilities. Pronounced coverage of mesh electrodes by gas bubbles can hinder
1,4-dioxane adsorption and reduced hydraulic conductivity at certain mesh openings, leading to
preferential flow paths through a reduced cross-sectional area, thus decreasing reactive contact
time with electrode surfaces.78, 79 Although the negative impact of low flow and gaseous
inhibition is substantial in the non-catalyzed system, these conditions appear to have less impact
in TiO2-catalyzed systems where reactions involving TiO2 pellets likely occur farther
downstream from the localized gas bubble disturbance at the electrodes.
Extent of complete 1,4-dioxane mineralization. To assess the capacity to fully
mineralize 1,4-dioxane to CO2, total organic carbon (TOC) analysis was performed on triplicate
influent and effluent samples from the TiO2-catalyzed FTER experiment with 470 µM 1,4dioxane feedstock (10 mM Na2SO4, 30.6 cm/d, 8.0 V). With this relatively high 1,4-dioxane
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concentration feedstock, 44% of the initial 1,4-dioxane concentration was degraded (measured
by GC/MS), but only 22% was fully mineralized to CO2 (TOC analysis, Figure S2.4).
Nevertheless, the percentage of full mineralization determined via TOC (CO2 produced =
TOCeffluent - TOCinfluent) is likely underestimated due to electrolytic reduction of CO2 at the
cathode, which is known to generate low-molecular weight organic compounds.80
Electrochemical degradation pathway of 1,4-dioxane. To examine the electrolytic
degradation pathway for 1,4-dioxane, influent and effluent samples from the TiO2-catalyzed
FTER experiment performed with 207 µM 1,4-dioxane feed solution (10 mM Na2SO4, 30.6
cm/d, 8.0 V) were analyzed for transformation products using LC/ESI-TOF-MS, with mass
spectra results tabulated in Table S2.4. In negative ESI mode, four organic acid intermediates
were positively identified in the effluent: succinic acid (13), malic acid (14), mesoxalic acid (21),
and glycolic acid (22). Glycolic acid has been reported in 1,4-dioxane oxidation pathways by
other UV- or sonolysis-based AOPs.42, 50, 81 To our knowledge, this is the first reported detection
of the other three organic acids during 1,4-dioxane degradation.
Previous studies investigating the mechanism of oxidizing 1,4-dioxane by UV/H2O2 and
sonolysis have determined the main oxidative species to be •OH radicals in conjunction with
dissolved O2.50, 81 It is reasonable to infer that the mechanism for electrochemical oxidation of
1,4-dioxane will be similar since the main oxidative species has been reported to be the electrogenerated •OH radical.2, 30, 39, 55 To test whether •OH radicals are involved in electrolytic 1,4dioxane degradation, we conducted oxidation experiments with 1,4-benzoquinone (BQ) in a
divided electrochemical batch cell, using a Nafion NRE-212 membrane impermeable for organic
intermediates to divide the anodic and cathodic chambers (Appendix B, Figure S3.2). BQ is
indicative of •OH radical generation as it rapidly reacts with •OH (k•OH, BQ = 6.6 x 109 M-1s-1),82
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while being highly resistant to direct electrochemical oxidation.83-85 Results indicated that BQ
was oxidized in the divided anodic chamber, confirming that •OH radicals are produced
electrochemically (Chapter 3, Figure 3.3).
Hydroxyl radicals have been shown to rapidly oxidize 1,4-dioxane (k•OH = 1.1 – 2.35 x
109 M-1s-1) and its aldehyde and carboxylic acid intermediates.86, 87 Furthermore, hydroperoxyl
(•OOH) radicals may be an important reactive species in our flow-through system, capable of
acting as either oxidant or reductant.88 The formation of •OOH is linked to the redox couple with
the superoxide radical •OOH / O2-• with standard reduction potentials (O2 at 1 atm) of E0(O2, H+/
OOH) = -0.05 V vs NHE and E0(O2/ O2-•) = -0.33 V vs NHE.89, 90 Therefore, dissolved O2 can

•

be reduced at the cathode to the strong reductant superoxide O2-• which is in constant
equilibrium91 with its protonated form •OOH:
O2-• + H2O ↔ •OOH + OH- (pKa = 4.88)
On the basis of (1) transformation products identified by LC/ESI-TOF-MS, (2) the
evidence of •OH radicals participating in the oxidation mechanism, and (3) previous reports in
the literature,50, 81 a pathway for electrochemical 1,4-dioxane degradation is proposed in Figure
2.3. Stable intermediates identified by this study are highlighted in solid boxes in Figure 2.3,
while dashed boxes identify those molecular species identified as intermediates of 1,4-dioxane
oxidation in the literature.50, 81 All stable intermediates shown are considered to be less
recalcitrant and less toxic than the 1,4-dioxane parent compound.
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Figure 2.3 Proposed 1,4-dioxane oxidation pathway. Part A: Reaction pathway for the initial
oxidation of 1,4-dioxane to CO2 or the succinic acid (13) intermediate. Part B: Reaction pathway
from succinic acid to CO2. The major intermediates observed in this study are highlighted in
solid boxes while dashed boxes indicate intermediates that have been reported in the literature to
be formed by the oxidation of 1,4-dioxane.

In our electrocatalytic reactors, the initial oxidation step leading to cleavage of the diether
ring is likely radical attack by •OH on 1,4-dioxane (1), with H-abstraction from any of the
carbons, leading to the 1,4-dioxanyl radical (2). Additionally, hydrogen abstraction of 1,4dioxane by •OOH radicals may lead to the same intermediate (2) and the production of H2O2.
The 1,4-dioxanyl radicals react with O2 by diffusion-controlled processes forming peroxyl
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radicals (3). These peroxyl radicals generally undergo head-to-head termination reactions
(bimolecular rate constants ~109 M-1s-1) to form the tetroxide intermediate (4), which rapidly
decomposes to form α-oxyl radicals (5).81, 92
Upon formation, these α-oxyl radicals can undergo two primary types of reactions: (i) βC-C splitting at the αˊ-C to form O=CH-O-CH2CH2-O-CH2• (24) or (ii) an intramolecular
fragmentation reaction. The β-C-C splitting path has been used to explain the formation of 1,2ethanediol monoformate (not shown) leading to 1,2-ethanediol diformate (25), which is a stable
intermediate previously reported in photocatalytic oxidation42, 50, 81 and electrochemical
oxidation39 of 1,4-dioxane. Successive oxidation steps of 1,2-ethanediol diformate are capable of
full mineralization to CO2 (27) through glycolic acid (22) and formic acid (26) intermediates.81, 92
Thus, the glycolic acid detected may be a result of this pathway.
Additionally, the intramolecular fragmentation pathway (ii) is capable of producing
glycolic acid and the other three organic acids identified in our study. It involves oxyl oxygen
abstracting hydrogen from the αˊ-C position followed by fragmentation to form formaldehyde
(6) and the radical organic species O=CHCH2-O-CH2• (7). In accordance with the “methyl”
group generation mechanism proposed previously, the carbon-centered radical (7) O=CHCH2-OCH2• can then be reduced by •OOH radicals to produce methoxyacetaldehyde (8) O=CHCH2-OCH3 (and release O2), followed by further oxidation of methoxyacetaldehyde to methoxyacetic
acid (9) HOOCCH2-O-CH3.81 Methoxyacetic acid reacts rapidly with •OH radicals by Habstraction to form •CH2OCH2COOH (10) followed by β-scission fragmentation into
formaldehyde (6) and formylmethyl radical (11). The latter HOOCCH2• radical (11) is reduced to
acetic acid (12) by •OOH radicals or proceeds through a termination step by dimerization with a
nearby HOOCCH2• radical to form the stable intermediate succinic acid (13),93, 94 one that was
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detected in this study. The acetic acid (12) and formaldehyde (6) intermediates are expected to
fully mineralize through successive oxidation reactions as their rate constants for reactions with
•

OH radicals are as high as those for 1,4-dioxane.50, 81
The succinic acid (13) intermediate is then successively oxidized by •OH / O2 reactions

through peroxyl radical intermediates to form malic acid (14) and then 2-oxosuccinic acid (15),
an α–ketoacid susceptible to decarboxylation reactions in highly oxidizing environments.93-95
Hydroxyl radical attack of a terminal hydroxyl group produces H2O and leaves
HOOCCH2COCOO• (16), an unstable oxyl radical which undergoes intramolecular
fragmentation reactions to eliminate CO2 (27). The resulting carbon radical species (17), in the
presence of O2, immediately forms a peroxyl radical (18) leading to malonic acid (19). Multistep
•

OH/O2 mechanisms similar to those mentioned can be invoked to explain the formation of 2-

hydroxymalonic acid (20), mesoxalic acid (21), glycolic acid (22) and oxalic acid (23), with (21)
and (22) identified as intermediates in this study. The mineralization of oxalic acid to CO2 (27) is
a decomposition reaction mediated by hydroxyl radicals.81, 92
Implications for electrochemical oxidation of persistent organic pollutants. In this
study, we only operated FTERs in a limited performance range to elucidate the relative impacts
of operational parameters on the degradation of 1,4-dioxane. In full-scale applications, treatment
can be further optimized toward achieving downstream 1,4-dioxane or water quality target levels
by adding additional electrodes and TiO2 pellets within the flow path to improve degradation
efficiencies. To simulate the addition of more working electrodes, treated effluent from a single
pass (2-anode treatment) through an 11.0 V FTER was passed through the treatment process a
second time (4-anode treatment) and a third time (6-anode treatment). Figure 4 demonstrates the
capacity for greater overall 1,4-dioxane removal with each sequential electrolytic treatment,
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increasing from 45 to 72 to 84 % for the non-catalyzed FTERs and from 73 to 93 to 97 % for the
TiO2-catalyzed FTERs. With an increasing number of anodes, the rate of 1,4-dioxane
degradation asymptotically approaches full removal due to continuously decreasing
concentration gradients in this diffusion-controlled system, similar to the observed effects in
Figure 2.2(c). Even if full 1,4-dioxane mineralization is not achieved, many of the produced
organic acid and aldehyde transformation products are readily biodegradable once ring cleavage
of 1,4-dioxane is achieved.62, 96

2 anodes

4 anodes

6 anodes

1,4-Dioxane Degradation (%)

100
90
80
70
60
50
40
30
20
10
0

TiO
TiO2
Catalyst
2-catalyzed

Non-catalyzed
No Catalyst

Figure 2.4 1,4-dioxane removal with increasing number of anodes. Degradation performance is
represented as the percentage of the initial 3.4 µM 1,4-dioxane feedstock concentration degraded
after treatment through each sequential reactor operated at 11.0 V (10 mM Na2SO4 electrolyte,
30.6 cm/d). Error bars indicate standard deviation (n = 3) for samples taken at steady-state.

Another advantage of AEO technologies is their applicability to degrading many different
or mixed persistent organic pollutants in the environment.2, 27, 97, 98 To explore the adaptability of
flow-through electro(cata)lysis and further verify the TiO2 pellet’s catalytic activity in dark
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conditions, removal efficiencies were evaluated for two other recalcitrant pollutants,
lamotrigine99 and chlorobenzene100, in direct comparison to 1,4-dioxane using separate 5.0 cm
I.D. FTERs (Figure S2.2) under identical operating conditions: 20 mM Na2SO4 electrolyte, 27.3
cm/d seepage velocity, and 8.0 V. Results from non-catalyzed electrolytic treatment shown in
Figure 2.5 indicate contaminant removal efficiencies of 13%, 51% and 79% after electrolytic
treatment of initial feedstock concentrations of 99 µM 1,4-dioxane, 41 µM lamotrigine, and 66
µM chlorobenzene, respectively. These results illustrate the selectivity that electrolytic treatment
technologies have toward different organic molecules. The removal efficiency was much higher
for the other two contaminants when compared to 1,4-dioxane, even though 1,4-dioxane was
intentionally tested at elevated molar concentrations to induce greater diffusion gradients. Thus
differences in mass transfer rates cannot explain the degradation differences observed. Benzene
was not detected in the effluent of the chlorobenzene reactors, suggesting that oxidation at the
lead anode was more likely even though electrolytic reduction is possible. The explanation for
greater removal rates for lamotrigine and chlorobenzene is likely due to lower activation energies
for initial electron transfer reactions and/or preferential adsorption/desorption characteristics
between contaminants and the electrode or TiO2 pellet surfaces.
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Figure 2.5 Degradation performance of FTERs for three persistent organic pollutants (POPs).
All treatments were performed at 8.0 V applied, 20 mM Na2SO4, seepage velocity 27.3 cm/d.
Performance is plotted as % of degradation of initial pollutant concentrations. Error bars indicate
standard deviation (n = 3) for samples taken at steady-state.

When the same electrolytic treatments were performed in TiO2-catalyzed FTERs, all
three contaminants did show significant improvement in removal percentages (p ≤ 0.001,
α=0.05) with values of 38%, 92% and 97% respectively for 1,4-dioxane, lamotrigine, and
chlorobenzene (Figure 2.5). Notably, the inter-electrode TiO2 catalysts provided 3.2 times
greater 1,4-dioxane removal when compared to electrolytic degradation on its own, in contrast to
1.8 and 1.2 times greater removal corresponding to TiO2-catalyzed treatment of lamotrigine and
chlorobenzene, respectively. This may indicate that successful large-scale treatment of certain
contaminants may not require the addition of TiO2 pellets in order to achieve high removal
efficiencies. However, the catalytic degradation activity in the latter two may have been
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underestimated due to near-complete removal, establishing a very low diffusion gradient in a
system controlled by mass transport.
Our experiments demonstrate that flow-through electro(cata)lytic treatment is a viable
option for successful degradation of 1,4-dioxane and other recalcitrant organic pollutants in
aqueous environments.2, 27, 97 Furthermore, we have revealed for the first time that TiO2 can be
electrochemically activated in the dark without direct electrode contact to become an efficient
catalyst for organic contaminant oxidation. In a permeable reactive barrier or an aboveground
reactor, significant improvements in contaminant degradation can be achieved using TiO2 in the
inter-electrode space instead of backfilling with unreactive material such as sand. In fact,
catalytic enhancement by inter-electrode TiO2 pellets was observed under all conditions tested,
with the most notable 1,4-dioxane degradation improvement occurring low ionic strength water,
where conventional electrochemical approaches typically fail.66 The advantages of catalyzed
AEO processes over standard UV-based AOPs include the potential for lower operational cost,
no need to add chemical oxidants, and perhaps most notable, the ability to treat organic
contaminants in situ.30, 101, 102 However, the application of high voltages in complex
environmental settings may entail the potential formation of disinfection by-products such as
perchlorate and trihalomethanes,55, 71, 103, 104 and therefore needs to be closely monitored.
Further investigations are needed to elucidate the mechanism of electrochemical
activation of TiO2 in dark conditions and to determine the activating and inhibitory effects that
come with more complex water quality constituents. However, the results presented here
illustrate that electro(cata)lytic oxidation is highly efficient at degrading 1,4-dioxane and other
POPs under a wide range of environmental conditions.
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CHAPTER 3

MECHANISTIC INSIGHTS INTO DARK CATALYSIS OF ORGANIC POLLUTANT
OXIDATION USING NOVEL INTER-ELECTRODE TIO2 CATALYSTS

Conceptual Diagram of Possible Mechanism Pathways
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CHAPTER SYNOPSIS
Recalcitrant contaminants in the aqueous environment often pose a major environmental
problem. Semiconductor photocatalysis using titanium dioxide (TiO2) has been shown to be
effective at degrading a wide range of organic pollutants. Here, we demonstrate for the first time
that electrically insulated, inter-electrode TiO2 pellets can be electrochemically activated, in the
absence of light, to degrade organic compounds. Novel TiO2 pellets consisting of anatase, rutile,
and mixed phase composites were fabricated by heating compacted TiO2 powders in air at
different temperatures ranging from 400°C up to 1000°C. The resulting composites were
characterized by powder X-ray diffraction (PXRD), porosimetry (BET analysis), UV-Vis diffuse
reflectance spectroscopy (DRS), and scanning electron microscopy (SEM). Characterization data
indicate that TiO2 pellets composed predominantly of the anatase polymorph had higher
porosity, specific surface area, and higher bandgap energy. This study used flow-through column
reactors to compare the electrocatalytic activity of different TiO2 pellets for the degradation of
the persistent aqueous pollutants, like 1,4-dioxane, lamotrigine, and chlorobenzene. The highest
electrocatalytic activity was obtained in anatase phase TiO2 for the degradation of all substances
as compared to the rutile phase pellets and compared to electrolysis alone (non-catalyzed control
columns). It is concluded that the higher electrocatalytic activity in anatase TiO2 pellets is due to
surface parameters like higher surface area, active crystalline faces, and beneficial electrostatic
adsorption phenomenon rather than due to band gap excitation. The pollutant degradation results
are also discussed on the basis of electron transfer phenomena in coordination with in situ
electro-generated oxidants like hydroxyl radicals. Additionally, mechanistic probe molecules,
like 1,4-benzoquinone, tert-butyl alcohol, and highly oxidized carbon tetrachloride were used in
electrochemical batch reactors to further investigate dominant mechanistic drivers. It is also
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suggested that electric-field induced propagation of electrons and holes within the semiconductive TiO2 pellets contributes to reactive oxygen species leading to enhanced redox
chemistry at the surface.

