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ABSTRACT

CATALYTIC STRATEGIES FOR ENHANCING ELECTROCHEMICAL OXIDATION OF

1,4DIOXANE: TiO2 DARK ACTIVATION AND MICROBIAL STIMULATION

1,4-dioxane, a probable human carcinogen, is an emerging contaminant currently being
reviewed by theé).S. Environmental Protection Agency for possitdalthbased maximum
contaminant levelegulations. As both stabilizer in commonly used chlorinated solventasand
a widelyused solvent in the production of many pharmaceutipalspnal care products
(PPCPs), 1,4-dioxarteas been detected in surface water, groundwater and wastewater around
the U.S. Itis resistant to many of the traditional water treatment technologieasssarption to
activated carbon, air stripping, filtering and anaerobic biodegradation makingati
removal difficult and/or expensive. Statetbé arttechnologies for the removal of 1,4-dioxane
usually apply advanced oxidatipnocesses (AOPsjsing strong oxidants in combination with
UV-light and sometimes titanium dioxide (T)Zatalyzed photolysiShese approaches require
the use of expensive cheral reagents and are limitedeositu (i.e. pump and treat)
applications.

Here, & Colorado State University’s Center for Contaminant Hydrology, innovative
flow-through electrolytic reactors have been develdpetteating groundwaterontaminated
with organic pollutantsTheresearctpresented in this dissertatibas investigated catalytic
strategies for enhancing electrochemical oxidation oflig#ane in flow-through reactorswb
types(abiotic and bioticpf catalysis were also explored: (1) daglectolytic activation of

insulatedjnter-electrode TiQ pelletsto catalyze the degradatiaf organic pollutants in the



bulk solutionby reactiveoxygenspeciefROS), and (2addingpermeable electrodes upstream
of dioxane-degrading microbe3seudonocardia dioxanivorans CB1190, to prereat mixed
contaminant water and provide &imulation to these aerobic bacteria

For the abiotic form of catalysisve characterized the properties of novel:lirder-
electrode material, and eluciddtie properties most important to its catalytic activity, using
1,4-dioxane as the model contamindrte TiO2 was novel in its use as an “irtelectrode”
catalyst (not coated on the electrode and not used as&[li®y) and in the mechanism of its
catlytic activation occurring in dark (not photocatalysis) and insulated (not typical
electrocatalysis) conditiongzurther studies were performed using electrochemical batch
reactors and probe molecules in order to gain mechanistic insights into darkisgi@vided
by detached Ti@pellets in an electrochemical systefhe results of our investigations show
that electrolytic treatment, when used in combination with this catalytically acteresiactrode
material, can successfully and efficiently degragkdioxane Benefits of catalyzed electrolysis
as a green remediation technology are that (1) it does not require addition afatbelnring
treatment, (2) it has low energy requirements that can be met through thesakse of
photovoltaic modules, and (3) it is very versatile in that it could be appl&tl for
contaminated groundwater sites or installetine on aboveground reactors to remediate
contaminated groundwater

Although, 1,4-dioxane appears to be resistant to natural attenugtianaerobic
biodegradation, some aerolliacteria have been shown to metabolize anchetabolizel,4-
dioxane. For example, growsupporting aerobic metabolism/degradatiod dfdioxane by
Pseudonocardia dioxanivorans CB1190, has been demonstrated in laboratory studies. However,

previous studies showed that this biodegradation prasessbited by the presence of



chlorinated solvents such as 1,1,1-trichlorethane (I,CA} andtrichloroethene (TCE)This
could dramatically impact the successifositu 1,4-dioxane biodegradation wikh
dioxanivorans since chlorinated solvents are commorcoataminant®f 1,4-dioxane. Our
previous investigations into electrolytic treatment of organic pollutantses@thdin situ

showed that effective degradation of chlorinated solventsTlidewas achievabldn addition,
theelectrolysis of water generates molecular€yuired by the CB1190 bactedaa well. This
led us to hypothesize that the generation pf@uld enhance agbic biodegradation processes,
and the concurrent degradation of co-solvents could reduce their inhibitory impact on 1,4-
dioxane biodegradation. In flow-through sand column studies presented here, weate/éstig
electrolytic stimulation oPseudonocardia dioxanivorans CB119Q with the expectation that
anodic Q generation would enhance aerobic biodegradation processes, and concurrent
degradation of TCE would redudeetexpectethhibitory impact oril,4-dioxane biodegradation.
Results show that when batkectrolyticand biotic processesecombined, oxidation rated
1,4-dioxane substantially increased suggesting that aerobic biodegradation prbaddseen
successfully stimulatedin summary, the results of this dissertation provide evidence of (1
efficient removal of recalcitrant 1 dioxane, especially with the addition of ineectrode TiQ
catalysts, (2) elucidate possible mechanistic pathways for eladir@ted dark Ti@catalysis,
and (3) provide evidence for successful synergistiopaidnce for electrbioremediation

treatment during simulated mixed, contaminant plume conditions.
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CHAPTER 1

INTRODUCTION

RESEARCH OBJECTIVES

Our overaching goals to develop an abovground electrochemical reactoriarsitu
electrolytic permeable reactive barrier that iseffective, economical, and environmentally
responsible treatment for recalcitrant pollutastsh adl,4-dioxane (our model contaminant).
1,4-dioxane has demonstrated high recalcitrance to biodegradation in anoxic groundwater
environmentsand conventional groundwater treatments, suchitagtion, sorption to activated
carbon and air stripping, are extremely inefficient for -tibxane removal.

Currently UMlight based advanced oxidation processes (AOPSs) like k4 krre able to
effectively treat 1,4ioxane through the production of hydroxyl radicals, which are powerful
nonselective oxidants. However, these 38sed processes are expensive and limitexd siou
(i.e. pump and treat) systends efficient and practical technology, like advanced chemical
oxidation (AEO) is needed as an alternative to UV/AQPe. firstmainobjective was to
investigate the treatmeatfficacy of1,4-dioxane in flowthrough electrochemical reactors
(FTERS), both with and without the addition of inedectrodeTiO> catdysts.To create
conditions more representative of contaminated groundwater environments, wabioudtdry-
scale, flowthrough electrochemical reac¢pand used groundwater-relevant flow velocities and
electrical conductivities. Previous electrolyttadies pertaining to 1,4-dioxane using simple
electrochemical batch reactors showed successful degradation was pasisibtaen-doped

diamond (BDD) anodes, however thmsterialis not available ithemesh formaand is



considered to be prohibitively expensive for fislthle applications at this tideExperiments
were designetb derive optimal conditions and potential challenges applying to flow-through
remediation technologies in the field. In addition, this study is the first to testldative
electrochemical activity toward tdioxane of Ti/lrQ-TaOs, a different electrode material, and
to includeinter-electrodeTiO> pelletsas a heterogeneous catalysdt is electrically insulated
and blocked from exposure to any light .This work is described in Chapter 2.

Principal hypotheses related to BiCatalyzed permeable electrolytic barriers:

Flow-through electrochemical reactors with permeailesh Ti/lrQ-TaOs electrodes
can provide effective degradation of 1,4-dioxane under simulated groundwater
conditions.

e Relative 1,4dioxane degradation efficieles will be higher under certain water quality
and flow characteristicsuch as having lower 1,4-dioxane concentrations, higher ionic
strength, anglower seepage velocities.

e Certain operational parameters, such as voltage, current density, and the clumbe
polarized electrodes in use, candoatrolled to achieveargeted 1,4lioxane removal
outcomes, providing the opportunity for utilizing the least amount of energy and
materials resources whenever possible.

e Inter-lectrode TiQ pellets will catalyze the electrochemical degradation kinetics ef 1,4
dioxane in the absence of light antile electrically insulated from the anode
The seconanain objective was to gain mechanistic insights into the dark catalytic

activity of TiOp in dectrochemical systems. In these studies, we explored which catalyst
properties were most relevant to the electrochemical activity of differemgasitions of TiQ

pellets with regards to ldioxane degradation efficiencies in FTERs and electrolytidbatc



reactors. In addition, numerous probe molecules (e.g. 1,4-benzoquetieityl alcohol,
carbon tetrachloride) were used in electrolytic batch reactors to gaihtiimgig what
mechanisms were governing the catalytic activity of;lifCthe dark electrochemical reactors.
Again, previous studies have examiri@@. as a photocatalyst or as a ractive electrode
coating material for electrocatalysis. However, previous studies have nohegaliQ as a
separated and insulated intdectrode catalyshidark (nonphotocatalyticconditions. This
work is described in Chapter 3.