INTRODUCTION
Titantium dioxide (TiO2) is a stable, non-toxic, semiconducting material with extremely
strong oxidizing power. Titanium dioxide is unmatched for its photocatalytic activity and
stability when used for wastewater treatment.22, 45 TiO2 is also used as a stable, catalytic coating
on electrodes to increase the efficiency of electron and proton transfer during redox reactions at
the electrode surface.53, 54 Since our inter-electrode TiO2 pellets are electrically insulated from
the electrode, much like what is used in TiO2 photocatalysis, we used literature in this area to
help with possible mechanistic clues. Many studies have confirmed that the anatase phase of
TiO2 is superior as a photocatalytic material for air and water purification, and hazardous waste
remediation.45-47 Band gap excitation of the semiconductor TiO2 is initiated by high energy UV
light absorption, causing the excitation of an electron e-* into the conduction band, leaving an
oxidizing hole h+ in the valence band. This excitation step, especially the h+ formation, leads to
the hydrogen abstraction of adsorbed H2O producing ·OH radicals. The strong oxidizing power
and low selectivity of these ·OH radicals allows for successful oxidation– and often full
mineralization to CO2 – of many different organic pollutants, even those considered highly
recalcitrant like 1,4-dioxane.21, 48-50 When compared with other semiconductor materials with
photocatalytic potential, TiO2 is shown to be the most promising due to its high efficiency, low
cost, photostability, and nontoxicity.51, 52
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Although less common due to is relatively low electrical conductivity, TiO2 is also used
for its fast exchange of protons and electrons along its lattice structure and its capacity for
ambipolar diffusion of positive and negative charge carriers. Kesselman, et al. reported in 1997
that Nb-doped TiO2 electrodes were capable of generating hydroxyl radicals under an anodic
bias, without the need for UV light.53 Others have confirmed that once the metal anodic
substrate is polarized the excitation of TiO2 will lead to oxidizing holes in the valence band and
electrons in the conduction band.54 These anodic holes on TiO2 coating can oxidize adsorbed
pollutants directly, generate active •OH radicals from adsorbed H2O on the surface leading to
indirect oxidation of nearby pollutants similar to what happens in photocatalysis.53-56 Our
objective is to expand upon this idea by not having TiO2 coated onto the electrode surface, but
instead adding electrically insulated, inter-electrode TiO2 pellets, with to expand hydroxyl
radical production and reactor surface sites into the bulk solution beyond the electrodes. The
electrochemical generation of hydroxyl radicals and production of highly oxidized surface
properties on inter-electrode TiO2 pellets is a possible solution to one of the main limitations of
electrolytic degradation being the need for contact between the organic reactant and the electrode
surface.
Some limitations hindering wide scale use of TiO2 in heterogeneous catalysis for the
degradation of wastewater and contaminants include the need for practical immobilization
schemes105 and UV light requirements when used as a photocatalyst, and poor conductivity as an
electrocatalyst.47, 53, 106 We address the first concern by synthesizing immobilized, TiO2 pellets
which prevent advective losses in a flow-through treatment system, and also extends the reactive
surfaces and into the bulk solutions rather than being limited to the surface of the electrode, as is
the case with thin film coatings. We propose that the strong voltage bias produced at the
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electrodes could be an alternative driver to activating TiO2 rather than the use of UV photons,
and this may be more energy efficient.
Extensive studies on electrochemical oxidation of organic-contaminated wastewater often
propose that physisorbed hydroxyl radicals (M~•OH) on the anode surface provide for the
dominant destruction pathway. These M~•OH radicals are formed upon the extraction of an
electron and proton from water. Anodes with high over potentials for oxygen evolution, such as
Ti/PbO2, Ti/SnO2, and BDD, are said to be “non-active” anodes, because they do not bind the
oxygen atom of the M~•OH covalently, leaving the nonselective radical to initiate oxidation of
nearby organic pollutants, often leading to full mineralization. These active electrodes are limited
in their commercial application at this time due to the release of toxic ions (e.g. Pb+2/+4) in basic
solutions,2, 107 premature deactivation (e.g. short service life of Ti/SnO2 or delamination of BDD
anodes),55, 108-110 or high cost (e.g. Ta/BDD).2 The mesh Ti/IrO2-Ta2O5 electrodes used in our
study are dimensionally stable, even in corrosive environments,2, 43, 44 however, they are known
to be “active” anodes which implies that their reactivity can be more selective toward organic
pollutants. Active anodes of noble metal oxides are capable of higher oxidation states and so the
M~•OH can be further oxidized to covalently bound species M=O, known as chemisorbed active
oxygen. Evidence of this reaction is known by tracking the transfer of isotopically labeled 18O
from 18O-enriched water into the metal oxide.37, 111 Additional experiments showed that the
electrochemical oxidation of formic acid at 18O-enriched metal oxide in unlabeled water occurred
through oxygen transfer shown by incorporation of 18O into CO2.37 However, Bejan, et al. 2012
in the case of Ebonex Magneli phase Ti4O7 electrodes,83 and prominent electrochemists Foti and
Comninellis112 and Panizza and Cerisola2 in regards to other metal oxide-based anodes, have
acknowledged that these anodes do not necessarily divide cleanly into active and inactive
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categories. Thus, some proportion of electro-oxidation reactions at an “active” anode, like
Ti/IrO2-Ta2O5, could still proceed by hydroxyl radical addition and/or hydrogen abstraction
reactions.113, 114
We built flow-through electrochemical reactors (FTERs) and electrolytic batch reactors
to investigate the potential for electrochemically activation of TiO2 used as a heterogeneous
catalyst for enhanced treatment of water contaminated with persistent pollutants. These benchscale electrolytic reactors are equipped with dimensionally stable Ti/IrO2-Ta2O5 mesh electrodes
that are cost-practical, resistant to fouling, and have been used successfully to degrade 1,4dioxane, chlorinated solvents and energetic compounds in our previous work (Chapter 2).44, 67, 68
1,4-dioxane, lamotrigine (pharmaceutical), and chlorobenzene were the three persistent aqueous
pollutants used a model contaminants for our tests.
In this study, we show that properties induced by an electric field in an aqueous solution
are able to activate TiO2 as a heterogeneous catalyst for efficient degradation of persistent
organic pollutants. Different TiO2 pellets were investigated for their catalytic activity and
analyzed by porosimetry, microscopic and spectroscopic techniques. The specific objectives of
our study were to 1) compare the catalytic activity of different inter-electrode TiO2 pellets during
electrolytic degradation of organic pollutants, 2) characterize important chemical and physical
properties of our fabricated TiO2 pellets, and 3) use electrolytic batch reactors and specific
molecular probes to elucidate the possible mechanism for TiO2 dark catalysis of electrically
insulated TiO2 pellets.

MATERIALS AND METHODS
Reagents and materials. All chemicals (> 99% purity) were used as received. 20-L
glass carboys were used to prepare Na2SO4 (EMD Chemicals) electrolyte solutions in deionized,
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ultra-purified water, spiked with 1,4-dioxane (Honeywell), chlorobenzene (JT Baker), or
lamotrigine (trade name Lamictal, ENZO Life Sciences). Three precursor TiO2 powder were
used from Alfa Aesar (>99.6 anatase, fine powder, ≤ 44 µm), Huntsman (>99.5% anatase, coarse
powder, particle size, ≥ 100 µm), and Evonik P25 (approximately 80:20 anatase to rutile
composition, fine powder, particle size < 1 µm). Dimensionally stable, expanded mesh Ti/IrO2Ta2O5 electrodes (1.0 mm thick with 1.0 x 2.8 mm diamond-shaped openings) were used
(Corrpro).
Catalyst synthesis. In order to immobilize the catalyst for continuous-flow system and
also extend the reactive material beyond the surface of the electrode, TiO2 powder was
compacted and heat treated to form mechanically stable pellets sized to be within mesh sieve
dimensions of 3.33 to 9.42 mm. Details of this process are provided in Chapter 2 and in a
previous publication (Jasmann, et al. 2016). In brief, the multi-stage fabrication process involved
pressure compaction and chiseling into loosely adhered pellets, followed by a 4-hour sintering
process in ambient air at temperatures ranging from 400 °C to 1,000 °C. TiO2 pellets produced
from the three different precursor powders (and mixtures of them) were screened for mechanical
stability and abrasion resistance after the 4 hour heat treatment. The pellet types selected as
stable enough for flow-through water treatment systems, were further characterized by several
analytical techniques.
Catalyst characterization. Synchrotron radiation-based Powder X-ray Diffraction
(PXRD), which presents a much higher signal-to-noise ratio than laboratory PXRD, was used to
estimate crystallinity, crystallite size, and percentage of anatase and rutile composition in
finished catalyst pellets. Synchrotron PXRD was performed at beamline 11-3 of the Stanford
Synchrotron Radiation Lightsource, with the wavelength of 0.0972413 nm (12.7 keV).
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Diffraction intensity data were collected using step size of 0.002° and varying 2θ between 20°
and 50°. Two-dimensional diffraction patterns were recorded by a Mar345 imaging plate system,
with a sample-to-detector distance of 150 mm. Diffraction angle 2θ was calibrated with
lanthanum hexaboride (LaB6). One-dimensional PXRD profiles were integrated from selected
concentric circles areas of the symmetrical 2-dimensional powder rings using the Fit2D program.
Crystal structure parameters were refined using curve-fitting package (or graphical interface
package) of Igor 6 Pro. The crystalline grain sizes were obtained from the commonly used
Scherrer’s equation D = K λ / (βcosθ) with the crystal grain size D, shape correction constant K =
0.95 for a spherical particle, and FWHM of the related Bragg peaks β. The relative fraction of
anatase to rutile was estimated from the Spurr-Meyer equation and the crystalline shape constant
K = 0.7905 specific to TiO2 crystals.
The morphologies of the sample were examined by scanning electron microscopy (SEM),
using a JEOL JSM-6500F Model FE-SEM at 5 kV accelerating voltage. TiO2 pellet samples
were sputter-coated with Au prior to analysis.
Diffuse reflectance UV-Vis spectra were collected at ambient temperature on Cary 500
spectrophotometer, using potassium bromide as reference of maximum reflectance.
Nitrogen physisorption and porosity measurements were carried out at 77 K with a
Micromeretics ASAP 2020 system to determine the textural properties. Specific surface areas
were calculated according to the Brunauer-Emmett-Teller (BET) method 115, 116 (P/P0 = 0.1-0.3).
Total pore volume of the TiO2 pellets was determined by nitrogen desorption at P/P0 = 0.99.
Barrett-Joyner-Halenda (BJH) analysis117 was employed to characterize pore size distribution
and using average values from both adsorption and desorption techniques. Prior to
adsorption/desorption measurements, samples were outgassed at 573 K for 24 h and duplicate
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samples were analyzed and reported values to within ± 0.05 relative standard deviation of
original samples.
Electrocatalytic activity. To compare the catalytic activity of different TiO2 pellets
during the degradation of our model contaminants, FTERs were constructed of clear, 15-cm
length acrylic pipe with 5.0 cm I.D. and a single pair of disc-shaped electrodes (18.25 cm2)
spaced with an inter-electrode gap of 2.5 cm (Fig. SI). To minimize sorption, the feedstock was
pumped through every reactor before each experiment until influent and effluent contaminant
concentrations were equal. Once steady-state conditions were achieved at target voltage, a
minimum of three influent and effluent samples were collected for chemical analysis for each
contaminant. Daily measurements were made of pH, solution redox potential and current
between working electrodes.
Three aqueous feedstock solutions of 20 mM Na2SO4 (~3,400 µS/cm) supporting
electrolyte were prepared in 20-L glass carboys and spiked with 99 µM 1,4-dioxane, 41 µM
lamotrigine, or 66 µM chlorobenzene. Feedstock solution is flowed vertically through the
column reactor at a seepage velocity of 27 cm/d passing through the positively charge mesh
anode and then cathode. Each column was fitted with a Ag/AgCl reference electrode (World
Precision Instruments) to measure solution redox potential and a gas exhaust tube to vent excess
O2 and H2 gas produced during the electrolysis of water. The section of each FTER upstream of
the initial anode was packed with quartz silica sand (20/35 mesh) to enhance dispersive mixing
of influent contaminant prior to contact with the first electrode. A permeable geotextile,
composed of polypropylene felt, was placed after the anode and before the cathode to control
movement of sediments onto the inter-electrode TiO2 pellets and electrically insulate the pellets
from direct conduction with the anode. The inter-electrode space was filled with three different
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TiO2 pellets for the catalyst comparison experiments and with inert, 6-mm diameter glass beads
for the non-catalytic control experiments. To exclude photocatalytic degradation processes,
influent feedstock and FTERs were covered by black, opaque plastic to maintain dark conditions.
Na2SO4 and NaClO4 electrolytes were used in our study since they are commonly used in other
electrochemical degradation studies.2, 72
Concentric cylinder electrochemical batch reactors were used for some of the mechanistic
investigation. In some cases, an undivided electrochemical cell was used, while in others the
anodic and cathodic compartments were separated by a Nafion NRE-212 membrane
(Rf[OCF2CF(CF3)2]nOCF2CF2SO3H, 0.05 mm thick, 0.92 meq/g exchange capacity, Alfa Aesar
PN 45036). A conceptual diagram and description of these reactors are given in Figure S3.2.
Analysis of the three model contaminants follows methods described in Chapter 2 and in
a previous publication (Jasmann, et al., 2016). In brief, an Agilent 6890N gas chromatograph and
mass selective detector (GC/MSD) operated in full scan and selective ion modes was used to
quantify 1,4-dioxane using calibration. Lamotrigine was quantified at 270 nm by an Agilent
1200 series HPLC equipped with a UV-diode array detector. An Agilent 6890N GC followed by
an electron capture device was used to quantify chlorobenzene. Calibration with external
standards was used to quantify all contaminants studied. Degradation efficiency was quantitative
compared by the percentage of contaminant degraded (% Degradation = 100 · (Ceff /Cinf), n ≥ 3).

RESULTS AND DISCUSSION
Catalyst characterization. Although TiO2 slurries would provide the greatest amount of
reactive surface area, the powder is difficult to collect for reuse in batch systems, and it is
difficult to prevent advective losses in flow-through systems. Therefore, we sacrificed on the
surface area to volume ratio in exchange for having an immobilized TiO2 pellet with better
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reusability capacity and greater longevity. Synchrotron PXRD data showed sharp diffraction
peaks for all TiO2 pellets analyzed (Fig. 1), indicative of high crystallinity. The diffraction peaks
for TiO2 pellets made from Evonik P25 TiO2, a commercial mixture of approximately 80%
anatase and 20% rutile, show that the pellets fully transform to 100% rutile crystalline phase
during 4-hour calcination process at all temperatures at 700 ºC and above (Fig. 3.1c). However,
analysis of the trends in diffraction peaks for those pellets made from fine and coarse anatase
powders showed that ≥ 98 % remained in the anatase form for both the 700 °C and 880 °C
treatments. Conversely, after the 1,000 °C calcination treatment, the majority of the anatase in
each type had transformed to the more thermodynamically stable rutile form.45 To evaluate the
mechanical stability of the finished catalyst, TiO2 pellets were shaken in glass vials at 210 rpm to
determine which pellets had the greatest percentage by mass remaining as intact pellets after 10
and 25 seconds of vigorous shaking. Details of the testing procedures were reported earlier in
Chapter 2 and in a previous publication (Jasmann, et al. 2016). Only the TiO2 pellets subjected to
4-hour heat treatments at 880 °C and 1,000 °C achieved satisfactory cementing of the compacted
TiO2 powder into high-strength pellets. Pellets sintered at 400 °C, 700 °C and 800 °C remained
friable and prone to abrasion, making them unsuitable for our over-arching goal of interelectrode catalysts for flow-through systems.
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Figure 3.1 (a-c) Synchrotron PXRD diffractograms for each precursor TiO2 powder after pellet
compaction and heat treatment for 4 hours at various temperatures; d-f) SEM images of APF880, AP-C880, RP-880.

Based upon these screening results, three TiO2 pellets sintered at 880 °C were used to
investigate their catalytic activity in our flow-through and batch reactor experiments, and will be
referred to as R-880, AP-F880 and AP-C880 from here forward. The P-X format uses P to refer
to the final phase of the pellet RP for rutile, (MP for mixed phases seen later) and AP for anatase
and X is the sintering temperature using during fabrication. To distinguish the pellets that
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finished with high anatase percentage at 880 °C, AP-F880 is used for the one originating from
the fine anatase powder and AP-C880 is used from the coarse anatase precursor.
These pellets were further characterized by SEM and porosimetry analysis. SEM images
in Fig. 1 at 7,000x (and 30,000x magnification in Fig S3.3) showed homogenously sized
spherical particles and uniform porosity across the surface of the AP-F880 and AP-C880 TiO2
pellets, which is consistent with other SEM images of anatase-based TiO2 used for catalytic
degradation of organic pollutants.45, 47, 74 The surface morphology of the RP-880 pellets was
dramatically different, showing signs of crystallite union phenomena appearing to have
shallower and more limited pore distribution. The RP-880 morphologies are expected to decrease
the specific surface area and reduce the activity of these pellets compared with the others.
N2 adsorption analysis at 77 K confirmed the qualitative observations made on SEM.
Duplicate analyses of AP-F880 and AP-C880 pellets determined their specific surface areas to be
8.1 ± 0.05 m2/g for both, while the EP-880 reported a much lower 0.016 ± 0.01 m2/g. Due the
concerns for this value, duplicates were repeated for EP-880 using Krypton as the physisorption
gas and arrived at the same value. A detailed comparison of the properties of various samples as
a function of precursor and calcination temperature is provided in Table 3S.1. Additional plots
of UV-Vis diffuse reflectance, N2 adsorption isotherms and porosity distribution can be found in
Figure S3.3 and S3.4.
Scherrer equation was used to estimate average crystallite size for various composition of
TiO2 pellets with all ranging from 32 nm to 55 nm in size. As would be expected the AP-F880
and AP-C880 pellets had larger crystallite sizes of 45 and 51 nm, respectively compared to only
32 nm in the AP-C700 heated at a lower temperature. The impact of grain size can impact the
surface-to-volume ratio of catalysts so this could partially explain the greater catalytic activity
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observed by AP-C700. Hoffmann, et al., (1995) has reported that larger grain sizes also result in
more density of states in and between the valence band and conduction band. The grain sizes
observed in our TiO2 pellets are on the larger side due to the long heating times allowing for
more crystal growth. These larger sizes would imply greater density of states potentially
allowing for higher probabilities of charge separation between electrons and holes in our pellets.
Still others have found threshold sizes below 15 nm in grain size in which bulk properties switch
such that anatase can become more stable than rutile and surface energies dramatically shift.118
This is not considered with our TiO2 pellets since results show them to be above this threshold.
Flow-through treatment: electrocatalytic behavior at steady state. The
electrocatalytic activity of the TiO2 pellets synthesized from different precursor materials at
different sintering temperatures were initially evaluated by the percentage of 1,4-dioxane
degradation achieved in FTER experiments. All flow-through reactors were operated under a
constant 8.0 V at 22 ± 2 °C and were fed by influent of 91 µM 1,4-dioxane in 20 mM Na2SO4
(~3.8 mS/cm) electrolyte solution. Mesh geotextile material, composed of HDPE plastic and
polypropylene felt was placed between the electrodes and the inter-electrode materials, as a
barrier to sand transport, but also prevented direct electrical contact of the electrodes with the
inter-electrode TiO2 pellets. In the experiments labeled as AP-F880* in Figure 3.2, the geotextile
was purposed lacking to determine whether direct electrode contact and thus conduction through
the TiO2 is required for catalyst activation. In an attempt to simulate seepage velocities that
could be experienced in an in situ groundwater installation, flow rates of 0.23 mL/min were used,
resulting in a seepage velocity of 27.4 cm/d through the porous media of the column reactors.
Once steady state conditions were achieved (usually 3-5 pore volume exchanges), reactor
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effluent was monitored for 1,4-dioxane degradation each day, along with current, redox
potential, pH and conductivity.
The activity of five different TiO2 pellets were compared against a non-catalytic FTER
control column packed with inert glass beads rather than TiO2 pellets. A schematic of these
FTERs and photos are provided in Figure S3.1. Figure 3.2 shows RP-F880 and MP-C800 pellets
degradation performance were only slightly better than electrolytic treatment without the TiO2
catalyst. However, all of the predominantly anatase pellets provided enhancement of the
degradation efficiency by 2 to 4 times that of the non-catalytic control, suggesting that the
surface or electronic properties of anatase are better suited for electrocatalysis of organic
pollutants. The observation of anatase phase TiO2 outperforming rutile is generally supported in
the literature describing photocatalytic and electro-photocatalytic degradation of pollutants,45
with specific observations of higher concentrations of adsorbed radical species119 and surfacebonded peroxo species120 on anatase TiO2, and other observations focusing on surface defect
chemistry causing favorable reactivity.121, 122 However, some researchers have found that rutile
form on its own, or mixed with anatase (e.g. Evonik P25 TiO2), can provide efficient pollutant
degradation due to surface properties and since the rutile can act to inhibit facile recombination
of electron/ hole pairs generated from band gap excitation.45, 123-126 When using MP-F880 mixed
phase inter-electrode TiO2 pellets (final anatase-to-rutile composition of 93% anatase to 7%
rutile), no significant improvement in performance was observed (Figure 3.2). This could
indicate that e- / h+ recombination may be less important as a factor within electrochemical
systems due to the constant electric field driving force in an electrochemical system.
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Figure 3.2 Comparison of the electrocatalytic activity of five different TiO2 pellets was evaluated
by the percentage of 1,4-dioxane degraded. The secondary y-axis plots the average steady state
current for each column experiment. Experiments were performed using flow-through
electrochemical reactors operating at 8.0 V at a seepage velocity of 27.3 cm/d, supplied by a
20mM Na2SO4 electrolyte feedstock spiked with 91 µM 1,4-dioxane. Effluent samples were
monitored after steady-state conditions were achieved. Errors bars represent the standard deviation
(n ≥ 3). AP-F880* indicates that the AP-F880 pellets were used between electrodes but there was
no geotextile in place to insulate the TiO2 from touching the bordering electrodes. All other FTER
experiments performed in the plot did have the insulating geotextile in place.