Principal hypotheses related to the mechanisms responsible for the improved wamtami

degradation kinetics observed in the presence of electrically instli@ed

e TiO2 pellets will have higher catalytic activity with greater specific surfaea,amaller
crystallite size, and high percentage of Fi®the anatase phase. Since, this is not a
photocatalytic process, it is unclear whether the band gap energyfedatlactivity.

e ElectrodegeneratedOH radicalswill “drift” downstream (downgradient in an aquifer)
andadsorb onto Ti@surfaces, forming “surfaeactive complexes” capable of oxidizing
co-adsorbed pollutants (i.e. 1,4-dioxane and its transformation products).

e The electridield will induce charge migration/separation within glectricallyinsulated
TiO2 pellets creating localized partial negativenfajority) and partial positivenple or
h™ majority) regions, which then are able to perform chahrigactions with molecules
adsorbed to the surface (i.e. 1,4-dioxane, its intermediates,.&)d H
The thirdmainobjective was to examine possible synergistic effects of the electrolytic

degradation of 1,4-dioxane and a common co-solvent, TCE, whdesaimulating aerobic
bacteria capable of biodegrading-tlidxane. Previous work has demonstratex

microaerophilic bacteriBseudonocardia dioxanivorans CB1190 is capable of metabolizing 1,4-



dioxane as its sole energy and carbon sotit¢éowever, further studies revealed a possible

limitation for in situ field applications in whiclygroundwateis anoxic and/or contains

chlorinated cecontaminants like TCE which can greatly inhibit the microbial degradation of 1,4-

dioxane® This work is described in Chapter 4.

Principal hypotheses related to the synergistic effects observed when egmbini

electrochemical and microbial degradation of 1,4-dioxane:

Electrolysis of water will generate-@t the upstream anodéflow-through reactors,
providing a necessary acceptor for aerobic 1,4-dioxane biodegradatioR.by
dioxanivorans CB1190, leading to improved degradation kinetics when compared to
control experiments of microbes without the addition of electrolysis.

Direct anodic oxidation of 1,dioxane will synergistically contribute todtoverall
removal of 1,4dioxane, resulting in mineralizatidoa CQ, or transformation to more
easily biodegradable products.

The highest abundance of CB1190 bacteribprimarily occur downstream of the
charged electrodes duedptimal microbialcondtions, rather than between the charged
electrodes where harsh redox and pH conditions are expected to exist.
Electrolyticdegradation of chlorinated emntaminants (i.e. TCE) will reduce or remove

the microbial inhibitiorassociated with the biotoxicitynpacts of chlorinated solvents.

RESEARCH RATIONALE

Contaminants of emerging concern. The intensification of industrial activities and

development of synthetic chemicals since the latter half of thed®tury has inevitably caused

environmental polltion with dramatic consequences for atmosphere, soils, and waters. Because

of known or potential risks to human and environmental health, these environmental pollution



problems need to be effectively managed, both with strong regulatory enforawegitas
adaptation to environmentally benign industrial practices on the front end and commeshensi
remediation strategies on the back end. Despite noble legislative attemptscaineental
protection in the 1970s such the Clean Water Act, Safe Drinking Water Act, and Toxic
Substances Control Act (TSCA), our efforts at environmental remediation dikeretfagically
short.

Unfortunately, scientific literature and recent environmental problems imethie clearly
indicate our surface and groundwater environments continue to become polluted, so rhath so t
even providing safe drinking water for our homes can be at risk. In 2014, afteutioss-
measures that switched the source of municipal water for Flint, Michigany, oh¢ghe 99,000
residents were exged to high levels of lead and disinfection byproducts (trihalomethanes) in
their drinking water for 18 montHsn Ann Arbor, Michigan, accidental releases of 1,4-di@an
used to produce medical filters created a ldrgedioxane plume (levels > 1000 pg/L) under
residential neighborhoods (first discovered in 1984) that continues to contaminate gteundwa
used for municipal drinking water, and persists towards the Huron River, another municipa
source of water. No treatment has worked well enough to stops its progression, dmsl yesirt
new reports of 1,4-dioxane vapor intrusion into Ann Arbor homes has exceeded saf limits.
And in anotler case in North Carolina, multiple wastewater treatment effluents are thodght to
the culprit of 1,4-dioxane hot spots of up to 1000 pg/L in the Cape Fear River Basin. Other
examples of decaddsng environmental challenges include river sediment and aquifer exposure
to the insulation chemicals PCBs (polychlorinated biphenyls) used in elettitsformers and
the ubiquitous industrial use of vapor-degreasing, chlorinated solvents like TCE

(trichloroethylene?.



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 firelcensive
remediated, accidental releases still happen, and new chemicals with newrsemtain
problems present themselves each year. The TSCA inventory contains about 85,000
contaminants registered for commercial use and the Chemical Abstracts SeA&jo{the
American Chemical Society (ACS) registers approximately 15,000 newicdlsrand biological
sequences each d¥yThis 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 mayemgt be n
new information concerning high risk factors has recently emerged, &sdagé for
perfluorochemical compounds (PFCs) and 1,4-dioxane. These contaminants of concirer (whe
legacy or emerging) create a great need for scientific research into effectiediation
strategies to preserve the environment and protect human health. My researatiomas to
contribute scientifially to finding practical & effective remediation processes particularly f
recalcitrant pollutants in groundwater. Therefore, the overarching goat odsearch is to
investigate the best operational parameters for advanced electrochemicaboxtmatovide an
alternative treatment option for recalcitrant contaminants that persist in grdendwi¢gh 1,4

dioxane being the primary model contaminant of my investigations.

LITERATURE REVIEW
1,4-Dioxanein the environment and itsremediation challenges. 1,4-dioxane (GHsO-)
is a contaminant of emerging concern according to the U.S. EPA. 1,4-dioxane has beded detec

in surface water and groundwater all across the U.S., including manyl feaeegfund



facilities 12 This chemical can hawhronictoxic effectsto liver and kidney? and is
designated as a probable human carcingggrially based upon reported cancers in liver, nasal,
and mammary glands in animal research models exposed to high levels of 1,4-dioxane i
drinking watert> 16

1,4-Dioxane a cyclical ether and an aprotic solvent that is miscible in water, making it a
desirable organic solvent for certain industpiadcesses. It is especiallgsirable when reactions
are carried out at higher temperatures, because it has a relatively higd poiht of 101°C. Its
two oxygens are Lewis bases and therefore the molecule can serve as a chelaginbigdieth
The Lewis base properties of 1,4-dioxane are what allow for it to form ligand adducts to “poison”
the unwanted catalytic Algand prevent degradation of chlorinated solvents stored in aluminum
barrels. Historically, this stabilizer function of ld#xane was vdely used to preserve chlorinated
solvents in vapor-degreasing applications, and due to improper disposal and accidenislkiseil
most common environmental exposure rdgté:

Environmental exposure can come from many other sources as well due imxaets
continued use in industry. It is still used as a wetting agent in paint strippeitssiexid paper
processing’ 18 1,4-Dioxands also generated as a-pyoduct or impurity during the synthesis of
many important products such as polyethylene terephthalate (PET), polydegethgnionic
surfactants, and cosmetit’s* Additionally, residues of 1,dioxane may be preseom certain
food packaging materials and on food crops treated with pesticides containdigxgde (such as
vine ripened tomatoes}.

In comparison to many other organic solvents, 1,4-dioxane has very low ostteroland
organic carbon partition coefficients (logw< -0.27 and log K= 1.23) allowing accidental

releases to rapidly leach into groundwater, forming large and dilute plumes, oftenbimation



with other industrial glvents. U.S. state regulations for potable water and groundwater currently
mandate maximum contaminant levels (MCLs) very near to the curreng&Béline forl,4-
dioxane in potable water of 0.3 pg/L. 1,4-dioxane is not only persistent, but once raeleéased i
groundwater it is also difficult to treat due to its miscibility with water, low sorptibnitgf and
low volatility. Current conventional water treatment practices such asmotptactivated carbon,
air stripping, filtration, and anaerobic biodegradation have proven to be relativégcinvef at
removing 1,4dioxane from water. Therefore, more aggressive technologies are needed for
remediation of groundwater contaminated with 1,4-dioxane.

Currently applied technologies that effectively degradediipdane are UV/AOPs that
generate *‘OH radicals by the application of high energy UV light to chemical reagents such as
ozone (@) or hydrogen peroxide @) and are sometimes enhanced by aqueous slurries pf TiO
to catalyze production of ‘OH from the surrounding watet® 18 221 The need for UV light and
input of additional chemical reagents;(b, Oz, F€) has been aritical limitation in full scale
treatment technologies due to high operation and maintenance costs of poaekingf UV
lamps and continually supplying strong chemical reagents. Other obgtemlesting widespread
use of UVbhased AOPs include thew quantum efficiency of incident photon to electron transfer
oxidation reactions due to fast electron/hole recombination reactions, difficylosttreatment
recovery of TiQ catalystoften used as a slurry, and unwanted quenching of reactive oxygen
species by nostarget organic molecules in the environmental matri® Furthermore, U\based
AOPs are limited to more costx situ applications such as "pump and treat” where groundwater
is pumped from underground te bhemically treated in aboxggound reactors before the treated
water is then reinjected into the aquifer. Due to these limitations, there is higisimer

alternativel,4-dioxanaemoval technologies that are more esi$éctive and able to treat



grondwater vian situ applications. Based upon other Udsed AOPs in the literature which
were effective at degrading 1gdoxane and previous successes our laboratory group had with
electrochemical degradation of other organic contaminants, we hypothesizetectrolytic
oxidation of 1,4dioxane may be a feasible alternative treatment, even in &hi@ugh
application.