The greatest removal efficiency was achieved by AP-C700 (61% degradation) which
could be explained by having the highest specific surface area and lowest average crystallite size
of all the TiO2 composites measured, along with its high percentage of anatase. The first two
properties contribute to a higher surface area to volume ratio in this pellet, especially beneficial
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when all catalysts in this study occupy a fixed volume between the electrodes. One downside to
this pellet is in it having less mechanical stability, and thus more potential losses of catalytic
material in flow-through systems, since the lower thermal treatment temperature left these pellets
more friable than those heated at 880 °C. Despite all FTER experiments being operated at a
constant 8.0V with the same ionic strength of solutions, the AP-C700 column also experienced
the highest average current at 167 mA by a fairly large margin (Figure 3.2). However, while
current (density) is usually a prime variable in kinetics of conventional (i.e., uncatalyzed)
electrochemical processes, the results in Figure 3.2 imply that current and degradation rate are
not proportionally correlated in the TiO2-catalyzed electrolytic systems.
For example, the AP-C880 current is 90% that of AP-C700, but the degradation rate is
only 66% of what AP-C700 achieved. Conversely, wide variances in current ranging from 4.7 to
150 mA in three TiO2 pellets of similar composition, namely AP-F880*, AP-F880 and AP-C880,
resulted in roughly the same amount of degradation, providing additional verification that these
experimental conditions are not under current control. However, the differences in kinetics
among the differently composed TiO2 pellets are not due to mass transport limitations either,
since all experiments have the same concentration of substrate 1,4-dioxane and the same
advective flow rates. These observations provide further evidence that the characteristics of the
catalytic pellets are more important predictors of kinetic activity than is the electrical current.
More surprising results were observed when comparing the 1,4-dioxane degradation efficiency
of AP-F880* TiO2 (not having the insulating geotextile barrier between electrode and TiO2
pellets) vs. the AP-F880 TiO2 reactors (which were completely insulated from both electrodes by
geotextile). Figure 3.2 shows that the catalytic activity of the AP-F880 TiO2 was similar in
magnitude even when being insulated completely by the geotextile barrier. These results indicate
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the potential for electro-activated TiO2 to occur in the dark (not photocatalysis) even with
insulated (not traditional electrocatalysis) from the polarized electrodes.
Redox potentials measured in the solution between the electrodes were consistently
between 1.2 and 1.7 V vs SHE in all FTER experiments performed, with the exception of a very
high 7.3 V consistently measured within the non-insulated AP-F880* FTER (Table S2).
Electrical conductivities of effluent solutions displayed a small range of 4.1 to 5.6 mS/cm despite
all treating the same influent solution. The non-buffered feedstock started with a pH of 7.0. After
electro(cata)lytic treatment, the non-catalytic control ended at neutral pH, four of TiO2-catalyzed
experiments resulted in acidic effluent (pH 4.7 – 7), and the two others ended with highly
alkaline effluents (pH 10 – 11). Redox chemistry at the electrodes, such as the splitting of water,
can contribute to wide fluctuations in solution pH. Additionally, other advanced oxidation
processes have demonstrated that acidic conditions can form as a result of organic pollutants
being transformed into organic acid intermediates, and with ongoing mineralization to CO2 the
pH can shift back toward higher pH values. Table S2 provides more quantitative information on
measurements of current, redox potential, pH, and conductivity.
In separate FTER, the activity of the three of the TiO2 compositions (AP-F880, AP-H880,
and RP-F880) were tested on other persistent pollutants: the pharmaceutical lamotrigine and the
industrial solvent chlorobenzene. The AP-F880 and AP-H880 pellets still possessed the highest
catalytic activity for degrading lamotrigine and chlorobenzene, with AP-F880 achieving removal
efficiencies of 92% and 97%, respectively, a flow-through reactor (Figure S3.5).
Additional experiments were performed in batch reactors to further investigate possible
contributors to variation in current. Using tray reactors open on the top to allow for easy addition
and subtraction of inter-electrode materials, we were able to show that glass beads used in our
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control reactors have a lower average porosity of 0.42 compared to 0.73 when TiO2 pellets were
used to fill the inter-electrode gap. This lower pore volume results in greater resistivity and
therefore lower electrical current. Detailed information regarding porosity, pore volume and
electrical current measurements are provided in Table S3. This is likely to be a partial contributor
to the higher voltages often seen in TiO2 FTERs compared to control FTERs with glass beads
between the electrodes. However, this is still not sufficient to explain the significant current
difference observed in FTER experiments between AP-F880*, AP-F880, AP-C880, and APC700 since their bulk densities and thus pore volumes should be close to the same.
Electrocatalytic behavior in electrochemical batch reactors. Since •OH radicals have
been proposed as the dominant oxidative species in electrochemical systems, it is important to
confirm the production of OH radicals, whether these •OH radicals are produced at the anode
and/or through chemical reactions at the activated TiO2 surface. The difficulty in providing
evidence of electro-generated •OH radicals is that many of the probe molecules used to elucidate
mechanisms and other advanced oxidation processes happen to use probes that are themselves
easily electrochemically oxidized. For example, any of the nitrone spin trap probes such as
DMPO (5,5-dimethylpyrrolidine-N-oxide) are oxidized to radical cations more easily than water
is oxidized to hydroxyl radicals.127-129 This DMPO•+ can then be transformed by nucleophilic
attack of water to form (DMPO-OH) •, generating an EPR (electron paramagnetic resonance)
spectrum that could be falsely interpreted to be the targeted spin adduct (DMPO-OH) • assumed
to be formed from the trapping of the free radical from the M~OH • moiety on the electrode
surface.83
Seeking to use a molecule subject to radical attack but resistant to electrochemical
activity, 1,4-benzoquinone (BQ) was chosen as an organic probe molecule for •OH radicals
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specific to electrochemical system. BQ has been determined to be indicative of •OH radical
generation as it rapidly reacts with •OH (k•OH, BQ = 6.6 x 109 M-1s-1),82 while being highly
resistant to direct electrochemical oxidation.83-85, 130 However, since BQ can be easily reduced at
the cathode to form 1,4-hydroquinone, the anode and cathode were separated by a Nafion NRE212 membrane to prevent any cathodic reduction reactions. Figure S3.2 shows a schematic and
photos of this divided cell batch reactor. BQ was only added to the 50 mM Na2SO4 electrolyte
solution in the separated anodic chamber. The oxidation of BQ from the anodic chamber at a
constant current of 300 mA, as seen in Figure 3.3, provides evidence that •OH radicals were
electro-generated causing the oxidation of BQ. Further confirmation of BQ oxidation was
provided since we did not detect the formation of the reduced product 1,4-hydroquinone in
anodic chamber.
Electrochemical experiments were carried out at 300 mA constant current in 50 mM
Na2SO4 electrolyte in Nafion NRE-212 membrane divided cells in order to avoid electrochemical
reduction of BQ. Results in Figure 3.3 show that BQ was oxidized within the anode chamber,
providing evidence for electro-generated hydroxyl radicals since BQ is resistant to direct electron
transfer from the anode.
Involvement of hydroxyl radicals in oxidation mechanism. To provide evidence for
•

OH radicals being produced from the Ti/IrO2-Ta2O5 electrodes involved in the oxidation

mechanism for 1,4-dioxane and other organic molecules tested, a divided electrochemical batch
reactor was built (Figure S5). 1,4-benzoquinone (BQ) is a model probe molecule used to
demonstrate electrochemical production of •OH radicals.83, 130 This is because the kinetics of
OH radical oxidation of BQ is very fast (k•OH, BQ = 6.6 x 109 M-1s-1) 82, while it is highly resistant

•

to direct anodic oxidation.83-85
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Figure 3.3 Concentration of 1,4-benzoquinone over time during electrochemical oxidation in the
Nafion-separated anodic chamber at 300 mA constant current in 50 mM Na2SO4. Error bars
indicate standard deviation (n = 4).

To confirm the contribution of hydroxyl radicals as a reactive species to 1,4-dioxane
removal a competitive kinetics experiment was performed. The concentration of M~•OH or
TiO2~•OH is assumed to be high and at steady state, and two competing substrates are 1,4dioxane and an effective •OH scavenger tert-butyl alcohol (TBA). The rate constant for TBA
with •OH(aq) is very fast (kobs = 5.2-6.0 x 108 M-1s-1)131, 132 and so if placed concurrently at
concentrations ~4,000 times higher than the molarity of 1,4-dioxane, much of the electrogenerated hydroxyl radicals produced will necessarily react with TBA instead of 1,4-dioxane,
causing an observable loss of expected degradation rates for 1,4-dioxane under these
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conditions.133 A single-cell electrochemical batch reactor (Figure S3.2) was used for all
experiments in Figure 3.4, all having the same initial conditions of 10 µM 1,4-dioxane in 20 mM
NaClO4 electrolyte, with 140 g of AP-F880 TiO2 packed between electrodes. Figure 3.4 shows a
plot of these conditions monitored at 0 V in order to show that no significant losses in 1,4dioxane occurred due to volatilization or adsorption over the 120 minute time period.
Under baseline conditions with 1.0 A applied in the absence of TBA, 45% of 1,4-dioxane
was degraded after 60 minutes and 70% was degraded after 120 minutes (Figure 3.5). When in
the presence of 40 mM TBA, and the same 10 µM of 1,4-dioxane under 1.0 A electrical bias
roughly 16% of 1,4-dioxane was degraded after 120 minutes. This provides an additional line of
evidence showing that •OH is a major contributor to oxidizing recalcitrant 1,4-dioxane.
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Figure 3.4 Relative concentration (C/C0) of 10 µM 1,4-dioxane during degradation experiments at
1.0 Amp in 10 mM NaClO4 electrolyte for competitive kinetics experiments comparing the
degradation rate of 1,4-dioxane with TiO2 as an inter-electrode material with and without the •OH
scavenger tert-butyl alcohol being present. A no-voltage control was also performed. Error bars
represent the standard deviation (n = 3).

Involvement of band gap excitation in TiO2 oxidation mechanism. The predominant
mechanism for TiO2 as a photocatalyst is bandgap excitation caused by the absorbance of
photons of ultraviolet light. UV light provides the appropriate energy, allowing electron with in
the valence band of TiO2 to become energetically excited into the higher energy conduction
band. A strongly oxidizing hole (h+) remains in the valence band and is capable of oxidizing
adsorbed water and many other organic pollutants adsorbed to the surface. Additionally, the
excited electron can transfer onto adsorbed molecule, reducing them. Due to charge mobility
within semiconductors like TiO2, the excited electrons and oxidizing holes often recombine with
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TiO2, thus returning to ground state without any redox chemistry occurring. We postulated that it
may be possible for the electric field to provide the necessary energy to promote electrons from
the valence band to the conduction band within our TiO2 pellets, forming h+ capable of oxidizing
1,4-dioxane directly or producing hydroxyl radicals through extracting hydrogen from adsorbed
water molecules.
To test our hypothesis, 100 µM of carbon tetrachloride (CCl4) was spiked into 20 mM
NaClO4 electrolyte and added to the cathodic chamber of our divided electrochemical cell, with
the anode only being filled with the electrolyte solution. Upon powering the electrodes with a
constant current of 300 mA, CCl4 was immediately reduced by electron transfer reactions at the
cathode and concentrations dropped to less than 5% of the starting concentration within 2
minutes (Figure 3.5). The next experiments instead added the 100µM CCl4 electrolyte into the
anodic chamber of our divided electrochemical cell. The anodic chamber was also packed with
TiO2 pellets. Carbon tetrachloride is a molecule in a highly oxidized state, allowing for rapid
reductive dechlorination at the cathode. However CCl4 is incapable of being further oxidized
electrochemically. Thus, our attempt to degrade CCl4 in the anodic oxidizing chamber at 300 mA
was with the assumption that the only possible pathway for degradation was if band gap
excitation did occur, producing an energetic electron capable of reducing CCl4. Results in Figure
3.5 indicate that CCl4 was not degraded, implying that band gap excitation was not
electrolytically activated. However, based on this experiment alone, we cannot completely
exclude band gap excitation since the surrounding water may have acted as an excess pool of
electron acceptors, diminishing the reducing effect on CCl4. However, if band gap excitation
was the initial step to obtaining the catalytic activity observed for the oxidation of 1,4-dioxane,
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then it would be expected that the rutile-based pellets would have shown better catalytic activity
due to their smaller band gap energy of 2.88 eV vs. ≥ 3 eV in the anatase pellets.

Figure 3.5 Relative concentration (C/C0) of 100 µM CCl4 over time while using 300 mA in a
divided electrochemical cell. These plots are the averages (n=4) of two separate experiments: one
with CCl4 in the separated cathodic chamber and another with CCl4 in the separated anodic
chamber which also if filled with TiO2 pellets. Error bars represent the standard deviation (n = 4).

Involvement of hydroxyl radicals on TiO2 activity in absence of electric field. Once
the importance of hydroxyl radicals was established, we wanted to better understand if our
pellets were in some way electro-activated, or were the hydroxyl radicals simply interacting with
the surface chemistry of our TiO2 pellets along with co-adsorbed 1,4-dioxane on the surface,
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forming some intermediate transition state, and diassociatively desorbing back into solution as
reaction products. To determine whether the activity of the AP-F880 TiO2 pellets would remain
in the absence of an electric field (and light), Fenton’s reagent solution, known to be able to
degrade 1,4-dioxane,21, 113, 134 was designed to produce large amounts of hydroxyl radicals
without applying any voltage to the system.
Fenton’s reagent is a solution of H2O2 with ferrous iron Fe2+ as a catalyst used to oxidize
contaminants in water through the catalytic production of •OH and •OOH radicals. First, a control
experiment was run with 10 µM 1,4-dioxane in the presence of 1.0 M H2O2 , which is also a
strong oxidant, to determine if H2O2 alone was capable of oxidizing 1,4-dioxane. Results showed
that 1,4-dioxane was not readily removed by H2O2 alone, at least during the 1 hour time period
(Figure 3.6), confirming reports by others stating the same.48, 62, 135 Next, 10 µM 1,4-dioxane was
spiked into 0.1 mM FeSO4·7H2O in the absence of TiO2 pellets, and the experiment was started
as soon as H2O2 was added to achieve a final concentration of 0.20 mM H2O2. The results in
Figure 3.6 show how quickly 1,4-dioxane was degraded by Fenton’s reagent, achieving 90% and
95% removal in 2 and 5 minutes, respectively. The ability of ROS produced by Fenton’s
chemistry to rapidly oxidize 1,4-dioxane is in agreement with others who have researched this
treatment.134 Lastly, the same experiment was repeated, but this time with 140 g of AP-F880
TiO2 pellets packed into the reactor vial. Approximately 17-20% removal was achieved in the
first 5-10 minutes but then all 1,4-dioxane removal appeared to stop, confirmed by triplicate
trials. It is unclear if the TiO2 pellets simply created physical barriers to diffusion for
homogeneous chemical reactions to occur, or if possibly the TiO2 reacted in some way with the
•

OH radicals or H2O2 to reduce their ability to perform the catalytic reproduction of reactive

oxygen species. This experiment does help to confirm that without the electric field the powerful
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oxidizing activity of the TiO2 pellets was not possible. This is a strong indication that the
mechanism at play is not simply surface adsorption lowering the activation energy of
degradation reactions. It also is unlikely that the TiO2 is only providing stabilization of •OH
radical complexation at the surface after •OH drifts from where it is produced elsewhere.
In summary, we have demonstrated that inter-electrode TiO2 pellets significantly enhance
the electrolytic degradation efficiency of recalcitrant pollutants in flow-through systems, which
is usually the preferred management strategy for wastewater and groundwater treatment. For the
first time, the TiO2 was electrochemically activated in the absence of light and without direct
electrode contact in a packed bed material rather than being directly coated to the electrode
surface. These novel TiO2 pellets improve the electrocatalytic degradation efficiency of organic
pollutants and provide a more sustainable approach due to the preservation and facile reuse of
the pellets. Optimal conditions for fabrication of mechanical stable and catalytically active TiO2
pellets included starting with high purity anatase powder pressure-compacted into pellets and
sintered at 880 °C for 4 hr. The AP-F880 and AP-H880 pellets possess the highest catalytic
activity for degrading the recalcitrant 1,4-dioxane and show the same trends when treating the
pollutants lamotrigine and chlorobenzene.
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Figure 3.6 Relative concentration (C/C0) of 10 µM 1,4-dioxane during treatment without voltage
applied using Fenton’s reagent (0.1 mM Fe+2 + 0.20 mM H2O2) with TiO2 (140 g) and without
TiO2. A control experiment was performed with 1.0 H2O2 and no Fe+2 catalyst as well. Error bars
represent the standard deviation (n = 3).
Mechanistic insights into dark catalysis of electrically insulated TiO2. Based upon the
results of batch reactor experiments, the dominant pathway appears to be the TiO2 pellets being
electroactivated at a distance by the electric field. We propose that the field effect is able to
charge separate some portions of electrons into the conductance band and holes into the valence
band. Charge separation along each TiO2 pellet then can occur by diffusion of the most mobile
charge carriers, the electron, leading to isolated holes capable of chemically oxidizing organic
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molecules adsorbed to the TiO2 surface. Additionally, these holes can oxidize adsorbed water to
form [TiO2 + •OH] species capable of oxidizing organic species also adsorbed.
We ruled out the possibility the activity simply being due to electrogenerated •OH
drifting to nearby TiO2 pellets where the pollutant degradation could occur. The Fenton’s
experiment showed that without the electroactivation aspect, the activity of the TiO2 was not
there. Although there is agreement from most that hydroxyl radicals provide significant amount
of the oxidizing power for electrolytic degradation processes, there is no consensus about the
nature of M~•OH as to whether reactions must happen at the electrode surface, or could
detachment of •OH(aq) potentially react with an organic molecule near the surface. However, it
is generally accepted that due to the short half-life of •OH radicals all, or most of their
involvement, would need to happen within a few microns of the surface.2, 55 Further evidence
against the electrogenerated •OH(aq) drift mechanism is provided by Kapalka, et al., estimating
the profile of hydroxyl species adjacent to a BDD anode concurrent with the evolution of O2 and
suggested that there concentration falls to less than 10% of the value at the surface within 0.2 µm
and essentially to zero by 1 µm.70 This is eliminated because the geotextile insulator provides a
gap of ~4 mm from electrode to the inter-electrode TiO2.
Literature strongly supports that non-stoichiometry, i.e. TiO2-x, and point defects within
the lattice structure would have a substantial impact on catalytic properties as well.136-138 These
aspect are likely to be important, however, spectroscopic analyses of such surface properties
were outside of the scope of this study. Future analysis of the oxidation state of Ti at the surface
and surface hydroxyl abundance is warranted to better understand the fundamentals of catalyst
chemistry which could lead to further optimization of its activity and range of applications an
heterogeneous catalyst for electrochemical degradation. The ease-of-use and tunability of this
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electrocatalytic treatment technology, along with the nontoxicity and stability of TiO2 pellets,
would warrant further investigation into field scale treatment only studies for polluted
groundwater or wastewater streams, even if used in combination with other technologies.
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CHAPTER 4

SYNERGISTIC TREATMENT OF MIXED 1,4-DIOXANE AND CHLORINATED SOLVENT
CONTAMINATIONS BY ELECTROLYTIC STIMULATION OF PSEUDONOCARDIA
DIOXANIVORANS CB1190 2
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Chapter 4 is taken from a manuscript that was recently submitted to Environmental Science &
Technology Letters with authors: Jasmann, J.R., Gedalanga, P.B., Borch, T., Mahendra, S., and
Blotevogel, J. All sampling, sample preparation, analytical chemistry, reactor construction and
other work described was performed by me, except for the qPCR analysis which was performed
by our collaborators in UCLA: P. Gedalanga and S. Mahendra – with DNA extraction assistance
from Michelle Myers and Shu Zhang. The Pseudonocardia dioxanivorans CB1190 culture was
also sent to us from UCLA.
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CHAPTER SYNOPSIS
Biodegradation of the persistent contaminant 1,4-dioxane in groundwater is often
hindered by the absence of dissolved oxygen and the co-occurrence of microbially inhibiting
chlorinated solvents. Using flow-through reactors with mesh electrodes, we show that electrolytic
stimulation of Pseudonocardia dioxanivorans CB1190 leads to an over-additive treatment effect.
At 3.0 V applied, 1,4-dioxane was oxidized three times faster than in unstimulated
biodegradation controls, and twelve times faster than by electrolysis only. Quantitative PCR
analyses revealed that microbial growth was generally promoted by anodic oxygen-generating
reactions, yet at a higher voltage of 8.0 V, the planktonic cell abundance near the anode
decreased due to unfavorable conditions. Slower 1,4-dioxane biodegradation rates were observed
in the presence of trichloroethene, unless the voltage was high enough to sufficiently remove the
inhibiting co-contaminant. Our results demonstrate that electrolytic stimulation is a viable
synergistic approach for in situ treatment of 1,4-dioxane in mixed contaminant plumes.

INTRODUCTION
1,4-Dioxane is an emerging groundwater contaminant that is frequently observed at sites
impacted by chlorinated volatile organic compounds due to its widespread use as solvent
stabilizer.12, 17, 139 Recent reports of contaminated site data from across the United States
highlight the high probability of co-occurrence of 1,4-dioxane with trichloroethene (TCE) and
1,1,1-trichloroethane (TCA).17, 140, 141 1,4-Dioxane’s miscibility in water and low sorption affinity
to soil make it highly mobile in groundwater, often leading to large plume development.142
Advanced oxidation processes (AOP) have shown success in mineralizing 1,4-dioxane, but their
field implementability and high cost typically limit their use to ex situ treatment of comparatively
small source zones and plumes.62, 81, 143
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A limited number of laboratory studies have documented aerobic biodegradation of 1,4dioxane either co-metabolically5, 144, 145 or metabolically,3, 4, 146 and one study demonstrated
microbially driven Fenton-based degradation147 of 1,4-dioxane. These studies suggest that in situ
bioremediation of 1,4-dioxane is generally possible. However, two factors may limit the sitespecific biodegradation potential for 1,4-dioxane: (1) anoxic groundwater conditions, and (2)
inhibition by chlorinated solvents.6, 148, 149 Mahendra et al. reported that both TCA and its abiotic
breakdown product 1,1-dichloroethene (1,1-DCE) caused inhibition of the 1,4-dioxanemetabolizing strain Pseudonocardia dioxanivorans CB1190, with inhibition shown to be noncompetitive and reversible.6 Hand et al. provided evidence for TCE-inhibition of 1,4-dioxane
biodegradation by two co-metabolizing bacteria, Mycobacterium vaccae JOB5 and Rhodococcus
jostii RHA1.148 Novel biomarkers and groundwater concentration data from 2000 to 2013
revealed evidence of natural 1,4-dioxane attenuation in plumes co-contaminated with TCE;140, 150,
151

however, degradation rates were negatively correlated with chlorinated volatile organic

compound concentrations and limited to aerobic regions of the aquifers. These studies suggest
that in order for in situ biodegradation of 1,4-dioxane to become a widely used remediation
strategy, some form of stimulation or augmentation is required, along with an economical
treatment process for toxic co-contaminants such as TCE.5, 152
Permeable mesh electrodes installed perpendicular to groundwater flow44 can produce
dissolved molecular oxygen30 through the electrolysis of water, creating favorable conditions for
in situ aerobic biodegradation in previously anoxic aquifers.153, 154 Furthermore, this
electrochemical AOP is also capable of direct 1,4-dioxane oxidation39, 40, 155 and
oxidation/reduction of chlorinated solvents.43, 68, 156 We thus hypothesized that the combination
of electrolysis with biodegradation will lead to a synergistic treatment effect through electro-
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generation of O2 as electron acceptor while electrochemically removing microbially inhibiting
co-contaminants such as TCE. Specific objectives were to determine optimum stimulation
voltages and to elucidate potentially detrimental effects of applied potentials on microbial
abundance using quantitative polymerase chain reaction (qPCR) analyses. Consequently, this is
the first study to provide a fundamental basis for in situ electro-bioremediation as a synergistic
treatment technology for 1,4-dioxane in mixed contaminant plumes.

MATERIALS AND METHODS
Flow-through column reactors. Flow-through experiments were performed using
chemically disinfected 10-cm I.D. clear PVC column reactors, packed with 8/10 mesh quartz
silica sand and two permeable, circular mesh electrodes (one anode, one cathode) installed
perpendicular to flow (Appendix C, Figures S4.1-S4.2). Mesh Ti/IrO2-Ta2O5 electrodes
(Corrpro, Medina, OH) were selected based upon previous studies demonstrating their long
service life and ability to degrade aqueous organic contaminants as in situ permeable electrolytic
reactors.43, 44 with a particular affinity to more chlorinated species due to favorable surface
chemistry interactions.67, 68, 114 Additionally Ti/IrO2-Ta2O5, having a low overpotential for O2
evolution of 0.25 V, is known to be a good catalytic surface for oxygen evolution reactions in
water.30, 64 For abiotic controls, column reactors were packed with sand after heat-sterilization at
232 °C for 18 hours. For biological controls and synergistic voltage/biological experiments, sand
inoculated with active CB1190 cultures was transferred into column reactors once mid- to lateexponential growth phase was observed. These cultures were grown aerobically in ammonium
mineral salts (AMS) medium3 at 30 °C for 2-3 weeks with 50-200 mg/L 1,4-dioxane as sole
energy and carbon source (Figure S4.3).
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Contaminant analysis. Twenty-liter glass carboys were used for feedstock solutions of
de-gassed AMS media spiked with 100 mg/L 1,4-dioxane (99.98%, Honeywell Burdick &
Jackson), and an additional 5 mg/L TCE (99.5%, Alfa Aesar) for co-contaminant investigations.
All flow-through sand column experiments were operated at 23 ± 2 °C and a flow rate of 1.07
mL/min (seepage velocity 46 cm/d). Aqueous contaminant concentrations were monitored at
steady-state to minimize sorption effects (previous studies had shown that 1,4-dioxane sorption
in these columns is negligible).155 Filtered samples (0.45-µm nylon filters for 1,4-dioxane-only
samples and 0.20-µm PTFE filters for samples containing TCE) were analyzed with an Agilent
6890N gas chromatograph and mass selective detector (GC/MSD) equipped with a Restek Rxi624Sil MS column using 1,4-dioxane-d8 isotopic dilution. Chlorinated ethenes were quantified
by an Agilent 6890N GC equipped with an electron capture detector (GC/ECD).
Microbial analysis. At start and completion of flow-through experiments, 0.5-mL liquid
samples and 0.5-g solid sand samples were collected into 2.0-mL microcentrifuge tubes and
frozen at -20°C. Liquid sample aliquots were taken from influent, ports 1, 2, 3 and effluent, while
sand samples were only collected from ports 1, 2 and 3 (Figure S4.1). Deoxyribonucleic acid
(DNA) was extracted from sand and liquid phase samples using a bead beating method followed
by phenol/chloroform purification. Briefly, liquid samples were centrifuged to pellet the biomass
for 3 minutes at 13,200 x g. The supernatant was discarded and the pellet was subjected to total
DNA extraction, while 0.25 mL of extraction buffer, 0.1 mL 10% SDS, and 1 mL saturated
phenol was added to all tubes. Samples were heated at 65˚C for 2 minutes followed by bead
beating for 2 minutes using a minibead beater-16 (Biospec Products, Bartlesville, OK). Lysed
samples were incubated at 65˚C for 8 min followed by another round of bead beating for 2 min.
Samples were centrifuged and the lysate was transferred to a sterile 1.7-mL microcentrifuge tube
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for phenol/chloroform purification as previously described.157 Nucleic acid extracts were
resuspended in 100 µL of nuclease-free H2O and stored at -80˚C until further analyses.
CB1190 populations were monitored using qPCR and primers targeting the (dxmB) genes
coding for dioxane monooxygenase.157 All qPCR reactions were performed in a total volume of
20 µL containing 1X Kapa Sybr Fast qPCR Master Mix (Kapa Biosystems, Wilmington, MA),
0.25 µM of each primer (IDTDNA, San Diego, CA), and 2 µL of template DNA. All reactions
were performed on an Applied Biosystems StepOnePlus real-time PCR system (Life
Technologies, Carlsbad, CA) as previously described157 and were accompanied with a melt curve
analysis to confirm the specificity of qPCR products.

RESULTS AND DISCUSSION
Stimulation of 1,4-dioxane degradation. To simulate an in situ field implementation of
an electrolytic permeable reactive barrier (TOC Art), we used sand-packed flow-through columns
equipped with two permeable mesh electrodes.44 P. dioxanivorans CB1190 was used as model
organism due to its growth-supporting metabolism of 1,4-dioxane.4, 157, 158
Figure 4.1 shows that in the absence of TCE, only 11.6 and 14.6 mg 1,4-dioxane were
oxidized per hour per m2 of mesh electrode surface area in the abiotic electrolytic flow-through
reactors at 8.0 V and 3.0 V, respectively. These low abiotic removal rates are likely explained by
saturation of electrode active sites and limited generation of reactive oxygen species (ROS).55 In
the biological control column (no voltage) with oxygen-depleted (degassed) feedstock, the
CB1190 culture oxidized 1,4-dioxane at a rate of 53.2 mg∙h-1∙m-2. When both abiotic and biotic
processes were combined, oxidation rates substantially increased in an over-additive manner to
101 mg∙h-1∙m-2 at 8.0 V and 169 mg∙h-1∙m-2 at 3.0 V. The observation of O2 gas bubbles at the
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anode led us to conclude that CB1190 were stimulated by increased electron acceptor levels.153
Hence, by extending oxidation processes beyond the electrode surface, electro-biostimulation
doubled to tripled 1,4-dioxane degradation rates when evaluated against the biological control,
and increased rates by about an order of magnitude compared to electrochemical degradation
only.

Degradation of 1,4-Dioxane (mg∙h-1∙m-2)

200

60%

27%

160

120
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62%
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% TCE Removed

Absence of TCE
Presence of TCE

80

40

0

Figure 4.1 1,4-Dioxane degradation rates in flow-through sand reactors in the absence (blue) and
presence (orange) of TCE co-contaminant. The percentage of TCE degraded during the mixed
co-contaminant experiments is represented by the shaded region of the pie charts above each
experiment. All feedstock solutions consisted of 100 mg/L 1,4-dioxane [and 5 mg/L TCE] in
AMS nutrient media, treated at a seepage velocity of 46 cm/d. Error bars indicate standard
deviation (n ≥ 3).
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The potential for adverse effects to microbes near the electrodes was investigated by
analyzing liquid and solid (sand) aliquots along the horizontal flow path for P. dioxanivorans
CB1190 abundance. Due to the electrolysis of water and dissolved aqueous chemical species,
extreme pH and redox conditions may evolve in the vicinity of the electrodes. In addition,
biologically destructive hydroxyl radicals159 and highly oxidized chlorine species103, 160 may be
generated. Consequently, qPCR data can help elucidate preferential location(s) of microbial
attachment or growth, leading to a better understanding of optimum spacing between multiple
electrode pairs.
Upon inoculation of the sand columns for degrading 1,4-dioxane only, mean abundance
values were 4.5×108 cells/mL for planktonic and 1.3×107 cells/g for sessile CB1190 present as
biofilm (Figure 4.2(a,b)). After two weeks of flow-through operation in the biological control
column without voltage, the planktonic CB1190 abundance along the sand column averaged
3.5×108 cells/mL, thus remaining very near the initial baseline count. To maintain this steadystate population, growth and reproduction must have occurred at rates sufficient enough to
account for biomass losses of >107 cells/min (1.03×107 cells/mL × 1.07 mL/min flow) to the
effluent triggered by hydraulic shear. Therefore, removal of 1,4-dioxane can be explained by
biodegradation since column conditions in the degassed feedstock are sufficiently favorable for
the microaerophilic P. dioxanivorans CB1190 to maintain steady growth on 1,4-dioxane.4
Abiotic control experiments were also monitored with qPCR and provided in Appendix C
(Figure S4.4).
At a low stimulation voltage of 3.0 V, average planktonic abundances of 1.5×108
cells/mL indicate that the conditions remained conducive to cellular growth (Figure 4.2(a)). At
sample port 1 between the electrodes (located 2.5 cm downstream of the anode), planktonic cell
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counts were slightly lower than without voltage applied, and biofilm cell counts were below
detection limit. Here, the pH dropped to 4.7 (Figure S4.5), which is at the low end of the optimal
range for CB1190 growth near pH 5-8.3 The subsequent CB1190 population rebound 12.5 cm
downstream of the anode reveals the “sweet spot” for bacterial abundance along the flow path.
Here, immediately after the cathode, the pH returned to circumneutral (6.5) and short-lived
reactive oxidizing species are potentially depleted. These localized maximum cell counts suggest
that sloughing of biofilms may be an important source of 1,4-dioxane-degrading bacteria and
could warrant further study into the predominance of the role played by these detached cells.161
When a higher electrolytic stimulation voltage of 8.0 V was used, a substantial decrease
in planktonic abundance to 4.8×104 cells/mL was observed between the electrodes, along with
biofilm levels dropping to below the detection limit (Figure 4.2(a,b)). A more acidic pH of 3.1,
along with greater anodic production of reactive oxygen species associated with higher
voltages,55 apparently created less favorable conditions for microbial growth or survival.
Although planktonic cells did rebound to 2.3×108 cells/mL 12.5 cm downstream from the anode,
biofilm counts remained below detection limits for the remainder of the column. This CB1190
population decline likely explains why the 1,4-dioxane degradation rates were lower at a higher
stimulation voltage.
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Figure 4.2 CB1190 abundance along the flow path for planktonic (a,c) and biofilm cells (b,d) in
the absence (a,b) and presence (c,d) of TCE co-contaminant, plotted as a function of distance
from the anode. Sampling ports 1, 2 and 3 correspond to 2.5, 12.5 and 22.5 cm, the column
effluent is located at 32.5 cm. Any samples that were below the detection limit of the biofilm
qPCR analysis were plotted at 4×101 cells/g, which was the method detection limit. The error
bars represent the average range of qPCR duplicates.

Co-contaminant impact on 1,4-dioxane degradation. In the presence of the common
co-contaminant TCE, abiotic control experiments showed slightly lower 1,4-dioxane degradation
rates of 6.4 mg∙h-1∙m-2 (8.0 V) and 0.06 mg∙h-1∙m-2 (3.0 V, Figure 4.1), suggesting that
competition for active sites on the mesh electrode negatively impacted 1,4-dioxane removal. In
these two reactors, 60% and 27%, respectively, of TCE was removed.43,
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No chlorinated

reduction products of TCE were detected, implying that TCE was either oxidized or volatilized
by ebullient oxygen and hydrogen gas bubbles.162
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In the biological control column, TCE inhibition lowered 1,4-dioxane biodegradation
rates from 53.2 to 37.5 mg∙h-1∙m-2(Figure 4.1). No TCE removal was observed, confirming
previous reports that P. dioxanivorans CB1190 is not capable of biodegrading TCE.6 1,4-dioxane
oxidation rates were highest again when both abiotic and biotic processes were combined, having
rates of 94.5 mg∙h-1∙m-2 at 8.0 V and 98.4 mg∙h-1∙m-2 at 3.0 V. At the higher stimulation voltage
(8.0 V), 62% of TCE was removed, apparently sufficient to eliminate adverse effects on
biodegradation by CB1190 such that 1,4-dioxane removal rates were nearly equivalent to rates
when TCE was not present. In contrast, despite the removal of 41% of the initial TCE load with
3.0 V applied, 1,4-dioxane biodegradation was still inhibited. However, it is critical to point out
that even when TCE was present, the same trend of substantial enhancement in electrobiodegradation rates over the biological control rates was observed. Thus, aerobic biodegradation
enhancement of 1,4-dioxane occurs both by concurrent removal of the inhibiting co-contaminant
and electrochemical generation of molecular oxygen.
In the presence of TCE, qPCR analyses revealed that planktonic cell counts were
generally orders of magnitude lower than when TCE was not added, reflecting the inhibiting
effect of the chlorinated co-contaminant (Figures 2(c)). Nevertheless, the biological control and
CB1190 + 3V were able to stabilize microbial populations at levels capable of maintaining 1,4dioxane degradation. In this mixed contaminant scenario, mean biofilm abundance in the
biological control (1.2×107 cells/g) and CB1190 + 3V (1.2×108 cells/g) columns were both
consistently high, while CB1190 + 8V experienced extremely low biofilm counts (below
detection limit) between the electrodes (2.5 cm) and at 22.5 cm downstream of the anode (Figure
2.2(d)). A substantial spike in sessile cell abundance at 12.5 cm downstream was experienced in
both of the electro-biostimulation reactors, achieving 107-108 cells/g, lending further support to
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our “sweet spot” hypothesis for optimum bacterial growth. The presence of biofilms can be
explained by their greater ability to withstand pH changes and (short-lived) ROS.163 Based upon
the consistency of the location of peak sessile cell counts, it appears that biofilm formation is also
being used as a strategy of colonization in a nutrient-dense and oxygen-rich area, where
sloughing of cells can then occur, providing the majority of observable biodegradation.163
Technological implications. Our results clearly demonstrate that electrolytic stimulation
of aerobic biodegradation is an effective, synergistic approach for the remediation of
groundwater contaminated with 1,4-dioxane, even in mixed contaminant plumes. In the absence
of a co-contaminant, where stimulation is mainly based on oxygen generation, low voltages only
slightly above the oxygen evolution potential are preferable to limit generation of harsh
conditions unfavorable for microbial growth. When microbially inhibiting co-contaminants such
as TCE are present, higher voltages or more electrodes may be required in order to mineralize or
transform them into less toxic or biodegradable intermediates. However, when 1,4-dioxane
degradation rates at low and high voltage are similar, such as in this study, the lower voltage is
preferable due to longer electrode lifetime, lower power cost, more uniform flow, and a lower
potential for disinfection by-product formation.55,

103, 160

Our data also suggest that microbial

degradation activity is highest just downstream of the cathode, implying that when several
electrode pairs are needed to reach site-specific remediation targets, spacing on the order of 1020 cm should be used. Finally, it is conceivable that additional synergistic mechanisms exist,
such as stimulation of other intrinsic microbes capable of degrading chlorinated solvents164 or
electrolytic transformation of a persistent parent compound into more readily biodegradable
intermediates.96, 156, 165, 166 The joint benefits of having tunable electrolysis to degrade recalcitrant
pollutants while simultaneously stimulating intrinsic or augmented contaminant-degraders
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strongly suggests that this technology can be used for the in situ treatment of mixed contaminant
plumes.