Advanced electrochemical oxidation. Many studies of water treatment spanning the last
two decades have established the efficacyexftedchemical degradation for aqueous organic
contaminants, including the removal of textile dyes, pesticides, chlorinatedtsolaed highly
persistent perfluorinated compouftfs. Previous research has also demastt the
advantages of electrochemical degradation, including the tunability andlitgrsfibxidation
and reduction potentials, the ability to achieve high conversion ratest(iudl@ineralization)
using relative low energy, and a clean reagém-electrorf: 2 24 382 Many prominent
researchers in the electhtmmical degradation field, such as C. Comninellis, C.A. Martinez-
Huitle, M. Panizza, and G. Cerisola have published extensively on proposed models describin
the mechanism for anodic oxidation processes as being initiated by physisorbethmocbed
‘OH radicals generated from the electrolysis of waté&r 33

To summarize the dominant mechanistic theory, electrochemical oxidationdipolgtec
treatment) is an emerging AOP that can completely mineralize agueous orgapaiodsn
mediated by highly reactive hydroxyl radicals generated from the elesigrolffywater(eq. 1).343°

H,0 —» "OH + H* + e~ 1)

In many instances, organic pollutants can be degraded by direct anodic oxidationras show
in equation 2 below, where an electron is transferred from the contaminant (RH) to thé&’afiode

RH-> R+ e + HY 2)



More specifically, the model proposes that the initial reaction of the anode (@easd®
with water produces a physisorbed hydroxyl radicdlO¥) (equation 3). In the case ofdn-
active” electrodes, likBDD anodes, th#OH remains loosely sorbed and is readily available for
oxidation reactions with any nearby organic molecules via hydrogenalmsirar addition across
n bonds. The continual production of these physisot@étlare norselective in their oxidation
capacity and therefore full mineralization of organic pollutants (R) is efficeently obtained

(equation 4). The competing reaction to form molecular oxygen is shown in equation 5.

M+ H,0 > M('OH) + H + & 3
3M(OH)+R>M+CO+ H:O+H + € (4)
M(OH)>M+% QG+ H + € (5)

For surface “active anodes”, like the Ti/lr@aOs mesh electrodes usedthre
experimentpresented 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 “chemisGid&gdcand
the literature generally describes this species as being more selectivexidatsoncapacity and

not as capable of leading to full mineralization of pollutants te. 0

M('OH)> MO + H" + & (6)
MO +R-> M + RO (7
MO >M+¥% O 8)

Some batch reactor studies have shown successful degradation of 1,4-dioxane using
electrochemical oxidatioft: 3 “°De Clercqet al, was able to achieve 92% COD removal gf-
dioxane using solelylectrochemical treatment on a bordoped diamond anode and proposed
that complete oxidation takes place due to elegémerated hydroxyl radicat Other

investigations have demonstrated that electrochemical treatment could beezbwmaibim
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photocatalysis or ozonation to oxidize recalcitrant 1,4-dioxane. Kushigtat,combined
electrolysis with ozonation using a two comtpaent reaction cell and a solid electrolyte to
degrade€l,4-dioxane, and Yanagidet al, utilized the adsorption and desorption effects of voltage
switching to assist photocatalytic degradation of 1,4-diofari® However, these electrochemical
degradation studies primarily focused on wastewater and/or surfagengatment; very few
studies have been related to electrochemical degradation technologiesifatvgater
applications.

The study pesented here is the fitst use flowthrough electrochemical reactors to
investigate the potential for treatment of-tljéxane in groundwater. Figure 1.1 is a conceptual

diagram of what permeable electrolytic barriers look like when installed inrdbed)

In-Situ Electrodes : ¥ DC Power Supply
>

vd

f/ -
/"' I
1 - J’
’»_"” ‘ = Groundwater FIovJ
Nl
(o= Salvent

Dissolved

1.4-dioxane
Release

Electrically Induced
Reduction Zone

Electrically Induced
Oxidation Zone

Cathode Anode

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

The reactor consists of parallel sets of closely spaced (@@ cB) permeable electrodes

transverse to groundwater flow through a solvent plume. The application of a low D§evolta
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difference between the electrodes induces aqueous oxidation reactimnsiabde (positive) and
reduction reactions at the cathode (negative). Resde permeable electrolytic barriers have been
installed bythe Center for Contaminant Hydrology (CCH) in the past. In one field apphcati
using up to 6.5 Volts, chlorinated solventsre treated at F.E. Warren Air Force Base in Cheyene,
Wyoming This study demonstrated that the electrical cost to power this techradstpw,
averaging $0.013/ffday during 18 months of operation, all while reducing TCE flux
concentrations by 90 to 95%A second field demonstration was performed by the CCH group to
successfully degraded energetic compounds, like trinitrotoluene, at the Pueblac& izapot in
Colorado* 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 needectémtdine

TiO2 asa catalyst. We hypothesized that an intelectrode catalyst will provide
additional reactive surface area, in addition to the electrode surface, toetimogidation
rates of 1,4-dioxane. In preliminary studies conducted itatieratorycomparing possible
inter-electrode catalysts, the highest organic pollutant removal efficienciesasigieved by
titanium oxide (TiQ) based catalysts compared to activated carbon and zeolite. The TiO
provides a catalytic surface within bulk volume between the electrodes, and have been
immobilized through a pelletization fabrication process which prevented lossaslytic
material through the small openings in the mesh electrodes. The idea for usirg &®inter
electrode catalyst was inspired by its widespread ugkadtocatalytic 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 keéfelectrolytic

treatments include tunability of its oxidizing potential via voltage contrek edautomation,

12



and environmental and cost benefits that come with not requiring the addition of strongathe

reagents.

Figure 1.2 Installation photos of field demonstration ofiarsitu eledrolytic barrier.A) Setting
the mesh electrode panels inside the trench box, B) emplacing a cement/beptirdtehe base
of the barrier to limit underflow, C) sheet pile prior to backfill with native samas g solar
panels powering the permeable electrical barrier sustainably at the Puebiac@lDepotPhotos
are used with permission of Sale, et al. (2010) SEEBPCP Project ER519%

Since our inteelectrode TiQ pellets are detached from the electrode, much like what is

used in TiQ photocatalysis, we used literature in this area to help with possible mechanistic
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clues. The semiconductor Ti@xists in two main crystalline phases: rutile and anatase, among
which rutile isthethermodynamically stable state, while anatase is a metastabl® statey
studies have confirmed that the anatase phase efifiBually superior as a photocatalytic
material for water purification, arfthzardous waste remediatit®t’ Bandgap excitation of the
semiconductor Ti@is initiated by high energy UV light absorption, causing the excitation of an
electron & into the conduction band, leaving an oxidizing holeérhthe valence band. This
excitation step, especially th@mationof highly oxidizing H, leads to the productiasf -OH

from adsorbedvater molecules. The strong oxidizing power and low selectivity of these *OH
radicals allows for successful oxidatieand often full mineralization to GG of many different
organic pollutants, even those considered highly recalcitrant, like 1,4-di&x&eWhen
compared with other semiconductor materials with catalytic potentia,i¥i€hown to be the
most promising due to its high efficiendgyw cost, photostability, and nontoxicity.>?

TiO2 has also been used as an electrocatalyst to protect against corrosion of thengnderly
metal anodand enhance electron transfer reactions due to the ability of the semiconaluctor t
quickly exchange protons and electrons along its lattice structure. Previeachess have
demonstrated that upon anodic polarization of the metallic anode, the excitationrohsletb
the conduction band (to travel toward the metal anodic substrate) will leave holgggpos
charge carriers) in the valence band capable of oxidizing adsorbed organicotirectly, or
indirectly by producingOH radicals fromte oxidation of adsorbed,8 molecules$34°*% The
use of immobilized, inteelectrode Ti@ pellets in our FTERSs is aimed toward mitigating the
mass transport limitations intrinsic to electrochemical reactors, which retixgct contact of
the electrode with organic pollutants in order to achieve electrochemicalioridatreduction.

The addition of detached Ti@ellets extends the reactive surface area to within the bulk
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solution between electrodes, possibly even allowing for additional productiofiobdicals

from the water molecules adsorttedhe electreactivated TiQ surfaces.
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CHAPTER 2

ADVANCED ELECROCHEMICAL OXIDATION OF 1,4DIOXANCE VIA DARK

CATALYSIS BY NOVEL TITANIUM DIOXIDE (TiO2) PELLETS

Groundwater

Conceptual Diagram

1 Chapter 2 is taken from a manuscript of the same name recently acceptedigiiths€to be
completed by June 28, 2016) by Environmental Science & Technology with authors Jasmann,
J.R., Borch, T.Sale, T, and Blotevogel, JAIl sampling, sample prepation, analytical

chemistry, and other work described was performed by the author of this disserta
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CHAPTER SYNOPSIS

1,4-dioxane is an emerging groundwatentaminant with significant regulatory
implications. Since it is resistant to traditional groundwater treatments, remediatidn o
dioxane is often limited to costbk situ UV-based advanced oxidation. By varying applied
voltage, electrical conducity, seepage velocity, and influent contaminant concentration in
flow-through reactors, we show that electrochemical oxidation is a viable techhmioggitu
andex situ treatment of 1,4lioxane under a wide range of environmental conditions. Using
catlytic titanium dioxide (TiQ) pellets, we demonstrate for the first time that this prominent
catalyst can be activated in the dark even when electricalljated from the electrodes. HO
catalyzed reactors achieved efficiencies of greater thand@gfvadation of 1,4-dioxane, up to
3.2 times higher than nazatalyzed electrolytic reactors. However, the greatest catalytic
enhancement (70% degradation vs. no degradation without catalysis) was observedniclow i
strength water, where conventionalattechemical approaches notoriously faie TiQ
pellet’'s darkcatalytic oxidation activity was confirmed on the pharmaceutical lamotrigine and
the industrial solvent chlorobenzene, signifying that electrocatalytic tretilras tremendous
potential as aransformative remediation technology for persistent organic pollutants in

groundwater and other aqueous environments.