83

CHAPTER 5

SUMMARY

Major findings. This body of work further builds and improves upon previous
laboratory-scale and field-scale electrolytic treatment studies performed within the Center for
Contaminant Hydrology here at Colorado State University.44, 67, 68 For the first time, experiments
were conducted to investigate catalytic enhancement strategies with electro-activated dark TiO2
catalysis and electrochemical stimulation of microbial biodegradation processes. We
demonstrated 1,4-dioxane can be efficiently degraded using flow-through electrochemical
reactors, instead of stirred batch reactors, in order to simulate conditions more applicable to field
scale remediation (Chapter 2). It was determined an electrical potential of 8V was effective for
catalyzed electrochemical oxidation of 1,4-dioxane, with only minor improvements in efficiency
observed at 11.0 V and 14.0 V. Thus, for field applications, higher voltages would not be worth
the added energy consumption and decrease in faradaic current efficiency. The decreased
degradation current efficiency is due to the FTER system being rate-controlled by contaminant
transport phenomena (diffusion mainly) and not current (Chapter 2).
Significant improvements in 1,4-dioxane degradation rates were observed under all
conditions tested when using inter-electrode TiO2 pellets as a catalyst, typically achieving 2 to 5
times more pollutant removal (Chapter 2 and Table S2.2). More than 97% of 1,4-dioxane was
removed by TiO2-catalyzed FTERs after 6 anodes at 11.0V with a seepage velocity of 30.6 cm/d.
The most notable catalytic improvement in 1,4-dioxane degradation efficiency occurred in low
ionic strength water (70% degradation vs. no degradation without catalysis), where conventional
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electrochemical approaches typically fail,66 thus expanding application possibilities to aquifers
with low total dissolved solids.
Moreover, we revealed for the first time that electrically insulated, inter-electrode TiO2
can be electrochemically activated in the dark to catalyze the oxidation of organic contaminants.
Mechanistic aspects of this process were further explored in Chapter 3. These TiO2 pellets
mitigate mass transport limitations by using TiO2 pellets to extend reactive surfaces to the bulk
solution between electrodes. FTER experiments with various types of TiO2 pellets indicated that
anatase form pellets showed greatest catalytic impact on the degradation of 1,4-dioxane (Chapter
3). Research by others has shown that anatase, especially the [1 0 1] crystalline face, has surface
chemistry properties conducive to the formation of activated surface complexes with H2O and/or
organic pollutants adsorbed to the surface, and often outperforms the rutile phase as a
heterogeneous catalyst.45 These anatase pellets had higher specific surface area and more widely
distributed porosity than the rutile pellets, likely contributing to their improvement performance.
Batch reactor experiments showed that the dominant mechanism for the activation of the interelectrode TiO2 pellets is unique to previous reported photocatalytic and electrocatalytic
mechanism (Chapter 3). We propose that the electric field is able to mobilize electrons from the
valence band of TiO2 into the conductance band, leaving behind positively charged holes in the
valence band. These holes have very strong oxidation power (2.7 V vs. SHE) and are capable of
chemically oxidizing organic molecules adsorbed to the TiO2 surface. Additionally, these holes
can oxidize adsorbed water to form [TiO2 + •OH] species capable of oxidizing organic species
also adsorbed.
Our results demonstrate that electrolytic stimulation is also an effective, synergistic
approach for treating 1,4-dioxane-contaminated waters, even in mixed contaminant plumes.
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When both electrolytic and microbial processes were combined, 1,4-dioxane oxidation rates
substantially increased in an over-additive manner to 101 mg∙h-1∙m-2 at 8.0 V and 169 mg∙h-1∙m-2
at 3.0 V, compared to only 11.6 mg∙h-1∙m-2 for abiotic 8.0 V treatment and 53.2 mg∙h-1∙m-2 with 0
V using biodegradation alone (Chapter 4). The qPCR analysis helped to elucidate a “sweet spot”
for microbial growth at about 12.5 cm downstream of the anode in our FTER experiments. Thus,
this would also be the area of greatest biodegradation rates of 1,4-dioxane as the primary carbon
and energy source. Higher dissolved O2 concentrations were measured in the electrochemically
stimulated FTERs (Table S4.1) adding support to the claim of more favorable aerobic conditions
being produced downstream (downgradient) from the electrodes. When chlorinated cocontaminants such as TCE are present, higher voltages or more electrodes may be required to
mineralize these microbial degradation inhibitors, or at least transform them into less toxic and
more easily biodegradable intermediates (Chapter 4). None of the reduced transformation
products (e.g. 1,1-DCE, vinyl chloride) were detected in the effluent of our FTER experiments.
Based upon dominant pathways observed in electrochemical degradation of chlorinated solvents
in previous work,133, 156 and due to the anode being the lead electrode in our FTER experiments,
it is plausible that oxidized, and more easily biodegradable, intermediates were formed.
When 1,4-dioxane degradation rates at low and high voltage are similar, such as in this
study, the lower voltage is preferable due to longer electrode lifetime, lower power cost, more
uniform flow, and a lower potential for toxic by-product formation.55, 103, 160 The joint benefits of
having tunable electrolysis to degrade recalcitrant pollutants while simultaneously providing
electrolytic stimulation of intrinsic or augmented contaminant-degraders makes this technology
very promising for the in situ treatment of mixed contaminant plumes, and pilot scale testing
should be pursued.
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Advantages and limitations. Some clear advantages of our two catalyzed AEO
treatment processes exist over standard UV-based AOPs including the potential for in situ
remediation of groundwater, the benefit of not needing to supplement with expensive chemical
oxidants, and better economic & environmental footprint based upon cost comparisons
performed in the literature.23, 43, 96, 102 However, recent reviews highlight important challenges
and knowledge gaps slowing down the widespread use of electrochemical oxidation for
wastewater and groundwater treatment: (a) mass transfer limitations due to the intrinsic
requirement for adsorption of target pollutants with electrode surfaces, (b) incomplete
knowledge of matrix effects and disinfection by-product (DBP) formation, and (c) limited
studies on the environmental footprint and economic costs of AEO treatments compared to other
AOPs under environmentally relevant conditions. 55, 63, 103
The scope of this dissertation is not able to solve all of these challenges, however many
of these limitations and knowledge gaps were in mind during experimental design phase and
continue to be a focus as this research moves forward into field scale reactors and testing in more
complex matrices. For example, our flow-through electrochemical reactors attempted to address
the mass transfer challenges by using an inter-electrode TiO2 catalyst to fill the inter-electrode
space usually back-filled with inert material and quantify the effects of operational parameters
most important to field scale applications. In recognizing the need to lower costs (with less
power and electrode material requirements) and reduce the potential negative chlorinated
byproducts formed, we showed that low voltage settings (3.0 V) on one pair of electrodes was
enough to degrade co-contaminant TCE and electro-stimulate Pseudonocardia dioxanivorans
bacteria to aerobically biodegrade 1,4-dioxane. However, there is still a need to do more
systematic testing of complex matrices, with chloride ions present capable of producing toxic
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chlorinated hydrocarbon byproducts, or having bicarbonate present which is known to be an
efficient •OH scavenger.167
This research was always performed with the intent to develop a field scale technology
capable of providing a remediation solution to 1,4-dioxane-contaminated groundwater. As part
of this aim, a separate treatability study was performed on original site groundwater from a
former 1,4-dioxane production plant in the Netherlands which has 1,4-dioxane concentrations
around 1,000 mg/L. Non-catalyzed FTERs were used to treat the groundwater influent at 11.0V
and flowing at 15 cm/d (to match groundwater seepage velocity at the site). High degradation
efficiencies were obtained, with a single pass through 2 anodes resulting in 84% removal of the
initial 928 mg/L 1,4-dioxane, with most of that becoming fully mineralized to CO2 based upon
Shimadzu TOC analysis (Figure 5.1). Continuing the treatment through 2 more anodes achieved
97% removal. This high removal efficiency is likely due to this saline groundwater having a high
conductivity of > 4,000 µS/cm which was shown to greatly impact electrolytic oxidation
performance in our laboratory studies (Chapter 2). These results opened up the opportunity to
build six larger electrochemical column reactors (30.5 cm I.D. x 46 cm L) shown in Figure 5.2
which are now in operation on site as a pilot study to measure 1,4-dioxane degradation, monitor
for DBPs160, and provide a side-by-side comparison of removal efficiency and economic costs
with UV/AOP treatment operating in parallel.55 These field scale reactors were built and
implemented by Jens Blotevogel, and figure 5.2 shows how sand packing does allow for a very
uniform distribution of red dye (a visual analogy for pollutants in the water), helping to confirm
that assuming quasi-plug flow in our reactors is an acceptable approach. Results from this pilot
study are beyond the scope of my dissertation, but the quantitative comparison to UV/AOP
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treatment will be provide invaluable insight into the relative advantages and disadvantages of the
AEO system.

(a)
2 anodes
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52%
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Products
32%

Figure 5.1 (a) Degradation of 1,4-dioxane (%) in original groundwater from an industrial site in
the Netherlands after sequential AEO treatments in two FTERs operated at 11.0 V and seepage
velocity of 15cm/d. Error bars represent standard deviation, n = 3. (b) Relative distribution of the
84% of 1,4-dioxane removed to either CO2 or other organic intermediate products. A partial
description of the groundwater composition included: 928 mg/L 1,4-dioxane, 1.1mg/L dissolved
Fe+2, 89 mg/L chlorides, with a pH of 7.8 and specific conductivity of 4.4 mS/cm.
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a)

b)

c)
Figure 5.2 (a) Photo showing red food dye tracer test 4 h after start: The influent dye spreads out
right at the entrance to the column reactor. Some density effects of the dye tracer are apparent.
(b) Photo 20 h after start, showing the dye is spread out over the entire cross section with the
primary injection halo still visible. (c) Side view photo 20 h after start, showing the red dye
tracer is almost uniformly (though not perfectly) distributed throughout the entire volume before
reaching the initial anode. This red food dye tracer test was performed by Jens Blotevogel in a
large 30.5-cm I.D. FTER.

Future work. These results described here suggest that AEO treatment of recalcitrant
aqueous pollutants is a promising field of research and plenty of opportunities and interesting
questions remain for future Ph.D. dissertations. Briefly, here are three future directions in which
productive research could be found:
•

•

Diversify the analytical techniques to better understand the underlying processes
Investigate AEO treatment in more complex mixtures and in field scale applications
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•

Explore “non-active” electrodes and AEO transferability to other contaminants
Due to limitations of time and funding, certain analytical techniques were outside the

scope of this project. However, further investigations are needed to better understand the
mechanism of electrochemical activation of TiO2 in dark conditions. Analysis of the TiO2
catalyst with X-ray photoelectron spectroscopy (XPS) could be used to quantitatively determine
elemental composition, binding energies, and chemical/electronic state of surface elements of
catalyst or possible elements contaminating the surface. This would help to better understand
whether reduced Ti+3 and oxygen vacancies are prevalent. In situ Fourier transform infrared
spectroscopy (FTIR) would help define functional groups bonded to the surface and their relative
oxidation states, especially important for knowing the abundance of hydroxyl species. New
probing molecules could be explored with well-defined degradation branching ratios depending
on whether they are degraded by (•OH)aq, direct anodic oxidation, or by TiO2 hole mediated
reactions.
With appropriate light absorbing contaminants, glass electrochemical chambers
connected to a potentiostat and capable of in situ IR or UV-Vis spectroscopy would allow realtime monitoring of electrochemical changes in coordination with chemical transformations
quantified by changes in absorbance. Another cutting-edge technique for real-time monitoring of
electrochemical transformation products was tested in collaboration with Patrick Brophy of the
Delphine Farmer group. On-line analysis of the headspace in a sealed electrochemical batch
reactor monitored the organic acid transformation products of 1,4-dioxane degradation using
high resolution time-of-flight, chemical ionization mass spectrometry (HR-TOF-CIMS), a novel
analytical technique explained in more detail in Brophy and Farmer 2015.168 The preliminary
mass defect plots obtained are shown in Appendix E. These plots reveal the potential for rapidly
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observing differences in product formation from 1,4-dioxane degraded in three different systems:
Fenton’s reagent without current, electrochemical degradation at 1.0 Amp both with and without
catalytic TiO2 pellets. Moreover, this technique can obtain these mass spectra data from complex
aqueous samples without any pre-separation chromatography, pre-concentration or sample
preparation. With better control of variables and potential interferences, non-targeted mass
spectra data like this could be very useful when combined with complementary data from other
analytical techniques.
The investigation into matrix effects, DBP formation, and quantitative comparison of
performance are all being addressed in the ongoing pilot study described earlier. However, it is
well known that the selectivity and electrochemical activity of specific electrode types can
dramatically impact degradation efficiency with different targeted organic pollutants,2, 32, 64, 114
thus other electrode material influences should be explored. Two new FTERs with mesh Ti/SnO2
and Ti/RuO2 electrodes were built for preliminary comparisons against the Ti/IrO2-Ta2O5
electrodes used for all other experiments in this dissertation. 1,4-dioxane degradation results are
shown in Figure 5.3 for FTERs operating with 8.0 V applied to two pairs of electrodes (3
different types, without inter-electrode TiO2 pellets added) and a having seepage velocity of 27
cm/d (0.9 ft/d). The same influent feedstock of 3.4 µM 1,4-dioxane in 10 mM Na2SO4 electrolyte
was used for all experiments. The 1,4-dioxaen degradation efficiency was greatest with the
“non-active” Ti/SnO2 (92% degraded), followed by Ti/RuO2 (74%) and then Ti/IrO2-Ta2O5 +
TiO2 pellets (69%) and Ti/IrO2-Ta2O5 alone (52%). The low current for Ti/SnO2 provides
evidence for this material having an extremely efficient faradaic current efficiency. This means
that larger relative amounts of the total current participates directly or indirectly (through
adsorbed •OH radicals) in the degradation reactions, rather than the competing oxygen evolution
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reaction. Plots of current vs. degradation efficiency (Figure 5.4) and solution redox potential
(Figure 5.5) do not show a linear response and do not even show a consistent positive
correlation. This confirms trends discovered in earlier experiments showing that current density
and % degradation of organic pollutants are not directly correlated (Chapter 3).
Based upon these results, it would appear that the exploration of non-active electrode
materials (like Ti/SnO2) could be promising since these are known to be better at achieving
complete mineralization due to their high oxygen evolution reaction overpotential, however there
are trade-offs with cost, longevity and environmental risk that need to be considered. Negative
trade-offs for three of the most commonly studied non-active anodes include high cost (and no
permeable mesh form available) for BDD anodes, reduced electrochemical lifetimes are
problematic for SnO2 anodes, and the risk of low levels of toxic lead release by PbO2 anodes.2, 30
Thus, when moving forward SEM (for surface morphology) and XPS (for elemental composition
and redox states) should be used to characterize the electrode materials (i.e. Ti/SnO2, Ti/RuO2,
and Ti/IrO2-Ta2O5) before and after use to improve the assessment of service life.110
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Figure 5.3 Electrocatalytic activity (% degradation) compared among three mesh electrodes tested
without the use of inter-electrode TiO2 pellets: Ti/SnO2, Ti/RuO2, and Ti/IrO2-Ta2O5 electrodes.
FTER data from Chapter 2 of Ti/IrO2-Ta2O5 with inter-electrode TiO2 pellets was also plotted for
comparison. The secondary y-axis plots the average steady state current for each column
experiment. Experiments were performed using flow-through electrochemical reactors operating at
8.0 V and a seepage velocity of 27.3 cm/d, supplied by a 20mM Na2SO4 electrolyte feedstock
spiked with 3.4 µM 1,4-dioxane. Effluent samples were monitored after steady-state conditions
were achieved. Errors bars represent the standard deviation (n ≥ 3).
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Figure 5.4 Impact of (a) average current and (b) solution redox potential on electrocatalytic
activity (% degradation) of three mesh electrodes: Ti/SnO2, Ti/RuO2, and Ti/IrO2-Ta2O5
electrodes. FTER data from Chapter 2 of Ti/IrO2-Ta2O5 with inter-electrode TiO2 pellets was also
plotted for comparison. Experiments were performed using flow-through electrochemical reactors
operating at 8.0 V and a seepage velocity of 27.3 cm/d, supplied by a 20mM Na2SO4 electrolyte
feedstock spiked with 3.4 µM 1,4-dioxane. Effluent samples were monitored after steady-state
conditions were achieved.
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On the basis of the successful degradation seen with 1,4-dioxane, lamotrigine and
chlorobenzene (Chapter 2), it is worthwhile to explore other possible niche applications of AEO
treatment. For example, possible treatment applications could be explored for lamotrigine or
other pharmaceuticals. There may be opportunities in wastewater treatment or point-of-use
treatment for pharmaceutical residuals that remain bio-active (neuroactive, endocrine disrupting,
etc.) after conventional wastewater treatment either to protect environmental health of the
streams or the health of human populations downstream who use this as their source water for
drinking water. There are also AEO opportunities to investigate continuing with recalcitrant
pollutants associated with groundwater, like perfluorooctanoic acids (PFOA) and
perfluorooctanesulfonic acids (PFOS). The PFOA and PFOS chemicals are still used today as
important surfactants in aqueous film forming foams (AFFFs). Their use in flame-retardants for
fire training at military bases, airports, and industrial sites has led to large amount of
groundwater contamination with these PFCs which are difficult to treat. Studies in the literature
have shown that many PFCs are resistant to conventional treatment and hydroxyl radical attack
mechanisms, but have found that electrochemical treatment may be one of the few effective
strategies.27
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 2