INTRODUCTION

1,4Dioxane is a semvolatile, cyclic ether historically used as a stabilizer in chlorinated
solvents, and currently still used in the manufacturing of various commddifie$: > Due to
accidental releases or inefficient removal with conventional wastewater érgatm-dioxane

has been increasingly identified in surface water and groundi®#atéts water miscibility and
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low potential for sorption to soil promote the formation of large and dilute plume®idxdne
is not expected to rapidly biodegrade in the environment due to strong internal cheEmdiab
of its heterocyclic ether ring 13 5" 8Moreover, conventional groundwater treatments, such as
sorption to activated carbon and air stripping, are extremely inefficieft4eatioxangemoval®
57

The most commonly employed remediation technologies for 1,4-di@ahb//H20o,
UV/Os or other advanced oxidation processes (A&Rs)olving hydroxyl radicals’OH) as
potent, norselective oxidant&® 48 6%2 However, the power requirements for continuous UV
irradiation and consumption of charal reagents (e.gH20., Oz, ferrous ironhave been a
critical limitation to fulkscale (plume) treatment due to the high operation and maintenance
costst® ©Furthermore, Uvbased AOPs are limited to more costhsitu applications such as
pump and treat Thus, there remains a pressing need to develogimsgy, coseffective
removal technologies fdr,4-dioxane.

Advanced electrochemical oxidation (AEO), also referred to as electrobaitnent, is
an emerging AOP that can completely mineralize persistent organic pollutafs)(Rith direct
electron transfer at theegltrode surface and through mediated oxidation by elgeinerated
reactive oxygen species (ROS), suchCd radicals produced from the electrolysis of wéater.
35,64 Many water treatment studies have demonstrated high conversion rates cfreet
organic pollutants to C£or readily biodegradable products using AEO processes, but have also
acknowledged the intrinsic mass transport limitations associated with organtamslikequired
to interact with the electrode surfade?® ®°Recent studies, using boron-doped diamond (BDD)
electrodes, demonstrated thad-dioxanecan indeed be completely mineralized by anodic

oxidation®® “°The high cost of BDD electrodes, however, precludes their application in large-

18



scale operations at this point. In addition, many electrochemical studiesdreted in stirred
batch reactors with elevated eletyte concentrations that favor high mass transfer rates and
current densities, creating increased contaminant degradation rates thmtt imagsfer well to
field applications. This is especially true for treatment of contaminatechdwater low in
eledrical conductivity, which remains a major challenge that has thus far osydsercome by
resorting to the addition of chemical oxidaffts.

To advance electrolytic treatment as a practical solution fordedde application, we
built flow-through electrochemical reactors (FTERS) to investigate the potentieddtment of
groundwater contaminated with 1,4-dioxameler electricatonductivity and flow conditions
simulatingin situ implementation or aboveground reactors. These becale- FTERS are
equipped with dimensionally stable Ti/#®@a0s mesh electrodes that are cpsactical due to
their widespread use in cathodic corrosion protection, resistant to fouling throughgeriodi
polarity reversals, and have been used successfully in permeable reacterddranat for the
electrochemical degradation of chlorinated solvents and energetic compounds in fiel
applications at voltages of up to 17 V over extended periods of more than twé*y&at%.

Moreover, we explored whether contaminant degradation rates can be increased by
placing a catalytic material in the irtelectrodespace. Fabricating a stable pellet from titanium
dioxide, which is widely known to promote photocatalytic degradation of recalcitigantios in
water?2 %9we show for the first time that in an electric field, Ti®also catalytically active in
the dark even when electrically insulated from direct electrode contact, it@utdény potential
applied to it.

The specific objectives of our study were to 1) evaluate the dark catalytityaatithe

TiOz inter-eledrode pellets, 2) elucidate the degradation pathway of electrocatalidation of
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1,4-dioxane, and 3) determine effects of the major operational parameters of volteayd, c
density, seepage velocity, and both electrolyte and 1,4-di@areentratioras a basis for
technical planning for field implementation. Finally, to better recognize thesfapplication
potential for this catalyzed AEO technology, we evaluated the removal e€fycier two other

POPs, namely the argpileptic drug lamotriginand the industrial solvent chlorobenzene.

MATERIALSAND METHODS

Reagents. All chemicals (> 99% purity) were used as received. 2ass carboys were
used to prepare N&Qx (EMD Chemicals) electrolyte solutions in deionized, ujtuaified
water, spiked with 1,4-dioxane (Honeywell), chlorobenzene (JT Baker), or lameffigade
name Lamictal, ENZO Life Sciences). A >99.6% anatase form of Jo@der (Alfa Aesar) was
used o fabricate catalyst pellets. inzoquinone (Alfa Aesar) was used to assess the potential
for electrochemicalOH generation.

Mesh electrodes. Dimensionally stable, expanded mesh Tight@0s electrodes (1.0
mm thick with 1.0 x 2.8 mm diamond-shaped openings) were used (Corrpro).

Fabrication and characterization of TiOz pellets. TiO> powder was molded into a
mechanically stable pellet with dimensions 3.33 to 9.42 mm. The multi-step fetripedcess
involved pressure compaction into cylindrical discs, chiseling into loosely adhdietd,@nd 4-
hour sintering in ambient air at temperatures of W@o 1,000°C (Appendix A, Figure S2.1).
Several techniques were used to characterize thepEkts, including mechanical stability
screening, scanning electron microscopy (SEM) imaging, BET speaifacs area and
porosimetry analysis, and synchrotron radiatiased Xray diffraction (XRD) to determine

fractional mass in anatase or rutileneral phasesAppendix A).
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Flow-through electrochemical reactors. The removal efficiency of,4-dioxanevas
investigated using FTERs constructed of clear PVC pipe (10 cm I.D. x 46 cm, Ry@n H
Products) with four circular mesh electrodes (10 cm O.D.) spaced 5.0 cm apam (ElY. The
first and third electrodes were positively polarized anodes with the seconouatidacting as
cathodes. Previous work has shown that an anode-cathode sequence (in the directipn of flow
leads to higher contaminant removal than a catlrogele sequen®Each column was fitted
with two Ag/AgCl redox reference electrodes (World Precision Instrushesampling ports and
multiple gas exhaust tubes to vent excesar@ H gas produced during the electrolysis of
water. The setion 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 mifingruf i
contaminant prior to contact with the first electrode. A permeable non-conductiveamyeusite
(HDPE geonet grid with polypropylene felt layer, GSE Environmental) veaeg@ldirectly next
to each anode to control movement of sediments and insulate thpéeli€s from direct
electrical conduction. The intedectrode space was filledth TiO. pellets for the catalyzed
FTER experiments or with inert;fl@m diameter glass beads for the toatalytic control
experiments. While slight differences in porosity between péliets and glass beads may have
led to different effective retentictimes at the same flow rate, we note that this would not
invalidate comparison of degradation processes at the electrode surfacesingieichass
transport control occur within a ~im diffuse zone around the electrodes,’® "*and thus remain
unimpactedy variance in inteelectrode material porosity.

To simulate aquifer conditions, influent feedstock and FTERs were coveredday bl
opaque plastic to maintain dark conditions and exclude photo(cata)lytic degradatiosgsoces

Feedstock solutions contained 3.4 uM to 207 puM 1,4-dioxane in 10 mSAlaupporting
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electrolyte (1,700 puS/cm). MaQs is commonly used in electrochemical degradation studies

since it is assumed to be less electrochemically reactive than other electrdgt€s,idins 72

35 45 cm
....... S T A
gas vents \ﬂ\ Lot
A
Flow
110 cm
v
Feed Q>Qg inter-electrode material Effluent
- SV (TiO, or glass beads) :
Solution _ Reservoir
FPZZZEERZA geocomposite
silica sand (20/35 mesh)

Figure 2.1 Schematic of flonthrough electrochemical reactor, FTER (not to scalg)ahd Les
are sampling ports for liquid influent and effluent, respectively. REeference electrodes.

To minimize sorption, the feedstock was pumped through every reactor before each
experiment until influent and effluent contaminant concentrations were equal.Steadtate
conditions were achieved at target voltage, a minimum of three influent amehéBbmples
were collected for chemical analysis for each contaminant. Daily measureneeatmade of
pH, voltage potential and current between working electrodes. Control expenmitéotst
voltage applied showed 2.3 + 0.4% and 3.7 £ 0.7% removal of 1,4-dioxane for the TiO
catalyzed and nenatalyzed 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 1,4-
dioxane, smaller FTERs were constructed of 15 cm long acrylic pipe with 5.@cant a
single pair of diseshaped electrodes (18.25%mpaced with an inter-electrode gap of 2.5 cm
(Figure 2.2). For the small-column FTER experiments, three aqueous feedstock solutions of 20
MM NaSQs (3,400 uS/cm) were prepared in 20-L glass carboys and spiked with 99 uM 1,4-
dioxane, 41 uM lamotrigine, or 66 uM 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 tdyqlinti
dioxane. The transformation products from 1,4-diox@dation reactions were analyzed by
reverseepbhase liquid chromatography (Agilent 1100 LC) in combination with negative
electrospray ionization timef-flight mass spectrometry (Agilent G3250AA ESOFRMS).
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 bieatian
capture device analysis was used to quantify chlorobenzene. Total organic c&®)mas
analyzed by Shimadzu TOICAnalyzer. Details of the analytical methods are provided in the

Appendix A.

RESULTSAND DISCUSSION

Catalyst characterization. Since anatase in its fine powder form would likely flush out
of a flow-through reactor, it wasitially molded into larger pellets. Mechanical stability tests
(full results in Table 3.1) 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-thrctigim sy
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Howe\er, the TiQ heattreated at 880 °C and 1,000 °C achieved satisfactory cementing of the
compacted Ti@powder into high-strength pellets. Synchrotron XRD data showed sharp

diffraction peakdor all TiO2 pellets analyzed (Figure2S3), indicative of high grstallinity. The
fractions of anatase and rutile were determined from the intensities of theeaAat and rutile

Ru1o diffraction peaks using the Spurr-Meyer equatigAppendix 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 ofsimntered at 1,000 °C

indicated 14% remained as anatasg 866 had transformed to the more thermodynamically

stable rutile fornf?®

Based upon these screening results, only thosg pgellets sintered at 880 °C were used
in the FTER experiments. These pellets were further characterized by SEMrasidnetry
analysis. SEM images at 7,000x and 30,000x magnification (Figure S2.3) showed homogenously
sized spherical particlesmd uniform porosity across the surface of thezlpéllets, which is
consistent with other SEM images of anatbased TiQ used for catalytic degradation of
organic pollutanté> 4" "“Results of porosimetry analysis on Fi@ the pellet form yielded a
specific surface area of 8.15 + 0.0%3/gp median pore diameter of 147 A, and a relative porosity
of 80% mesopore surface area (pore widths from 17 to 3,06®t8)al surface area.

Catalyzed electrochemical degradation experiments. With the goal of using the inter-
electrode space for additiordggradation reactions to occur, and thus increase overall kinetics,
catalytic TiQ pellets were packed between the electrodes (versus glass beads in¢htalyic
control). Flow-through experiments were conducted to evaluate the impact of four major
operational parameters on the electro(cata)lytic degradatiblafioxaneAs a point of

reference from which to vary one parameter at a time, four “benchmark levels” wetedséde
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be representative of common aquifer conditions: 10 mhSRasupporting electrolyte (1,700
uS/cm), 30.6 cm/d mean linear seepage velocity, 3.4 uM (300 pg/L) 1,4-dioxane, and an
imposed electrical potential of 8.0 V. The 8.0 V was experimentally determinedno be a
appropriate voltage for achieving near 50 - 70% 1,4-diodegadation under benchmark
conditions, deliberately leaving capacity for increased degradation effiesewhen varying
each operational parameter. The other varied parameters were chosen in raagestatpe of
conditions that may be present in 1,4x@inecontaminated groundwater. Voltage, rather than
current (density), was chosen as the independent electrical variable ® @tistgshold voltage
was maintained above the @volution potential of 1.8 V vs. NHE on Ti/ltg&T a0s
electrodes? high enough to genera¥®H radicals and prevent fouling of the mesh electrodes by
organic adhesns?® In electrolytic degradation experimentslof-dioxangperformed with
starting pH values of 1.7, 7.0 and 12.4, Choi em@vorkers demonstrated that initial pH did not
have a significant effect on anodic oxidation rates of 1,4-dio¥Xafleus, pH was not varied in
our experiments and instead the measured pH of 7.2 + 1.0 in our unbuffered electrolyte and 1,4-
dioxane feedstock was the influent pH value for all experiments.

Details of each experimental regime tested are summarized in TaBlefShe
Appendix A, including current density, effluent pH, solution redox potential, overall
electrochemical degradation efficiency, and the observed pdiesidorder rate constankds).

Thekobsvalues were calculated using a rate expression specific tetilmugh experiments:

1oy Cefr
_ ln( /Cinf)

k
obs HRT

where G is effluent and & is influent 1,4-dioxane concentration and HRT is hydraulic

residence time. The electrochemical degradation efficiencies, expressed asdh&agerofl,4-
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dioxane degraded after a single pass through an FTER, are displayed irRR2dgoreen
different experimental regimes.

The results in Figure 2.reveal thafl,4-dioxanelegradation efficiency was significantly
higher in the presence of the catalytic Tifdllet (p < 0.010, a = 0.05) for all conditions tested.
Previous electrochemical studies have reported dark catalytittyaof TiO2, however, only
when used as electrode or in direct contact with an electrode, i.e., whentapatendirectly
applied to it >* 76 7n our experiments, howevehe TiQ; pellets were electrically insulated
from the anodes, revealing a yet unreported activation mechanism. To furthdatelbow
TiOz is activated in the dark, we conducted FTER experiments comparing the per@whanc
non-insulated and insulateddk pellets to a nowatalytic controlFigure 2.5 (Appendix A)
shows that 1,4-dioxarsegradation was catalyzed by intdectrode TiQ pellets with the
insulating geotextile layer (36% removal) and without the insulation (44%) when csahrtpar
15% removal of 1,4-dioxane in the noatalytic column. Thus, it was confirmed that direct
electrode contact or application of a potential toTil® 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. Figure2.2(a) shows that there were no significant changes
in 1,4-dioxane removal efficiency in the noatalyzed 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, o = 0.05). This
is likely due to the reaction kinetics being controlled by mass transport tettede surface
and not limited by ROS productidf.”®At all three voltages, the int@lectrode TiQ pellets
improved the degradation efficiency, increasing relative removbHeflioxanddy a factor of

1.4 - 1.8 compared to electrolytic removal in the absence ofefgetrode catalysts.
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Additionally, stepwise improvements in degradation efficiency were obsemntbd catalyzed
reactors as the voltage increased, although a statistically significant emar@asnly observable
when gang from 8.0 V (69% removal) to 14.0 V (81% removal) (p = 0.0006, a. = 0.05).

Furthermore, raising the voltage concurrently increased the currentydemisit3.5 to
5.3 to 8.3 + 0.02 mA/chin catalyzed FTERs, creating appreciable increases in the pesido
order rate constanti from 0.065 to 0.074 and 0.094*espectively. In the nocatalyzed
experiments, current densities increased from 1.5 to 2.2 to 3.3 + 0.02 fAétrkos values
remained relatively constant at 0.038, 0.033 and 0.034Timis shows that the increased
degradation rates in the Ti@atalyzed FTERs cannot be explained simply due to the increases
seen in current density, serving as first line of evidence that the pelleéseopeder a different
mechanism than the electrodes.

Effect of electrolyte concentration. Varying the supporting electrolyte concentrations
from 3 to 10 to 30 mM N& Qs resulted in corresponding electrical conductivities of 570, 1,700,
and 5,000 pS/cm. Current densities increased from 2.5 to 3.5 to 7.0 + 0.02%mATG®y-
catalyzed FTERs, and from 1.1 to 1.5 to 3.4 + 0.02 mAlomon<catalyzed FTERs. The most
substatial performance enhancement by the Jo@talyst was observed at the lowest electrolyte
concentration. Figure 2.2(b) shows that despite having a current density of 1.12mAtlci®.0
V applied, no 1,4-dioxane removal was achieved in thecatalyzed FTR, i.e., with treatment
at the electrodes only. However, when the ielectrode Ti@ was present, 70% of influent 1,4-
dioxane was removed. These results highlight the great potential fecai@yzed
electrochemical technologies since the ability toie@se contaminant degradation in low ionic

strength waters is known to be a critical limitation of electrochemical degradaticespe&®
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Figure 2.2 Degradation efficiencies of Ldioxane in flowthrough electrochemical reactors,
showing the effects caused when varying one of four operation parameterset(a)tiapplied
voltage, (b) NaSOy electrolyte concentration, (c) influent 1,4-dioxane concentration, and (d)
mean seepage velocity. The other parameters within each experiment were at dsknchm
levels™ 3.4 uM 1,4-dioxane, 10 mM BBy electrolyte, 30.6 cm/day and 8.0 V applied. Error
bars indicate standard deviation (n = 3) for samples taken during Stidely-

At higher electrolyte concentrations, both the catalyzed anctatatyzed reactors
showed increases in degradation efficiencies. Under 10 mM and 30 rQNaectrolyte
conditions, 1,4-dioxaneemoval efficiencies (andwk) of 69% (0.065 ht) and 85% (0.107 Hj
were achieved in Ti@catalyzed FTERS versus 49% (0.038)rand 61% (0.052 Hj) in non-

catalyzed FTERs (FigureZDb), Table S2.2). Thexvalues obtained here were the highest
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compared to all other treatment schemes tested, showing the major impact cdgdhagion
electrolytic treatment efficacy.

Although lower electrolyte concentrations tended to produce decreased degradagion rat
asexpected, the surprising contrast in degradation performance in the 3 g8@t@atment
provides further evidence that the catalytic mechanism of isitddependent of chemical
processes directly at the electrode, and more strikingly, largely indeperidgectrolyte
concentration within the range of conditions tested.