Fabrication of titanium dioxide pellets. Figure S2.1(a) includes photos of key steps in
the process of making stable TiO2 pellets starting from > 99.6% anatase TiO2 powder (≤ 325
mesh or 40 µm). The sintering process was performed in a muffle furnace for 4 hours at 700°C,
800°C, 880°C, and 1,000°C attempting to cement loosely aggregated pellets into a stable form.
Flow-through electrochemical reactor (FTER) design. Figure S2.1(b-d) shows photos
of the larger 10 cm I.D. FTERs used to investigate electro(cata)lytic degradation of 1,4-dioxane.
The photos show a catalyzed reactor packed with TiO2 pellets as inter-electrode material in (b), a
control reactor with glass beads as inter-electrode material in (c), and a photo in (d) of a mesh
Ti/IrO2-Ta2O5 electrode before installation into an FTER. Figure S2.2 has a schematic of the
smaller 5 cm I.D. FTERs used to perform flow-through electrolytic experiments on the persistent
organic pollutants lamotrigine and chlorobenzene in direct comparison to 1,4-dioxane.
Screening for mechanically stable titanium dioxide pellets. Figure S2.1(e-f) shows
photos of the equipment used for the mechanical stability tests. To start the mechanical stability
tests, six randomly chosen TiO2 pellets of each type were massed and placed into separate 40-mL
glass vials and capped. Vigorous shaking of each glass vial was performed by hand for 35
reps/10 sec (i.e., 210 reps/min). The intact pellets were then separated from the pulverized or
powdered TiO2 remnants with a 0.077 mm sieve (Tyler Standard 200 mesh). The intact pellets
(those pellets > 0.077 mm mesh sieve opening) were then massed again. These intact pellets
were again placed into the glass vial, capped, and shaken at 210 reps/min for 15 more seconds
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(25 seconds total), pulverized TiO2 was separated, and intact pellets were weighed again. The
percentage mass of intact TiO2 pellets remaining after each shaking interval was calculated and
used to determine mechanical stability based upon criteria as defined in Table S2.1 below. The
TiO2 pellets heated at 880°C and 1,000°C were the only to receive an “excellent pellet stability”
ranking, indicating these would be suitable for flow-through systems without easily losing any
catalytic material (Table S2.1).
Fabrication steps for production of catalytic TiO2 pellets

(a)

“Pelletization”

Compaction

Anatase TiO2 Powder

Heat Treatment

Experimental set up for Flow-through Electrochemical Reactors (FTERs)

(b)

(d)

(c)

Ti/IrO2 -Ta2 O5

Equipment used for screening TiO2 pellets for mechanical stability

(e)

(f)

Figure S2.1 (a) Key steps in the process of making catalytic TiO2 pellets to be used as interelectrode catalysts including pressure compaction of the fine TiO2 powder into cylindrical discs,
manual chiseling into appropriately sized, loosely adhered pellets with sizes between 3.33 mm
and 9.42 mm mesh size, and a heat treatment process. (b) Photo of a flow-through
electrochemical reactor (FTER) with inter-electrode TiO2 pellets between four working
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electrodes. (c) Experimental set up showing the non-catalyzed control FTER with interelectrode glass beads on left and the TiO2-catalyzed FTER on the right, and (d) circular Ti/IrO2Ta2O5 mesh electrode before installing into column reactors. (e) Photos showing the 40-mL glass
vial used for mechanical stability tests and (f) a top-view of the pulverized TiO2 after shaking
pellets in the glass vial.

Figure S2.2 (a) Schematic of 5.0 cm internal diameter (I.D.) flow-through electrochemical
reactor and list of influent feed pollutants investigated in this study. Small FTER is made from
acrylic cylindrical pipe 15.24 cm long, and installed with a single pair of circular electrodes (d =
4.82 cm, A = 18.25 cm2) spaced with an inter-electrode gap of 2.5cm. Chemical structures of
persistent organic pollutants tested are shown for (b) 1,4-dioxane, (c) lamotrigine and (d)
chlorobenzene.

Analytical methods used to monitor pollutant concentrations. For identification and
quantification of dioxane, liquid-liquid extractions (LLE) into dichloromethane were performed
followed by GC/MS full scan and selective ion mode (SIM) analysis (Agilent 6890N GC,

110

Agilent 5973N MSD). 2 µL injections were made at an inlet temperature of 250°C using a 5:1
split flow ratio. Helium carrier gas was used with initial flow rate of 1.0 mL/min. The initial
oven temperature was 40°C for 1 minute, then ramped up at 10°C/min to 90°C, with an
additional ramp of 20°C/min to 120°C. The mass spectrometer scanned from 40 to 250 Daltons
when operating in full scan, and selected for m/z 58 and 88 when quantifying 1,4-dioxane in
SIM. For quantification of chlorobenzene and benzene (a reduction transformation product of
chlorobenzene), LLE of aqueous samples into methyl-tert-butyl ether was performed followed
by GC/MS full scan and GC/ECD analyses (Agilent 6890N GC, Agilent ECD). GCs were
equipped with a Restek Rxi-624Sil MS capillary column (30m x 0.25mm ID x 1.4 µm). Limits
of quantification for 1,4-dioxane and chlorobenzene were 3.2 µg/L and 1.4 µg/L respectively.
Lamotrigine was quantified using an Agilent 1200 series HPLC system equipped with a
UV-diode array detector. A Phenomenex Kinetex reversed-phase pentafluorophenyl column (100
mm x 3.1 mm I.D., 2.6 µm particle size) was used as stationary phase and two mobile phase
solvents were used: (A) 0.1% v/v formic acid solution with 5 mM ammonium acetate, and (B)
acetonitrile. Separation was carried out using a gradient elution program with 0-4 min, 10% B; 49.5 min, 10-65% B; 9.5-13.5 min, 100% B; 13.5-18 min 10% B. For all lamotrigine samples, the
injection volume was 10 µL, the flow rate was 300 µL/min, and the column temperature was
controlled at 30 °C. The samples were quantified at 270 nm using a seven-point external
calibration curve (method detection limit < 0.1 mg/L).
Influent and effluent samples from the FTER experiment performed with 207 µM 1,4dioxane feed solution (10 mM Na2SO4, 8.0 V, 0.65 mL/min flow) were analyzed for
transformation products using LC/ESI-TOF-MS (Agilent 1100 Series LC connected to an
Agilent G3250AA MSD TOF). Electrospray ionization was operated in both positive and
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negative mode. However, the transformation products observed in this study were all detected in
negative mode. Injection volumes of 50 µL and a flow of 0.5 mL/min were used. The isocratic
mobile phase consisted of 0.1% formic acid and 2% acetonitrile. The reversed-phase column was
a 150 mm Waters Xterra Phenyl, an organic-inorganic hybrid with 2-phenylpropyl ligands
bonded to tetraethylsiloxane & methyltriethylsiloxane. The capillary, fragmentation, and
skimmer voltages of the MSD were 800 V, 130 V, and 60 V, respectively. The temperature of
drying gas (N2) was 350°C with a flow rate of 10 mL/min, and the pressure of the nebulizer gas
(N2) was 50 psi. The mass analyzer was calibrated from m/z 30 to 600 in negative ionization
mode using three reference ions and the elemental composition was determined for each m/z
peak detected using the high mass accuracy results.
A Shimadzu TOC-L Analyzer was used to perform total organic carbon analysis using 40
mL glass VOC vials with triplicates of aqueous influent and effluent samples from a special TiO2
catalyzed FTER (large 10 cm I.D.) experiment at 8.0 V and 30.6 cm/d with 10 mM Na2SO4
electrolyte and 470 µM 1,4-dioxane. The higher 1,4-dioxane concentration was used to assure
TOC levels would remain within the quantification range of the analyzer even if 90% TOC was
removed.
Experimental data were plotted using Microsoft Office 2010 (for TOC art, Fig. 1-5, Fig.
S1-S4, and all tables) and IgorTM Pro 6 (for Fig. S3c XRD data). The 1,4-dioxane degradation
pathway in Fig. 3 was created using ChemBioDraw Ultra version 14.0. Statistical computing was
performed using R version 3.2.5 (released April 14, 2016) and RStudio Desktop version 0.99.896
(released April 18, 2016). Statistical computing included (i) Student’s t-tests (two-tailed,
unpaired) and (ii) a linear model for analysis-of-covariance using “ls means package” (leastsquares means).
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Methods used to monitor operational parameters of FTERs. Flow rates were
measured by volumetric analysis of reactor influent tubing and reactor effluent reservoir
measured each day. On a daily basis, measurements were made of pH, voltage and current
between working electrodes using a Fluke Multimeter, and aqueous redox potential between the
electrodes using Ag/AgCl reference electrodes (World Precision Instruments). These
measurement values are all recorded in Table S2.2. In electrolytic degradation experiments of
1,4-dioxane performed with starting pH values of 1.7, 7.0 and 12.4, Choi, et al. demonstrated
that initial pH did not have a significant effect on anodic oxidation rates of 1,4-dioxane.
Therefore, pH was not varied in our experiments and instead a circumneutral pH of 7.2 ± 1.0 was
used in all experiments.
Characterization of titanium dioxide (TiO2) pellets. Scanning electron microscopy
(SEM) was performed to observe surface morphology using a JEOL JSM-6500F Model FE-SEM
at 5 kV accelerating voltage. TiO2 pellet samples were sputter-coated with Au prior to analysis.
Figures S2.3a and S2.3b show the uniform porosity seen at the surface of a TiO2 pellet (after heat
treated at 880 °C for 4 hours).
Crystallinity and phase composition of TiO2 pellets were determined by comparison to
anatase and rutile standards using powder X-ray diffraction (XRD) with a synchrotron X-ray
light source, beamline 11-3 (λ= 0.972413 Ȧ) at Stanford Synchrotron Radiation Lightsource.
Percentage of anatase composition was calculated using the Spurr & Meyer equation and the
crystalline shape constant K = 0.7905 specific to TiO2 crystals. Diffraction intensity data were
collected using step size of 0.002° and varying 2θ between 20° and 50°. Figure S2.3(c) shows
that the diffraction patterns seen for TiO2 heat treated at 700°C and 880°C closely match the
peaks observed for the anatase standard that did not undergo heat treatment, thus indicating no
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major phase transformation to rutile phase. The fraction of anatase and rutile was estimated using
the TiO2-specific crystalline shape constant K = 0.7905 and the Spurr-Meyer equation as
shown:73, 169
�� =

��
1
1
=
=
�� + �� 1 + 1 (�� ) 1 + 1.265(�� )
��
� ��

The fraction of anatase (fA) by weight (w) is calculated from the intensities of the anatase
(101) and rutile (110) lattice peaks, IA and IR, located at 15.8° 2θ and 17.2° 2θ, respectively with
the synchrotron light source XRD.
Spurr-Meyer calculations confirm that the fraction of anatase remaining in these two
TiO2 specimens to be 97.7 % anatase (Figure S2.3(d)). However, TiO2 pellets heat treated at
1,000°C clearly show a shift in the diffraction peak pattern that is consistent with the rutile
phase, and Spurr-Meyer calculations confirm only 14.1% remains in the anatase phase. The TiO2
pellets heat treated at 800°C were not analyzed by XRD. These results indicate the compacted
TiO2 pellets are resistant to the typical phase transformation from anatase to rutile, the more
thermodynamically stable form, often reported to occur at temperatures above 600°C. Our
compacted pellets did not show any significant phase transformation until the 1,000°C heat
treatment scheme. We believe that the compression process may have created lattice compaction
and distortion in the crystal geometry which inhibits atomic diffusion processes need for lattice
rearrangement to occur.
BET specific surface area and porosimetry was performed on TiO2 pellets using nitrogen
physisorption at 77 K with a Micromeretics ASAP 2020 system. The specific surface areas were
calculated according to the Brunauer-Emmett-Teller (BET) method (P/P0 = 0.1-0.3). Total pore
volume of the TiO2 pellets was determined by nitrogen desorption at P/P0 = 0.99. Barrett114

Joyner-Halenda (BJH) analysis was employed to characterize pore size distribution and using
average values from both adsorption and desorption techniques. Prior to adsorption/desorption
measurements, samples were outgassed at 573 K for 24 h and duplicate samples were analyzed
and reported values to within ± 0.05 relative standard deviation of original samples. Figure
S2.3(d) summarizes these results including the BET surface areas determined to be 8.44, 7.48,
and 8.15 m2/g for TiO2 pellets heat treated at 700°C, 800°C, and 880°C, respectively. The
average pore widths for these same pellets were 117, 167, and 147 Å, respectively. In all three of
these pellet types, 80 – 82% of their total surface area was due to surface are from pores between
the sizes of 17 and 3000 Å.
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Table S2.1 Results and test criteria used to evaluate mechanical stability of finished TiO2 pellets
TiO2 Pellets
Annealing Treatment
500°C for 4 hours (AA)
700°C for 4 hours (AA)
800°C for 4 hours (AA)
880°C for 4 hours (AA)
1000°C for 4 hours (AA)

mass (g) of intact TiO2 pellets
initially
at 10 sec at 25 sec
0.972
0.631
0.272
1.266
0.874
0.342
1.141
0.965
0.81
1.857
1.783
1.693
0.996
0.986
0.958

% by mass remaining as intact TiO2 pellet
at 10 sec
at 25 sec
Pellet Stability
65%
28%
Poor
69%
27%
Poor
85%
71%
Good
96%
91%
Excellent
99%
96%
Excellent

Criteria used to categorize TiO2 pellet mechanical stability after shaking at 210 rpm
Final Pellet Integrity
Excellent Stability
(can be used in FTERs)
Good Stability

% by mass remaining as intact pellets
> 90% after 10 seconds shaking AND
> 80% after 25 seconds shaking
> 70% after 10 seconds shaking AND
> 50% after 25 seconds shaking

Poor Pellet Stability

≤ 50% after 10 or 25 seconds shaking
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(b)

(a)
1000 nm

100 nm

(c)

1000°C TiO2

rutile R110 peak

880°C TiO2

700°C TiO2
anatase A101 peak
anatase standard

Figure S2.3 SEM images of TiO2 pellet surface after 4 hour heat treatment at 880°C using (a)
7,000x magnification and (b) 30,000x magnification. (c) Synchrotron XRD data for TiO2 pellets
heat-treated for 4 hours at 700 °C, 880 °C and 1,000 °C compared to anatase powder standard
(purity >99.6%) not treated by heat. (d) Data characterizing TiO2 pellets sintered for 4 hours at
700°C, 800°C, 880°C and 1000°C using XRD, BET surface area and porosimetry. Percentage of
anatase and rutile composition were calculated using the Spurr & Meyer equation and the
crystalline shape constant K = 0.7905 specific to TiO2 crystals.
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Electrochemical degradation of 1,4-dioxane in FTERs. In Figure 2.2, electrochemical
degradation efficiencies are expressed as percentage of dioxane degraded according to equation
S1, where Ceff is effluent and Cinf is influent dioxane concentration.
Degradation (%) = [1 −(

Ceff
�C )] ∙ 100
inf

(Eq. S1)

Table S2.2 summarizes the 10 different experimental regimes performed in TiO2catalyzed FTERs and non-catalyzed FTERs. This table records the pH of the effluent, current
density, the pseudo-first order rate constant kobs, and the percentage of dioxane degraded under
different operational parameters. The overall degradation efficiency of TiO2 pellets vs. the
control experiments is compared from all treatment regimes as a performance enhancement ratio.
Table S2.3 displays how the pore volume and flow rates of the FTERs were used to calculate
Darcy velocity, seepage velocity and hydraulic residence time (e.g., HRT is 17.9 hours at a
seepage velocity of 30.6 cm/d), which was then used to calculate the kobs values. The pseudo-first
order observed rate constants, kobs, were determined according to equation S2 used by
Carbonaro, et al. for continuous-flow experiments.
�obs =

C
−ln( eff�C
HRT

inf )

(Eq. S2)
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Table S2.2 Summary of results from FTER experiments
#

Flux Vs
Applied [Dioxane] Electrolyte
voltage (V) 0 (μM) [Na 2 SO 4 ] (mM) (cm3 ·cm-2 ·d-1 )

1

8.0 BM

2

Interelectrode
material

pH (± SD) of
effluent*

Current
Redox
density
potential
(V vs SHE) (mA·cm-2 ± 0.2)

k obs
(hr -1 )

Dioxane
degraded (%)

PE ratio

3.4 BM

10.0 BM

30.6 BM

TiO 2 pellets

9.5 ± 2.6

4.1

3.5

0.065

69.0 ± 1.3

1.4

0.0

-

-

-

TiO 2 pellets

3.8 ± 0.1

0.6

0.0

0.001

2.3 ± 1.0

0.6

3

11.0

-

-

-

TiO 2 pellets

5.1 ± 2.1

5.7

5.3

0.074

73.3 ± 7.5

1.6

4

14.0

-

-

-

TiO 2 pellets

2.6 ± 0.1

6.9

8.3

0.094

81.4 ± 1.1

1.8

5

-

-

3.0

-

TiO 2 pellets

6.1 ± 1.1

4.4

2.5

0.066

69.6 ± 3.5

∞

6

-

-

30.0

-

TiO 2 pellets

4.8 ± 1.2

4.3

7.0

0.107

85.2 ± 1.6

1.4

7

-

-

-

61.1

TiO 2 pellets

6.3 ± 3.8

4.5

3.2

0.088

53.7 ± 3.1

2.1

8

-

-

-

15.3

TiO 2 pellets

11.1 ± 0.2

3.9

3.4

0.045

79.8 ± 1.8

3.9

9

-

40.0

-

-

TiO 2 pellets

10.4 ± 0.1

4.2

3.8

0.053

61.2 ± 1.2

2.1

11

-

207

-

-

TiO 2 pellets

5.3 ± 2.5

4.2

3.0

0.026

37.6 ± 3.1

2.8

12

-

470

-

-

TiO 2 pellets

5.1 ± 0.9

4.1

3.1

0.032

43.8 ± 3.7

4.6

13

5.0

98

30.0

61.1

TiO 2 pellets

10.5 ± 0.6

2.9

2.7

0.058

40.4 ± 2.6

2.5

1

8.0 BM

3.4 BM

10.0 BM

30.6 BM

glass beads

9.8 ± 0.4

4.1

1.5

0.038

49.4 ± 4.4

NA

2

0.0

-

-

-

glass beads

3.9 ± 0.04

0.6

0.0

0.002

3.8 ± 1.8

NA

3

11.0

-

-

-

glass beads

9.0 ± 0.9

5.7

2.2

0.033

45.0 ± 1.8

NA

4

14.0

-

-

-

glass beads

4.2 ± 0.5

6.9

3.3

0.034

45.8 ± 3.6

NA

5

-

-

3.0

-

glass beads

5.1 ± 1.1

4.1

1.1

0.000

0 ± 7.6

NA

6

-

-

30.0

-

glass beads

3.9 ± 0.6

4.4

3.4

0.052

60.7 ± 6.8

NA

7

-

-

-

61.1

glass beads

7.1 ± 1.5

4.4

1.4

0.034

26.5 ± 1.5

NA

8

-

-

-

15.3

glass beads

9.6 ± 0.7

4.3

1.5

0.006

20.6 ± 11.2

NA

9

-

40.0

-

-

glass beads

8.5 ± 1.0

4.2

1.6

0.019

28.8 ± 1.8

NA

11

-

207

-

-

glass beads

6.7 ± 2.0

4.3

1.4

0.008

13.4 ± 4.6

NA

12

-

470

-

-

TiO 2 pellets

9.4 ± 1.1

4.3

1.4

0.006

9.46 ± 2.9

NA

13

5.0

98

30.0

61.1

TiO 2 pellets

9.9 ± 1.7

3.0

1.4

0.020

16.3 ± 1.2

NA

BM

*

repres ents the "benchma rk l evel or qua nti ty" from whi ch one or more opera ti ona l pa ra meters a re va ri ed for ea ch fl ow-through el ectrochemi ca l
s i gni fi es tha t thi s opera ti ona l pa ra meter i s equa l to the "benchma rk l evel "
pH of unbuffered feeds tock i nfl uent for a l l cycl es wa s 7.2 ± 1.0 a nd SD s i gni fi es s ta nda rd devi a ti on
SHE s i gni fi es s ta nda rd hydrogen el ectrode a nd k obs = [-l n(Ceff/Cinf)] / HRT
PE ra ti o (Performa nce Enha ncement Ra ti o) i s a ra ti o of % 1,4-di oxa ne degra ded by the Ti O2-ca ta l yzed FTER vs . non-ca ta l yzed FTER under s a me co
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Table S2.3 Flow parameter calculations using hydraulic mass continuity and Darcy equations
measured