Effect of influent 1,4-dioxane concentration. Contaminant load effects were
investigated with different initial ,4-dioxane concentrations in FTERs. Results from the-TiO
catalyzed FTERin Figure2.2(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 uM. Within nonatalyzed electrolytic columns, the same increases in inflyént
dioxane concentrations correlated to even greater reductions in perfornteftiog, som 49%
1,4-dioxane removal at the 3.4 uM level down to 13% and 9% removal when starting with 207
and 470 uM 1,4-dioxane, respectively. In absolute quantities, however, mass removal of 1,4-
dioxane continued to increase with higher influent concentration in both reactors, rulihg out
possibility of surface saturation or insufficient ROS production being the comirpliocess for
the overall oxidation rates. This observation further supports previous reports of camtami
degradation in flowthrough electrolytic systems being ratantrolled by molecular diffusion
and not by reaction rate or ROS availabilfty’®

Effect of seepage velocity. In a mass transfdimited system, a decline in degradation
efficiency would be expected with faster flow rates. This is due toeshHoyrtiraulic residence

times, resulting in less opportunity for diffusion-driven collisions. In facfire2.2(d) shows
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that as the mean seepagocity doubled from 30.6 to 61.1 cm/d, 1,4-dioxane degradation
decreased from 69% to 54% fbiO,-catalyzed=TERSs, and from 49% down to 27% in non-
catalyzed FTERSs. Interestingly, the ncetalyzed removal efficiency dropped by half as the flow
velocity was doubled, while the catalyzed reactors exhibited only a 22% dropawalem
efficiency with the doubled velocity. The intelectrode TiQ diminished the detrimental impact
associated with less residence time, providing additiewidence that Ti@offers a distinctive
mechanism for organic contaminant degradation.

When feedstock flow was slowed to 15.3 cm/d in thexda&lalyzed reactor, a
substantially highet,4-dioxanaemoval efficiency of 80% was achieved. Conversely, the same
15.3 cm/d flow resulted in an unexpected decrease in performance to only 21% removal obtaine
in the noneatalyzed reactor. At slower velocities, surface tension interactionaltoayfor O
and H gases, generated by water electrolysis, to remain at the electrode surfaceaéeingx
their respectiveolubilities. Pronounced coverage of mesh electrodes by gas bubbles can hinder
1,4-dioxane adsorption and reduced hydraulic conductivity at certain mesh openahgs, tiea
preferential flow paths tlough a reduced crosectional area, thus decreasing reactive contact
time with electrode surfacé®.” Although the negative impact of low flow and gaseous
inhibition is substantial in the naratalyzed system, these conditions appear to have less impact
in TiOz-catalyzed systems where reactions involvingzlp€llets 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
mineralizel,4-dioxane to Cg) total organic carbon (TOC) analysis was performed on triplicate
influent and effluent samples from theé,-catalyzed FTER experimewtth 470 uM 1,4-

dioxanefeedstock 10 mM NaSQ4, 30.6 cm/d, 8.0 \/)With this relatively higtl,4-dioxane
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concentration feedstock, 44% of the initial 1,4-dioxeoecentration was degraded (measured
by GC/MS), but only 22% was fully mineralized to £@OC analysis, FigureZ4).
Nevertheless, the percentagfdull mineralization determined via TOC (G@roduced =
TOCerruent - TOCinfiuent) is likely underestimated due to electrolytic reduction ob @Qhe
cathode, which is known to generate low-molecular weight organic comp&unds.

Electrochemical degradation pathway of 1,4-dioxane. To examine the electrolytic
degradation pathway for 1,4-dioxane, influent and effluent sarfrpl@sthe TiQ-catalyzed
FTER experiment performed with 207 uM 1,4-dioxane feed solution (10 m&I4a30.6
cm/d, 8.0 V) were analyzed for transformation products using LCTE&HMS, with mass
spectra results tabulated in Tab24 In negative ESI mod&ur organic acid intermediates
were positively identified in the effluent: succinic acid (13), malic abid,(mesoxalic acid (21),
and glycolic acid (22)Glycolic acid has been reportedlifi-dioxane oxidation pathways by
other UV- or sonolysi®asedAOPs*? %0 81To 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-didak®//H>O» and
sonolysis have determined the main oxidativesgseto béOH radicals in conjunction with
dissolved @.°% 8|t 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 ¢oetbectin
generatedOH radical? 3% 3% %5 To test whethelOH radicals are involved in electrolytig4-
dioxane degradation, we conducted oxidation experiments with 1,4-benzoquinona é68Q)
divided electrochemical batch cell, using a Nafion NRE2 membrane impermeable for organic
intermediates to divide the anodic and cathodic chambers (Appendix B, FigureB&Bi2

indicative of‘OH radical generation as it rapidly reacts vi@t (k.on so= 6.6 x 1§ M1s?) 82
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while being highly resistant to direct electrochemical oxidatfdhResults indicated that BQ
was oxidized in the divided anodic chamber, confirming th&tradicals are produced
electrochemicallyChapter 3Figure3.3).

Hydroxyl radicals have been shown to rapidly oxidize 1,4-dioxape £ 1.1— 2.35 X
10° M1s1) and its aldehyde and carboxylic acid intermedi¢té$Furthermore, hydroperoxyl
(‘OOH) radicals may be amportant reactive species in our flow-through system, capable of
acting as either oxidant or reduct&hThe formation ofOOH is linked to the redox couple with
the superoxide radicDOH / G with standard reduction potentialsx(@ 1 atm) of &O,, H*/
*OOH) =-0.05 V vs NHE and %0,/ O;*) =-0.33 V vs NHEE® *° Therefore, dissolved£&an
be reduced at the cathode to the strong reductant superaxiaéioh is in constant
equilibriun®! with its protonated formOOH:

02" + H20 <> "OOH + OH (pKa = 4.88)

On the basis of (1) transformation products identifiedl GYESFTOFRMS, (2) the
evidence ofOH radicals participating in the oxidation mechanism, and (3) previous reports in
the literature® 8'a pathway for electrochemich)4-dioxane degradation is proposed in Figure
2.3. Stable intermediates identified by this study are highlighted in solid box&gine E.3,
while dashed boxes identify those molecular species identified as interraedidtd-dioxane
oxidation in thditerature>® 8! All stable intermediates shovare considered to be less

recalcitrant and less toxic than the-tljdxane parent compound.
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Figure 2.3 Proposed 1,4-dioxane oxidation pathwlagrt A: Reaction pathway for the initial
oxidation of 1,4-dioxane to GQr the succinic acid (13) intermediate. Part B: Reaction pathway
from succinic acid to C® The major intermediates observed in this study are highlighted in
solid boxes while dashed boxes indicate intermediates that have been reportederatbheelito
be formed by the oxidation of 1,4-dioxane.

In our electrocatalytic reactors, the init@idation step leading to cleavage of the diether
ring is likely radical attack bYOH on1,4-dioxane (1), with Habstraction from any of the
carbons, leading to the 1,4-dioxanyl radical (2). Additionally, hydrogen abstradtl,4-
dioxaneby *OOH radi@ls may lead to the same intermediate (2) and the productioiOef H

The 1,4dioxanyl radicals react with {by diffusion-controlled processes forming peroxyl
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radicals (3). These peroxyl radicals generally undergo-teeadad termination reactions
(bimolecular rate constants ~1811s?) to form the tetroxide intermediate (4), which rapidly
decomposes to form a-oxyl radicals (5p %2

Upon formation, these a-oxyl radicals can undergo two primary types of reactions: (i) -
C-C splitting at the a'-C to form O=CHO-CH>CH»-O-CH>" (24) or (ii) an intramolecular
fragmentation reaction. The B-C-C splitting path has been used to explain the formation of 1,2-
ethanediol monoformate (not shown) leading to 1,2-ethanediol diformate (25), whidhbtea s
intermediate previously reportedphotocatalytic oxidatiott °° 8land electrochemical
oxidatior?® of 1,4-dioxane. Successive oxidation steps ofett2nediol diformate are capable of
full mineralization to CQ(27) through glycolic acid (22) and formic acid (26) intermedi&tés.
Thus, the glycolic acid detected may be a result of this pathway.

Additionally, the intramolecular fragmentation pathway (ii) is capableadyming
glycolic acid and the other three organic acids idesatifn our studylt involves oxyl oxygen
abstracting hydrogen from the a’-C position followed by fragmentation to form formaldehyde
(6) and the radical organic species O=CH@HCH" (7). In accordance with the “methyl”
group generation mechanism proposed previously, the cagarred radical (7) O=CHGHD-
CHy" can then be reduced YOH radicals to produce methoxyacetaldehyde (8) O=CHOH
CHs (and release £), followed by furthe oxidation of methoxyacetaldehyde to methoxyacetic
acid (9) HOOCCH-O-CHs.8! Methoxyacetic acid reacts rapidly wi@H radicals by H
abstraction to fon *CH.OCH.COOH (10) followed by B-scission fragmentation into
formaldehyde (6) and formylmethyl radical (11). The latter HOOE @tlical (11) is reduced to
acetic acid (12) byOOH radicals or proceeds through a termination step by dimerization with a

nearby HOOCCH radical to form the stable intermediate succinic acid {33jpne that was
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detected in this study. The acetic acid (12) and formaldehyde (6) intermea@tegpected to
fully mineralize through successive oxidation reactions as their rate sta&tareactions with
"OH radicals are as high as thoseT@t-dioxane? 8!

The succinic acid (13) intermediate is then successively oxidiz&dHby O reactions
through peroxytadical intermediates to form malic acid (14) and thex@succinic acid (15),
an o—ketoacid susceptible to decarboxylation reactions in highly oxidizing environfiénts.
Hydroxyl radical attack of a terminal hydroxyl group produce® ldnd leaves
HOOCCHCOCOQO (16), an unstable oxyl radical which undergoes intramolecular
fragmentation reactions to eliminate £@7). The resulting carbon radical species (17), in the
presence of &) immediately forms a peroxyl radical (18) leading to malonic acid (19). Mutiste
‘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 oxaltic(23), with (21)
and (22) identified as intermediates in this study. The mineralization of ogalitoaCQ (27) is
a decomposition reaction mediated by loygt radicals®t 92

Implicationsfor electrochemical oxidation of persistent organic pollutants. In this
study, we only operated FTERSs in a limited performance range to elucidatdative impacts
of operationaparameters on the degradatiorigf-dioxaneln full-scale applications, treatment
can be further optimized toward achieving downstream 1,4-dioxawater quality target levels
by adding additional electrodes and %igellets within the flow path to improve degradation
efficiencies To simulate the addition of more working electrodes, treated effluent frorgla sin
pass (Z2anode treatment) through an 11.0 V FTER was passed through the treatment process a
second time (4node treatment) and a third timegigode treatment). Figuredémonstrates the

capacity for greater overdl4-dioxaneemoval 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
TiOo-catalyzed FTERs. With an increasing numbexredes, the rate of 1,4-dioxane

degradation asymptotically approaches full removal due to continuously degreasin
concentration gradients in this diffusicontrolled system, similar to the observed effects in
Figure2.2(c). Even if full 1,4-dioxanmineralization is not achieved, many of the produced
organic acid and aldehyde transformation products are readily biodegradablengrateavage

of 1,4-dioxands achieved? ¢
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Figure2.4 1,4-dioxane removal with increasing number of anoBegradation performance is
represented as the percentage of the initial 3.4 uM 1,4-dioxane feedstock concetxgtaded
after treatment through each sequential reactor operated at 11.0 V (10 188 Riectrolyte,
30.6 cm/d). Error bars indicate standard deviation (n = 3) for samples takerlgissate.
Another advantage of AEO technologies is their applicability to degrading ciferent

or mixed persistent organic pollutants in the environraéht®” %To explore the adaptability of

flow-through electro(cata)lysis and further verify the Ig@llet’s catalytic activity in dark
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conditions, removal efficiencies were &wted for two other recalcitrant pollutants,
lamotrigin€® and chlorobenzeh®, in direct comparison to 1,4-dioxane using separate 5.0 cm
I.D. FTERSs (Figure 3.2) under identical operating conditions: 20 mM3& electrolyte, 27.3
cm/d sepage velocity, and 8.0 V. Results from nmatalyzed electrolytic treatment shown in
Figure2.5 indicate contaminant removal efficiencies of 13%, 51% and 79% after electrolyti
treatment of initial feedstock concentrations of 99 j,4-dioxane, 41 M lamotigine, and 66

UM chlorobenzene, respectively. These results illustrate the selettiaitglectrolytic treatment
technologies have toward different organic molecules. The removal effioaascynuch higher
for the other two contaminants when compared to 1,4-dioxane, even though 1,4-diagane
intentionally tested at elevated molar concentrations to induce greatsrafifiiradients. Thus
differences in mass transfer rates cannot explain the degradation difseodseeved. Benzene
was not detected itne effluent of the chlorobenzene reactors, suggesting that oxidation at the
lead anode was more likely even though electrolytic reduction is possible. Thaatqi for
greater removal rates for lamotrigine and chlorobenzene is likely doeé¢o actiation energies
for initial electron transfer reactions and/or preferential adsorption/desogbtaracteristics

between contaminants and the electrode op pellet surfaces.
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Figure 2.5 Degradatiormperformance of FTERSs for three persistent organic pollutants (POPS).
All treatments were performed at 8.0 V applied, 20 mM3a, seepage velocity 27.3 cm/d.
Performance is plotted as % of degradation of initial pollutant concentrationsbgrs indiate
standard deviation (n = 8r samples taken at steadtate

When the same electrolytic treatments were performé&ddp-catalyzed=TERS, all
three contaminants did show significant improvement in removal percentages (p < 0.001,
a=0.05) with values of 38%, 92% and 97% respectively for 1,4-dioxane, lamotrigine, and
chlorobenzene (Figure 2.5). Notably, the irdletrode TiQ catalysts provided 3.2 times
greaterl,4-dioxane removal when compared to electrolytic degradation on its own, in contrast to
1.8 and 1.2 times greater removal corresponding te-G&talyzed treatment of lamotrigine and
chlorobenzene, respectively. Thmay indicate that successful largeale treatment of certain

contaminants may not require the addition of Jg@llets in order to achieve high removal

efficiencies. However, the catalytic degradation activity in the latter twohaae been
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underestimat due to near-complete removal, establishing a very low diffusion gradient in a
system controlled by mass transport.

Our experiments demonstrate that fldwough electro(cata)lytic treatment is a viable
option for successful degradation of 1,4-dioxane and other recalcitrant organic pollutants i
aqueous environments?” ®’Furthermore, we have revealed for the first time that Ted be
electrochemically activated in the dark without direct electrode contact to becafiriant
catalyst for organic contaminant oxidatidm.apermeable reactive barrier or an aboveground
reactor,significant improvements in contaminant degradation can be achieved usinig Th@
inter-electrode space instead of backfilling withreactive material such as sahdfact,
catalytic enhancement by intelectrode TiQ pellets was observed under all conditions tested,
with the most notabl#&,4-dioxanedegradation improvement occurring low ionic strength water,
where conventional electrochemical approaches typicall§®f@ie advantages of catalyzed
AEO processes over standard UV-based AOPs include the potential for loweloopéctst,
no need to add chemical oxidants, and perhaps most notable, the ability to treat organic
contaminantsn situ.3% 191 1024owever, the application of high voltages in complex
environmental settings may entail the potential formation of disinfectigprdjucts such as
perchlorae and trihnalomethané,’® 193 109nd therefore needs to be closely monitored.

Further investigations are needed to elucidate the mechanisecwbehemical
activation of TiQ in dark conditions and to determine the activating and inhibitory effects that
come with more complex water quality constituents. However, the results peebent
illustrate that electro(cata)lytic oxidation is highly efficient at degradidedioxane 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 TIQ CATALYSTS
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CHAPTER SYNOPSIS

Recalcitrant contaminants in the aqueous environment often pose a major environmental
problem. Semiconductor photocatalysis using titanium dioxide2fTi@s been shown to be
effective at degrading a wide range of organic pollutants. Here, we demefstridte first time
that electrically insulated, intelectrode TiQ pellets can be electrochemically activated, in the
absence of light, to degrade organic compounds. Novelgelets consisting of anatase, rutile,
and mixed phase composites were fabricated by heating compactgoow@ers in air at
different temperatures ranging from 400°C up to 1000°C. The resulting composkes we
characterized byqwder Xray diffraction (PXRD), porosimetr{BET analysis)UV-Vis diffuse
reflectance spectroscopy (DRS), and scanning electron microscopy (SEMacterization data
indicate that TiQ pellets composed predominantly of the anatase polymorph had higher
porosity, specific surface area, and higher bandgap energy. This study us#udlogir column
reactors to compare the electrocatalytic activity of different pi€dlets for the degradation of
the persistent agueous pollutants, like 1,4-dioxda@otrigne, and chlorobenzene. The highest
electrocatalytic activity was obtained in anatase phasefdi@he degradation of all substances
as compared to the rutile phase pellets and compared to electrolysis alonatéhymed control
columns). It is concludkthat the higher electrocatalytic activity in anatase; piélets is due to
surface parameters like higher surface area, active crystalline faces, anddilezietitrostatic
adsorption phenomenon rather than due to band gap excitation. The pobgtautation results
are alsaliscussed on the basis of electron transfer phenomena in coordinatiom sitith
electregenerated oxidants like hydroxyl radicals. Additionally, mechanistic probecuiek,
like 1,4-benzoquinondert-butyl alcohol, and highly oxidized carbon tetrachloride were used in

electrochemical batch reactors to further investigate dominant mechanistis dit is also
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suggested that electtfield induced propagation of electrons and holes within the semi-
conductive TiQ pellets catributes to reactive oxygen species leading to enhanced redox

chemistry at the surface.