The "reactive region" of large 10cm ID FTER is the 22.9 cm from first to last electrode including small buffer
to either side with a measured void volume or "reactive pore volume"(RPV) of 700 cm3

measured
vd = Q / A

Darcy discharge velocity (vd) is a flux, thus flow rate (Q) through a cross-section area (A), disregarding porosity

vs = vd / η

Seepage velocity (vs ), also a flux, is dependent on flow rate Q through the void spaces of the cross-sectional area

η =Vv/VT

The void volume (Vv) of reactive region and total volume (VT) are used to determine porosity (η)

HRT = Vv / Q

Hydraulic residence time (HRT) is average time a compound (eg.dioxane, water) remains in reactive region
Darcy Discharge Velocity (L 3 /L 2 /T) Calculation: vd = Q/Atotal --> flux disregarding porosity of cross-sectional area
Cross-Section Calculation

Electrode Area
Column radius

2
78.50 cm

flow rate Q
flux vd = Q / A

2
78.50 cm

5 cm
At Benchmark (BM) Flow

flow rate Q

Cross-Section Calculation

Cross-Section Calculation
2
78.50 cm

5 cm
At flow rate < BM

0.65 mL/min

0.325 mL/min

39 mL/hr

19.5 mL/hr

11.9 cm/d darcy flux

6.0 cm/d darcy flux

5 cm
At flow rate > BM
1.3 mL/min
78 mL/hr
23.8 cm/d darcy flux

column length

0.75 ft

0.75 ft

0.75 ft

column length

22.9 cm

22.9 cm

22.9 cm

700 cm3 RPV or Vvoid

700 cm3 RPV or Vvoid

700 cm3 RPV or Vvoid

Vvoid (cm3 )
Vtotal = πr h (cm )
2

3

poros i ty η =Vv /VT

3

1797 cm Max Vtotal
0.3895 η =Vv/VT

3

1797 cm Max Vtotal
0.3895 η =Vv/VT

1797 cm3 Max Vtotal
0.3895 η =Vv/VT

Seepage Velocity (L 3 /L 2 /T) Calculation: vs = vd/η --> a flux expressed as an average velocity in porous media
in consideration of flow only happening within void space; thus vs > vd always and HRT uses vs
Seepage velocity

1.0 ft/d

0.5 ft/d

2.0 ft/d

Seepage velocity

30.6 cm/d

15.3 cm/d

61.2 cm/d

Hydraulic Residence Time (HRT): represents average time a compound (e.g. dioxane) remains in region of reactivity
HRT = Vv / Q

17.9 hr

35.9 hr

9.0 hr

Electrochemical degradation products of 1,4-Dioxane. The total organic carbon
measurements of influent and effluent were used to calculate the amount of 1,4-dioxane fully
mineralized to CO2 after treatment of 470 µM 1,4-dioxane with 8.0 V (10 mM Na2SO4
electrolyte and 30.6 cm/d seepage velocity). Based upon the mass transfer limitation experienced
in our laboratory-scale FTERs, this relatively high concentration of 470 µM 1,4-dioxane is not
expected to be at optimal conditions for full mineralization of 1,4-dioxane. However, this higher
concentration was necessary to obtain TOC levels above detection limits on our Shimadzu TOC
analyzer. Figure S2.4 summarizes the TOC results for this experiment. Effluent samples were
analyzed by LC-ESI-TOF-MS to look for possible transformation products from electrochemical
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oxidation of 1,4-dioxane. Four organic acid transformation products were detected. The
chromatographic retention times and other mass spectra data of these four chemical species are
summarized in Table S2.4. A possible degradation pathway was proposed in Figure 2.3 that
includes these four intermediates, along with other intermediates known to possible based upon
other advanced oxidation treatment of 1,4-dioxane in the literature.

Replicate 1
Replicate 2
Replicate 2
Average
SD
RSD

Total organic carbon (mg/L)
% Mineralized to CO2
Influent
Effluent
23.08
17.63
23.61
22.90
18.08
21.05
22.74
18.11
20.36
22.91
17.94
21.67
0.17
0.27
0.36
0.007
0.015
0.017
SD, standard devation; RSD, relative standard deviation

Figure S2.4 a) Pie chart showing relative distribution of initial TOC, all from 1,4-dioxane as the
sole organic carbon parent compound in the system. A treatment (i.e., single pass) through a
TiO2-catalyzed FTER at 30.6 cm/d, with 8.0 V applied to a 10 mM Na2SO4 feed solution spiked
with 470 µM 1,4-dioxane. b) Table of triplicate TOC data for the same FTER experiment, with
means, standard deviation and relative standard deviation for influent and effluent.
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Table S2.4 Chromatographic retention times and ESI-TOF-MS data for intermediates
Species
(intermediates)
succinic acid

Retention
time (min)
16.1

Molecular
formula [M]
C4H6O4

Base peak
ion
[M-H] -

Observed
m/z
117.0188

Theoretical
m/z
117.0193

Error
(ppm)
4.52

Base peak
ion formula
C4H5O4-

malic acid

18.0

C4H6O5

[M-H] -

133.0126

133.0142

11.98

C4H5O5-

mesoxalic acid

19.7

C3H2O5

[M-H] -

116.9829

116.9821

-8.05

C3HO5-

glycolic acid

13.6

C2H4O3

[M-H] -

75.0127

75.0088

-51.2

C2H3O3-

Dark activation of TiO2 without direct electrode contact. Non-insulated pellets were
in direct contact with both anode and cathode, while insulated pellets had a geotextile barrier
(polypropylene felt layer) separating the TiO2 from any contact with either electrode. All
experiments, including the non-catalytic control column, were conducted in 5.0 cm I.D. column
reactors operated under the following conditions: 91 µM 1,4-dioxane, 20 mM Na2SO4
electrolyte, 27.3 cm/day and 8.0 V applied. Figure S7 shows that the catalyzed reactors with
(36%) and without (44%) the insulating geotextile layer both were able to provide increases in
1,4-dioxane degradation efficiency compared to the non-catalytic column (15% degradation).
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Figure S2.5 Degradation efficiencies of 1,4-dioxane in 5.0 cm I.D. flow-through electrochemical
reactors operated under the following conditions: 91 µM 1,4-dioxane, 20 mM Na2SO4
electrolyte, 27.3 cm/day and 8.0 V applied. The “No Catalyst” control had inert glass beads in
between electrodes. The secondary y-axis plots the average steady state current for each column
experiment. Error bars indicate standard deviation (n ≥ 3) for samples taken during steady-state.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 3

Mechanistic investigations. Many experiments were designed to investigate possible
mechanisms for the dark activation of the TiO2 pellets. Studies were performed in flow-through
electrochemical reactors (Figure S3.1) with different types of inter-electrode TiO2 pellets. Other
studies were performed in electrochemical batch reactors, sometimes using a Nafion NRE-212
membrane to operate in conditions where anode and cathode chamber were chemically isolated
(Figure S3.2). The Nafion only allows proton exchange to maintain electrical current, while
blocking the transport of organic molecules like 1,4-dioxane, carbon tetrachloride, 1,4benzoquinone (BQ), and tert-butylalcohol (TBA).
Catalyst characterization. Multiple analyses were used to characterize the finished
TiO2 pellets fabricated from different starting materials and sintered at different temperatures.
Powder X-ray diffraction (P-XRD) plots were overlaid in Figure 3.3 to show how the kinetics of
transformation from anatase to rutile is inhibited by the compaction step in fabrication. The APC880 and AP-F880 TiO2 pellets made from the coarse anatase (Huntsman) and fine anatase (Alfa
Aesar) powders are resistant to the calcination/transformation process even after 19 hours of heat
treatment at 880 °C. Lattice distortion from the compaction step may make inhibit atomic
diffusion needed for rearrangement of Ti and O atoms. In contrast, the RP-F880 TiO2 pellets
made from Evonik P25 powder, composed of 20% rutile and 80% anatase, did exhibit rapid
transformation to 100% rutile with just 4 hours at 880 °C, possibly due to having rutile
nucleation sites able to stimulate phase transformation. P-XRD analysis of the raw Huntsman
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and Alfa Aesar anatase powders after heating at 880 C, but without compaction, showed that
gradual transformation from anatase to rutile does occur as seen at the 4 hr, 9 hr, and 19 hr
diffractograms shown in Figure S3.3(b,c).

Figure S3.1. (a) Schematic of 5.0-cm internal diameter (I.D.) flow-through electrochemical
reactor (FTER) with flow directed upward. Photos of (b) inter-electrode material in clockwise
direction are AP-F880, RP-F880, Glass beads, and AP-C880. (c) Four FTERs running
simultaneous experiments and (d) a zoomed-in view of AP-F880 TiO2 pellets. The interelectrode TiO2 pellets were separated from the electrodes with an insulating geotextile
(polyprolylene felt) layer adhered to a HDPE geonet grid.
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(a)

Figure S3.2. (a) Schematic showing the top view of a concentric cylindrical electrode batch
reactor with Nafion NRE-212 membrane and without Nafion separation, but with TiO2 pellets.
Nafion is used to separate inner anodic chamber from the outer cathodic chamber. Nafion NRE212 membrane has technical properties of 0.05 mm thickness and 0.92 meq/g exchange capacity
and is composed of Rf[OCF2CF(CF3)2]nOCF2CF2SO3H (Alfa Aesar PN 45036). Photos of these
batch reactors with (b) TiO2 pellets as packing material, (c) glass beads as packing materials for
the control experiments, and (d) showing the outer cylinder electrode and the inner electrode
when sealed with a Nafion membrane.

Scanning electron microscopy images shown in Figure S3.3 shows that (d) AP-F880 and
(e) AP-C880 TiO2 pellets exhibit spherical crystalloids with uniform porosity (typical other
anatase catalysts), while (f) RP-880 pellets show crystal aggregration effects and shallower, less
abundant pore morphology. The (a) Absorbance at different wavelength using UV-Vis diffuse
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reflectance analysis, (b) N2 adsorption/desorption isotherm, and (c) relative pore size
distribution.
(a)

(d)

(b)

AP-F880

1 μm

AP-C880

1 μm

(e)
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(c)

(f)

RP-880

1 μm

Figure S3.3. Powder XRD Diffractograms after 880°C calcination of a) compacted TiO2 pellets
after for 19 hours, b) AP-F880 for 4, 9 and 19 hours, c) AP-C880 for 4, 9 and 19 hours. SEM
images at 30,000x magnification of d) AP-F880, e) AP-C880, and f) RP-880 TiO2 pellets.
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Figure S3.4. Plots comparing electronic and physical properties of three different TiO2 pellets:
AP-F880, AP-C880, and RP-880. (a) Absorbance at different wavelength using UV-Vis diffuse
reflectance analysis, (b) N2 adsorption/desorption isotherm, and (c) relative pore size
distribution.
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Figure S3.5. Contaminant degradation (%) shown for three persistent pollutants (1,4-dioxane,
lamotrigine, and chlorobenzene) using flow-through electrochemical reactors with four different
inter-electrode materials with the “no catalyst” reactor using inert glass beads between the
electrodes. The experiments were conducted using 8.0 V and seepage velocity of 27.4 cm/d to
treat influent spiked with either 99 µM 1,4-dioxane, 41 µM lamotrigine, or 66 µM chlorobenzene
into 10 mM Na2SO4 electrolyte. Error bars represent standard deviation, n =3.
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Table S3.1. Characterization of various compositions of TiO2 pellets.
TiO2 pellet
type a
AP-F880
AP-C880
AP-C700
RP-F880
MP-F800

X A (by wt)b

avg
crystallite

X R (by wt)

sizec (nm)

0.977
0.995
0.995
0.000
0.925

0.023
0.005
0.005
1.000
0.075

A

45 ± 11

R

--

A

51 ± 7

R

--

A

32 ± 4

R

--

A

--

R

35 ± 9

A

47 ± 4

R

55 ± 11

BET sfc area % SA due to
band gap
energy (eV) (± 0.03 m2/g)
pores

avg. pore
width (nm)

Bulk Density
ρ (g/cm3)

mass (g) per
inter-electrode
spacee

3.20

8.15

80.8%

14.6

0.76

30.3

3.21

8.09

81.3%

13.8

0.73

29.4

NMd

8.44

NM

NM

0.73

29.1

2.880

0.016

82.4%

51.5

1.56

62.5

NM

NM

NM

NM

0.84

33.7

a

Sample names represent the phase composition of the final TiO2 pellets with AP ( >97% anatase), RP (100% rutile), MP (mixed phase) before the dash
and after the dash, is the size of the precursor powder F (fine < 45 µm) or C (coarse) followed by the temperature used for the 4 hr thermal treatment

a

Spurr-Meyer calculations were performed on Synchrotron PXRD data for AP-F880, AP-C880, and RP-880, while Scintag X2 data was used for others

b

Estimated average of Scherer's equation applied to Scintag X2 lattice peaks for anatase @ 2θ = 25.5°, 38.0°, 55.2°; rutile @ 2θ = 28.1° & 36.3°

d

NM indicates not measured for that specific sample

e

the 2.54 cm space between electrodes had a measured of 40cm3 which was filled to capacity with each pellet type
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Flow-through treatment: electrocatalytic behavior at steady state. Table S3.2 includes
quantitative data to support Figure 3.3 of the main manuscript.
Table S3.2. Measurements of FTER experiments using different inter-electrode fill material.
Inter-electrode
material

a

AP-F880*

AP-F880

AP-C880

AP-C700

RP-880

MP-800

No Catalyst

Fraction of 1,4dioxane removed

0.438

0.357

0.397

0.615

0.187

0.177

0.155

Standard deviation

0.067

0.012

0.017

0.121

0.006

0.006

0.013

Current (mA)

4.67

59.025

149.883

167.128

79.913

96.463

77.760

Standard deviation

2.10

14.096

4.315

13.254

4.947

14.048

2.764

Redox potential (V)
vs SHE

7.29

1.485

1.730

1.585

1.558

1.290

1.274

Standard deviation

0.28

0.086

0.153

0.243

0.065

0.009

0.031

pH

4.67

6.000

10.333

11.333

6.000

5.833

7.167

Standard deviation

0.76

0.866

1.528

1.155

0.500

0.577

2.466

Conductivity
(mS/cm)

4.10

4.608

4.976

5.605

4.599

4.699

4.687

Standard deviation

0.38

0.111

0.068

0.033

0.213

0.030

0.131

a

AP-F880* i s the onl y rea ctor purpos el y l a cki ng a geotexti l e i ns ul a ti ng ba rri er between the ca ta l yti c pel l ets a nd el ectrodes

Electrical current experiments. Experiments were performed electrochemical batch
reactors to determine if higher current could be shown to occur when greater pore space (void
space between TiO2 pellets or glass beads) was available. Experimental set up included using a
plastic 9”L x 2.5’W x 2”H bin as an “open tray reactor” filled with 500 mL of 10 mM sodium
sulfate electrolyte and having a pair of mesh Ti/IrO2-Ta2O5 electrodes spaced 2.5” (6.35 cm)
apart. The inter-electrode space was filled to the top of the water line with 150 cm3 of either APF880 TiO2 pellets (~ diameter range 3.3 – 9 mm), large glass beads (d ~ 6 mm), or small beads (d
~ 2 cm) and the electric current between the electrode pair was measured after an electrical bias
applied of 5 V, 8 V, 11 V, and 14. Similarly, current measurements were made with the open
tray reactor only half-full of each inter-electrode material to monitor current changes with this
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increase in pore volume. Detailed information regarding porosity, pore volume and electrical
current measurements are provided in Table S3.3. Results did show that there was increasing
current values measured when the pore volumes increased while having the same material
reduced from filling inter-electrode space to only half filling the space. For example, the current
increased from 18.8 to 29.4 mA at 14.0 V when large glass bead filling material was reduced by
half. However, with TiO2 as the filling material, the current appears to plateau. The results also
indicate that at 8.0V, higher currents are observed with TiO2 as the fill material (33.3 mA)
compared to large glass beads (9.3 mA) and small glass beads (17.5 mA). However there was not
a direct correlation of decreasing current with decreasing pore volumes (filled with conductive
electrolyte solution) since the large glass beads with porosity of 0.42 had a much lower current at
8.0 V when compared to the small bead experiment with a porosity of 0.34. Thus, the variance in
current between TiO2 pellet columns and glass bead columns can not be explained well by the
differences in porosity between them, since pore volumes in the columns differed by less than
3%. In addition, the pore volume difference are even less when comparing between different
TiO2 pellets used as inter-electrode material and thus this effect is not sufficient to explain the
significant current difference observed in FTER experiments between AP-F880*, AP-F880, APC880, and AP-C700.
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Table S3.3. Porosity characteristics and current measurements of inter-electrode fill material.
Inter-electrode
Material

Filling inter-electrode space
bulk density
mass per 150mL
(g/cm3 )
(g)

Pore volume properties
Vp per 150cm3
porosity
(mL)
(mL/mL)

Tiny Glass Beads

260 ± 5

1.73 ± 0.03

51.1 ± 0.1

0.34 ± 0.01

Large Glass Beads

220 ± 5

1.47 ± 0.03

63.4 ± 0.1

0.42 ± 0.01

A880 TiO 2 Pellets

140 ± 5

0.93 ± 0.03

110.2 ± 0.1

0.73 ± 0.03

NA

NA

NA

NA

Electrolyte Sol'n only

V p (volume of pores) per 150 mL
Inter-electrode
material
Tiny Glass Beads

Current at
5V (mA)
8.6

Porosity (θ) = V p / V t in (mL/mL)

Electrical current measurements
Current at
Current at
Current at
8V (mA)
14V (mA)
11V (mA)

1/2 full at
14V (mA)

1/4 full at
14V (mA)

17.5

26.6

35.8

57.9

68.9

Large Glass Beads

4.6

9.3

14.0

18.8

29.4

39.2

A880 TiO 2 Pellets

16.0

33.3

51.5

70.6

53.0

53.7

Electrolyte Sol'n only

9.6

20.4

32.6

44.2

NA

NA
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 4

Experimental approach. Figure S4.1 displays schematic and photo of flow-through sand
columns used for abiotic control, biotic control and combined electro-bioremediation
experiments. Each clear PVC column reactor is 10 cm I.D. x 45 cm long with two circular mesh
electrodes (cross sectional area = 78.5 cm2 each) spaced 5.0 cm apart. The expanded mesh
Ti/IrO2-Ta2O5 electrodes used in the column reactors were 1.0 mm thick with 1.0 x 2.8 mm
diamond shaped openings. RE1 and RE2 are Ag/AgCl reference electrodes (World Precision
Instruments) to monitor relative redox potential of the aqueous solution. Sampling ports S1, S2
and S3 allow for liquid and solid (sand) sampling events and are located 2.5, 12.5 and 22.5 cm
downstream of the anode, respectively. Sinf and Seff ports are ports for liquid samples only. A
schematic diagram of the experimental approach is shown in Figure S4.2.
Flow-through column reactors. Feedstock solutions of 1,4-dioxane and trichloroethene
(TCE) were made in Ammonium Mineral Salts (AMS) medium which had a conductivity of
approximately 3.6 mS/cm. Starting feedstock pH was adjusted to 6.8 ± 0.3 using NaOH before
adding phosphate buffer. Measurements of pH (± 0.3) at influent, effluent and liquid ports 1, 2,
and 3 were made with pH paper strips (Sigma-Aldrich PANPEHA pH 1.0-14.0; Electron
Microscopy Sciences PEHANON pH 6.0-8.1; Baxter Scientific Products pH 1.7-3.8). Daily
measurements were made of voltage and current between working electrodes (Fluke Multimeter)
along with aqueous redox potential between and downstream of electrodes. Flow rates were
measured by volumetric analysis each day to confirm a flow rate of 1.07 mL/min, corresponding
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to seepage velocity of 46 cm/d (volume per porous cross-sectional area per time, cm3/cm2/d)
based upon column porosity of ~0.43. To minimize sorption impacts, the feedstock was pumped
through every sand column before each experiment until influent and effluent contaminant
concentrations were equal. Once steady-state conditions were achieved at target voltage, a
minimum of each three influent and effluent samples were collected for chemical analysis.
Analysis of chemical contaminants. For experiments only containing dioxane in
the feedstock, aqueous samples were filtered with 0.45-µm syringe filters (Pall Scientific
Acrodisc nylon membrane, 13 mm diameter) and extracted into dichloromethane (99.96%,
OmniSolv, EMD Chemicals, Inc.) before analysis by GC/MS. For experiments containing
1,4-dioxane and TCE, aqueous samples were filtered with 0.20-µm syringe filters
(Microliter Analytical Supplies PTFE membrane, 25 mm diameter), then extracted into
dichloromethane before GC/MS analysis. Filtering and extraction in methyl t-butyl ether
(99.5%, OmniSolv) was performed when analysis was done by GC/ECD. All GCs were
equipped with a mid-polarity Restek Rxi-624Sil MS column (30 m x 0.25 mm ID x 1.4
µm df). Contaminant degradation rates in mg∙h-1∙m-2 were determined for averaged
triplicate (or more) analyses according to the equation:
Degradation rate (mg∙h-1∙m-2) = [(Cinf – Ceff) / A] * Q
where (Cinf – Ceff) are influent and effluent contaminant concentrations, A is the cross-sectional
area of mesh electrode of 0.00785 m2, and Q is the flow rate of 0.0642 L/h.
Monitoring microbial activity and viability. Pseudonocardia dioxanivorans strain
CB1190 was grown aerobically in Ammonium Mineral Salts (AMS) medium within 4.0-L
polycarbonate Nalgene containers, maintaining 1,4-dioxane concentrations of 50-100 mg/L
(Figure S4.3(a-c)). Aqueous cultures were incubated at 30 °C while shaking at 100 rpm for ~ 2
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weeks, then 8/12 mesh sand was added once high CB1190 bacteria abundance was present and
increasing ATP concentrations were observed (Figure S4.3(b)). The sand and CB1190 culture
was monitored in order to transfer inoculated sand to pack the column reactors once high
CB1190 abundance and increasing ATP concentrations were observed (~3-5 days). 1,4-Dioxane
biodegradation rates were also monitored by GC/MS to confirm that CB1190 cultures were
metabolizing 1,4-dioxane at suitable rates before transfer steps were performed.
Bacterial abundance was monitored by counting bacterial colonies on 3M Petrifilm
Aerobic Count Plates following manufacture protocol at 1:1000 dilutions of the aqueous culture.
(Figure S4.3(c)). To track ATP concentration curves over time, ATP analysis was completed
within two hours of sampling using the BacTiter-GloTM Microbial Cell Viability Assay (Promega
Corporation, Madison, WI) following Promega Technical Bulletin #TB337 and Protocol for
Measuring ATP from Bacteria Bulletin. Briefly, an opaque-walled 96-well plate was prepared
with 100 µL of non-filtered sample and 100 µL reagent in each well. The plate contents were
mixed, allowed to equilibrate in the dark for five minutes, and then immediately analyzed on a
BioTek Synergy HT plate reader (BioTek Instruments, Winooski, VT). Calibration curves
ranged from 0.01 - 100 nM ATP and samples from different reactors were spaced out on the well
plate in order to avoid interference of luminescence. Figure S4.3(c) provides an ATP
concentration curve showing peak activity 27 hours after the addition of a 100 mg/L dioxane
spike.
Sterilization and disinfection protocol. All glassware, micropipette tips, sand for
abiotic control experiments, and most equipment was dry heat-sterilized at 232 °C for 12-18
hours or autoclaved at 121 °C and 23 psig for 20 minutes (Tuttnauer 2870 EP Autoclave). Non-
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autoclavable materials, i.e. work bench surface and the PVC sand column reactors, were
disinfected either with 70% ethanol or 10% bleach.
(a)
-12.5

-2.5

0

2.5

12.5

22.5

32.5cm

gas vents
Direction of Flow
S1

S2

S3
8/12 mesh silica sand

Sinfluent

+

RE1

-

Seffluent
RE2

Contaminant Feedstock
1,4-Dioxane in AMS medium
(co-solvent TCE)

Effluent
Reservoir

(b)

Solid Sampling ports at S1, S3, S5
Liquid Sampling ports at S1, S3, S5

Figure S4.1 (a) Schematic and (b) photo of flow-through sand columns used for abiotic, biotic
and combined electro-bioremediation experiments, all conducted in the dark by covering with
black plastic.
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Sample Ports 1, 2, 3
peristaltic pump
Contaminant Feedstock
100 mg/L 1,4-dioxane
in AMS (aq)

The following measurements/samples are taken
at influent, effluent and sample ports 1, 2, 3
 Monitor flow rate, current, pH, redox potential,
and cellular viability
 Liquid samples analyzed for 1,4-dioxane, TCE,
and DCE concentrations by GC/MS (TCE
confirmed by GC/ECD)
 Liquid and solid sand samples collected in 2-mL
microcentrifuge vials before and after each
treatment regime to monitor CB1190 population
density with DNA extraction and quantitative
PCR

+
8V, 3V or 0V

5 Treatment Regimes for
1,4-Dioxane feedstock
1)
2)
3)
4)
5)

effluent

influent

CB1190 + 8V (electro-bioremediation)
CB1190 + 3V (electro-bioremediation)
Abiotic + 8V (abiotic control)
Abiotic + 3V (abiotic control)
CB1190 + 0V (biological control)

Co-Contaminant Feedstock
100 mg/L Dioxane and
5mg/L TCE in AMS (aq)

5 Treatment Regimes for
Co-contaminant feedstock

z

effluent

influent

+

-

8V, 3V or 0V

6) CB1190 + 8V (electro-bioremediation)
7) CB1190 + 3V (electro-bioremediation)
8) Abiotic + 8V (abiotic control)
9) Abiotic + 3V (abiotic control)
10)CB1190 + 0V (biological control)

Figure S4.2 Schematic of experimental approach outlining the ten different experimental
regimes tested in sand column reactors and measurements taken.
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(a)

(c)

CB1190 is sequentially grown from
5.0 mL volumes to large volumes
(≥4.0 L) of aqueous cultures in AMS

CB1190 isolated on
R2A Agar Plate

8/12 mesh sand is inoculated with aqueous
CB1190 culture at 30°C and shaken at 100 rpm,
then loaded into column reactors.

(d)
CB1190 Cell Viability [ATP] (µM)

(b)
1.2E-02
1.0E-02

Transfer CB1190-inoculated sand
into column reactors and begin
flow-through experiment

CB1190 viability and activity is monitored using:
•
ATP concentration and activity curves
•
3M Petrifilm Aerobic Count Plates
•
Dioxane biodegradation rates via GC/MS

8.0E-03
6.0E-03
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2.0E-03
0.0E+00

0
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Time (hrs)

80
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Aerobic Count Plate at 1:1000
dilution of culture (aq)

Figure S4.3 Workflow of sand inoculation process: (a) isolated Pseudonocardia dioxanivorans
CB1190 strain is grown into large volumes of aqueous culture, (b) aqueous culture is added with
sand for inoculation once high bacteria abundance is present on petrifilm aerobic count plates
and increases in ATP concentrations are observed, (c) inoculation on sand occurs for 3-5 days,
continually monitoring ATP and bacteria abundance, (d) the inoculated sand is packed into
column reactors and flow-through experiment is started.
Measurements of pH and CB1190 counts. Electrolysis can produce dissolved molecular
oxygen at voltages above the oxygen evolution potential, (EH0 = 1.23 V vs. SHE), stimulating
aerobic biodegradation. However, since electrolytic treatment can also be used for disinfection
purposes, we investigated the pH and CB1190 population abundance at different locations along
the flow path. Figures S4.4 and S4.5 show measurements taken at the influent and at 4 other
sampling ports along the column reactor with locations 1, 2, 3 and effluent positioned at
distances of 2.5, 12.5, 22.5, and 32.5 cm downstream of the anode. Figure S4.4 shows the
planktonic and biofilm cell counts for CB1190 bacteria in the abiotic sand column experiments.
The unexpected detection of CB1190 in several abiotic control samples is likely due to the fact
that abiotic experiments were conducted after biotic experiments. Although all column reactors
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had been submerged in 70% ethanol for 30 minutes and air dried after biotic experiments, and
heat-sterilized sand was used in the columns, it is possible that remnants of DNA could have
remained in the column reactor fittings or sand even after cellular death had occurred during the
disinfection process since qPCR detects the (dxmB) genes coding for dioxane monooxygenase.
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Figure S4.4. Plots of (a) planktonic abundance and (b) biofilm abundance of CB1190 in the
abiotic flow-through sand columns with 100 mg/L 1,4-Dioxane in AMS liquid media as
feedstock. Plots of (c) planktonic abundance and (d) biofilm abundance of CB1190 in the abiotic
flow-through sand columns when 5 mg/L TCE was also present. Any samples that were below
the detection limit of the qPCR analysis were plotted at the respective method detection limit
(1×101 cells/mL for planktonic abundance and 4×101 cells/g for biofilm abundance).
Figure S4.5 plots pH measurements along each column reactor for the CB1190
experiments and the abiotic controls, in conditions with TCE absent and TCE present. Figure
S4.5 shows the greatest extremes in pH conditions occur between the electrodes, ranging from
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highly alkaline at pH of 12.0 to extremely acidic at pH of 2.3. However, after passing the second
electrode, pH levels return to near neutral levels, except for the CB1190 + 8V experiment.
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Figure S4.5. Plots of pH along the P. dioxanivorans-inoculated sand column reactors with
feedstock of (a) 100 mg/L 1,4-dioxane in AMS liquid media and (b) 100 mg/L 1,4-dioxane with
5 mg/L TCE also present. Plots of pH along abiotic control columns with (c) 100 mg/L 1,4dioxane in AMS liquid media and (d) 100 mg/L 1,4-dioxane with 5 mg/L TCE also present. All
column experiments were operated at room temperature with a seepage velocity of 46 cm/d.
Measurements of dissolved oxygen and conductivity. Dissolved O2 (DO) and
conductivity values were measured using a Hach HQ40d Meter with rugged LDO101 probe in
conjuntion with CDC401 conductivity cell. Specific conductivity consistently measured around
3,400 µS/cm with all experiments. Dissolved O2 values were measured in the influent and 3 ports
along the column flow path for the co-contaminant experiments having AMS media spiked with
100 mg/L 1,4-dioxane and 5 mg/L TCE. Replicate measurements and averaged DO values
(mg/L) are included in Table S4.1 below. At 2.5 cm downstream of the anode, higher dissolved
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O2 concentrations were measured in the electrochemically stimulated FTERs, 10.98 mg/L (at 3.0
V) and 15.3 mg/L (at 8.0 V) compared to 5.51 mg/L in the biological control column (CB1190 +
0V). This data supports the claim that more favorable aerobic conditions were being produced
downstream (downgradient) from the electrodes when the electrodes were charged.

Table S4.1 Dissolved O2 (DO) measurements in co-contaminant experiments
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APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER 5

The salt concentrations necessary for treatment of 1,4-dioxane in electrochemical batch
reactors made the analysis for organic acid transformation products difficult. The 10 mM
Na2SO4 electrolyte used caused swamping of the detector when using LC-HR-TOF(MS) due to
swamping the mass detector signal with easily ionizable sulfate ions. Thus, in collaboration with
Patrick Brophy of the Delphine Farmer laboratory group at Colorado State University, a novel
experimental set up was constructed to allow for real-time analysis of volatile organic acid
transformation products in the headspace during electrochemical degradation of 1,4-dioxane
(Figure S5.1). The analysis was performed using high resolution time-of-flight chemical
ionization mass spectrometry with a head space apparatus (HS-HR-CIMS(TOF)). The
interference effect of sulfate was removed by collecting volatiles from the headspace rather than
using liquid samples. Moreover, this technique can rapidly provide vast amounts of mass spectra
data for non-targeted analytes from complex aqueous samples without any pre-separation
chromatography, pre-concentration or sample preparation. Due to the sensitivity of the
instrument and abundance of mass spectra being continuously collected, it is very important to
measure a representative background spectrum for both normalization and data quality control
and assurance.168 We obtained background spectra for the blank, unfilled electrochemical reactor
and time zero analysis for the liquid sample from the headspace of the reactor (for real-time
analysis) or from headspace of a sample vial (for aliquots from timed reactions). The details of
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this analysis technique are described in Brophy and Farmer 2015168 and in Chapter 4 of Patrick
Brophy’s Ph.D. dissertation 2016.

Figure S5.1 Experimental set up of HS-CIMS(TOF) experiments for real-time transformation
product analysis from electrochemical batch reactor degradation of aqueous 1,4-dioxane.

Electrochemical batch reactor conditions used for this preliminary study were 1.0 Amp
constant current applied to 10 µM 1,4-dioxane in 10 mM Na2SO4 electrolyte filled with inert
glass beads for sample Glass_120min and filled with AP-F880 TiO2 pellets for TiO2_00min and
TiO2_120min. The Fenton _120min sample is the result of 120 minutes of Fenton’s reagent
oxidation using 0.1 mM FeSO4 and 0.20 mM H2O2, with no voltage applied. HS-HR-TOF-CIMS
was used to analyze the headspace and the background-subtracted mass defect plots are
displayed in Figure S5.2 and S5.3. Figure S5.2 demonstrates the powerful filtering of mass
spectra that can be done to determine the peaks with the highest confidence of being different
than background. Starting with the full amount of peaks plotted in (a), and the peaks remaining
after filtering (b) by calculating the percent change for every detected species and rejecting those
that change by < 5% from background. The top plot (c) shows the result of applying both the 5%
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cutoff and applying a S/N >3 cutoff and still many new organic acid homolog peaks persist,
some showing higher O:C ratio from the 2:1 to 4:1 range. The relevance and likelihood of these
long carbon chain carboxylic acids products was not deeply investigated at this time.

Figure S5.2 Mass defect plots of a sample after 120 minutes of electrochemical degradation in
an electrochemical batch reactor held at 1.0 Amp constant current (TiO2_120 min).
Electrochemical batch reactor conditions included 10 µM 1,4-dioxane in 10 mM Na2SO4
electrolyte filled with AP-F880 TiO2 pellets between electrodes. Plots (a) and (b) show all peaks
in the mass spectrum colored by O:C ratio. Plot (c) shows all peaks in the mass spectrum colored
by S/N ratio. The full amount of mass spectra peaks obtained are plotted in (a), and the peaks
remaining after filtering by calculating the percent change for every detected species and
rejecting those that change by < 5% from background are shown in (b). The top plot (c) shows
the result of applying both the 5% cutoff and applying a S/N >3 cutoff.

Figure S5.3 shows the difference between four aqueous samples with all peaks in the
mass spectra colored by O:C ratio with red having the highest oxygen to carbon ratio, indicating
a more oxidized species. The appearance of numerous lower mass defects appear when
comparing initial time 0 solution (c) to the reactor solution after 120 minutes (d) of
electrochemical degradation by 1.0 Amp constant current. This typically corresponds to an
increase in oxidation state which is consistent with the electrochemical oxidation process
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occurring. Additionally, the peaks enclosed by the red circle indicate that these peaks were
detected above the established threshold limits: signals that differ from background spectrum by
>5% and have S/N >3. Thus these are data points with a high degree of confidence that they are
the result of detected compounds, and not interferences happening in the ion source due to large
volumes of sample continually flooding into the MS. The reactant solution after 120 minutes of
electrochemical degradation with TIO2 catalytic pellets present shows a higher amount of lower
mass defect peaks (more oxidized products) than the one degraded in the presence of glass beads.
From this data comparison alone, it cannot be concluded that more oxidized transformation
products were formed in the TiO2 reactor. An alternative explanation could be that the same
oxidized products were present in the glass beads reactor at some other time point and have
subsequently been fully oxidized to CO2. The mass defect plot of Fenton’s reagent solution after
120 minutes does not show any new mass peaks that overcome the threshold requirements. In the
Fenton’s reagent reaction, 100% of the 1,4-dioxane was removed and so it is possible that
ongoing reactions fully mineralized any of the organic acid intermediates. Figure S5.4 shows
another version of a mass defect plot showing chemical formulas of detected ions collected in
real-time in headspace above batch reactor at 1.0 Amp with TiO2, 10 µM 1,4-dioxane, 10 mM
Na2SO4. This could be a very powerful tool for detecting transformation products in real-time as
treatment is taking place.
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Figure S5.3 Mass defect plots of four samples. The (a) Fenton _120min sample is the result of
120 minutes of Fenton’s reagent oxidation using 0.1 mM FeSO4 and 0.20 mM H2O2 on a 10 µM
1,4-dioxane solution, with no voltage applied. The other samples were from electrochemical
batch reactors at 1.0 Amp constant current with 10 µM 1,4-dioxane in 10 mM Na2SO4 electrolyte
filled with inert glass beads for sample (b) Glass_120min and filled with AP-F880 TiO2 pellets
for (c) TiO2_00min and (d) TiO2_120min.

Figure S5.4 Mass defect plot showing chemical formulas of detected ions collected in real-time
in headspace above batch reactor at 1.0 Amp with TiO2, 10 µM 1,4-dioxane, 10 mM Na2SO4.
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