INTRODUCTION

Titantium dioxide TiO) is astable, non-toxicsemiconducting material witextremely
strong oxidizing powerTitanium dioxide is unmatched for ihotocatalytic activity and
stability when used for wastewater treatnf@n°TiO, is also used as a stable, catalytic coating
on electrodes to increase the efficiency of electron and proton transfer chatingreactions at
the electrode surfac@.>* Since our inteelectrode TiQ pelletsare electrically insulatefilom
the electrode, much like what is used in IFgDotocatalysis, we used literature in this area to
help with possible mechanistic clues. Many studies have confirmed that the phatssef
TiOz is superior as a photocatalytic material for air and water purification, aaddoas waste
remediatiorf>*’ Band gap excitation of the semiconductor Fiinitiated by high energy UV
light absorption, causing the excitation of an electrdiméo the conduction band, leaving an
oxidizing hole H in the valence band. This excitation step, especially tifi@rimation, leads to
thehydrogen abstraction of adsorbegCHoroducingOH radicals The strong oxidizing power
and low selectivity of these ‘OH radicals allows for successful oxidation— and often full
mineralization to C@- of many different organic pollutants, even those considered highly
recalcitrant like 1,4ioxane?! 48%° When compared with other semiconductor materials with
photocatalytic potential, Tigs shown to be the most promising due to its high efficiency, low

cost, photostability, and nontoxicity.>2
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Although less common due to is relatively low electrical conductiVii§. is also used
for its fast exchange of protons and electrons along its lattice structuits aagacity for
ambipolar diffusion of positive and negative charge carriers. Kesselmanegoated in 1997
that Nbdoped TiQ electrodes were capable of generating hydroxyl radicals under an anodic
bias, without the need for UV light.Others have confirmetthat cce the metal anodic
substrate is polarized the excitation of Ti@ll lead to oxidizing holes in the valence band and
electrons in the conduction barfdThese anodic holes on Ti©@oating can oxidize adsorbed
pollutants directly, generate acti@H radicals from adsorbed:@ on the surface leading to
indirect oxidation of nearby pollutants similar to what happens in photocatzysGur
objective is to expand upon this idea by not havingT@ated onto the electrode surface, but
instead addinglectrically insulatednter-electrode TiQ pellets, with to expand hydroxyl
radical production and reactor surface sites into the bulk solution beyond the etecliozle
electrochemical generation of hydroxyl radicals and production of higldyzexl surface
properties on inteelectrode TiQ pdlets is a possible solution to one of the main limitations of
electrolytic degradation being the need for contact between the organic reactéime electrode
surface.

Some limitations hindering wide scale use of Ji®Wheterogeneous catalysis for the
degradation of wastewater and contaminants include the need for practical izatiobi
scheme¥® and UV light requirements when used as a photocatalyst, and poor conductivity as an
electrocatalyst’ >3 1% we address the first concern by synthesizing immobilized; fédets
which prevent advective losses in a flthweugh treatment system@nd also extends the reactive
surfaces and into the bulk solutions rather than being limited to the surface of troxlelexs 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 alternatidriver to activating Ti@rather than the use of UV photons,
and this may be more energy efficient.

Extensive studies on electrochemical oxidation of orgaoitaminated wastewater often
propose that physisorbed hydroxyl radicals {®H) on the anode surface provide for the
dominant destruction pathway. These'MH radicals are formed upon the extraction of an
electron and proton from water. Anodes with high over potentials for oxygen evolution, such as
Ti/PbQ, Ti/SNG, and BDD, are said to be “n@ttive” anodes, because they do not bind the
oxygen atom of the MOH covalently, leaving the nonselective radical to initiate oxidation of
nearby organic pollutants, often leading to full mineralization. These atdeteceles are limited
in their commercial application at this time due to the release of toxic ions (&g)Rb basic
solutions® 1% premature deactivation (e.g. short service life of Ti/Sodelamination of BDD
anodes¥? 108110 or high cost (e.g. TBDD).? The mesh Ti/lr@Ta0s electrodes used in our
study are dimensionally stable, even in corrosive environmeitéthowever, they are known
to be “active” anodes which implies that their reactivity can be more selecatraedtorganic
pollutants. Active anodes of nobieetal oxides are capable of higher oxidation states and so the
M~'OH can be further oxidized to covalently bound species M=0, known as chemisorbed active
oxygen. Evidence of this reaction is known by tracking the transfer of isotydaiadlled'¢O
from *80-enriched water into the metal oxitfel*! Additional experiments showed that the
electrochemical oxidation of formic acid’&0-enriched metal oxide in unlabeled water occurred
through oxygen transfer shown by incorporatiof®@f into CQ.3” However, Bejan, et al. 2012
in the case of Ebonex Magneli phasgCOrielectrode$? and prominent electrochemists Foti and
Comninelli$'?and Panizza and Cerisbla regards to other metal oxide-based anodes, have

acknowledgd that these anodes do not necessarily divide cleanly into active and inactive
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categories. Thus, some proportion of electxadation reactions at an “active” anode, like
Ti/lrO2-Ta0Os, could still proceed by hydroxyl radical addition and/or hydrogen abstraction
reactiongt3 114

We built flow-through electrochemical reactors (FTERS) and electrolytic batch reactors
to investigate the potential for electrochemically activation ob Ti§2d as a heterogeneous
catalyst for enhanced treatment of water contaminated with persistentmslidiaese bench-
scale electrolytic reactors are equipped with dimensionally stable FiFa®s mesh electrodes
that are cospractical, resistant to fouling, and have been used successfully to degrade 1,4-
dioxane, chlorinated solvents and energetic compounds in our previousGhaktegr 244 67 68
1,4-dioxane, lamotrigine (pharmaceutical), and chlorobenzene were the threepeesjueous
pollutants used a model contaminants for our tests.

In this study, we show that properties induced by an electric field in an aqueoimsolut
are able to activate Ti&s a heterogeneous catalyst for efficient degradation of persistent
organic pollutants. Different Tifpellets were investigated for their catalyticiaty and
analyzed by porosimetry, microscopic and spectroscopic techniques. Th& sjgedtives of
our study were to)lcompare the catalytic activity of different intelectrode TiQ pellets during
electrolytic degradation of organic pollutantscBaracterize important chemical and physical
properties of our fabricated Ti@ellets, and 3) use electrolytic batch reactors and specific
molecular probes to elucidate the possible mechanism fordaf® catalysis of electrically

insulated TiQ pellets

MATERIALSAND METHODS

Reagents and materials. All chemicals (> 99% purity) were used as receivedlL 20

glass carboys were used to prepareSXa (EMD Chemicals) electrolyte solutions in deionized,
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ultra-purified water, spiked with 1,4-dioxane (Honeywell), chlorobenzene (JT Baker), 0
lamotrigine (trade name Lamictal, ENZO Life Sciences). Three precur®epdivder were
used from Alfa Aesar (>99.6 anatase, fine powder, < 44 pm), Huntsman (>99.5% anatase, coarse
powder, particle size, > 100 um), and Evonik P25 (approximately 80:20 anatase to rutile
composition, fine powder, particle size <1 pm). Dimensionally stable, expanded iHg3,-
TaOs 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 electrod@oW@er was
compacted and heat treated to form mechanically stable pellets sized to be wghisieve
dimensions of 3.33 to 9.42 mm. Detalils of this process are provided in Chapter Zand in
previous publication (Jasmann, et al. 2016). In brief, the multi-stage fabrication prowdgsd
pressure compaction and chiseling into loosely adhered pellets, folloveedtgur sintering
process in ambient air at temperatures ranging fron?@@0 1,000°C. TiO; pellets produced
from the three different precursor powders (and mixtures of them) wexenscd for mechanical
stability and abrasion resistance after the 4 hour heat treatment. The pebetdiected as
stable enough for flowkhrough water treatmesystems, were further characterized by several
analytical techniques.

Catalyst characterization. Synchrotron radiation-based Powdera¥-Diffraction
(PXRD), which presents a much higher sigrmahoise ratio than laboratory PXRD, was used to
estimate gystallinity, crystallite size, and percentage of anatase and rutile compasitio
finished catalyst pellets. Synchrotron PXRD was performed at beamlideflthe 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 26 between 20°
and 50°. Twodimensional diffraction patterns were recorded by a Mar345 imagingsystiem,
with a sampleo-detector distance of 150 mm. Diffraction angle 26 was calibrated with
lanthanum hexaboride (LaB Onedimensional PXRD profiles were integrated from selected
concentric circles areas of the symmetricali@ensional powder rings using the Fit2D program.
Crystal structure parameters were refined usimgeefitting package (or graphical interface
package) of Igor 6 Pro. The crystalline grain sizes were obtained from timeoryrused
Scherrer’s equatiob = K 1/ (Bcos0) with the crystal grain size D, shape correction constaft=
0.95 for a spherical pa¢le, and FWHM of the related Bragg peaks . The relative fraction of
anatase to rutile was estimated from the Speyer equation and the crystalline shape constant
K = 0.7905 specific to Tiecrystals.

The morphologies of the sample were examined by scanning electron micr(SEdpy
using a JEOL JSM-6500F Model FE=M at 5 kV accelerating voltage. TiPellet samples
were sputtecoated with Au prior to analysis.

Diffuse reflectance UW:is spectra were collected at ambient temperature on Cary 500
spectrophotometer, using potassium bromide as referenmoexamum reflectance

Nitrogen physisorption and porosity measurements were carried out at 7 & wit
Micromeretics ASAP 2020 system to determine the textural properties. i§pecfhce areas
were calculated according to the BrunaBemmettTeller (BET) method® 1(P/Py = 0.1-0.3).
Total pore volume of the Ti{pellets was determined by nitrogen desorptid?/Bg = 0.99.
BarrettJoynerHalenda (BJH) analysi§ was employed to characterize paize 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 standardleviati
original samples.

Electrocatalytic activity. To compare the catalytic activity of different Tiellets
during the degradation of our model contaminants, FTERs were constructed,ci staa
length acrylic pipe with 5.0 cmD. and a single pair of disc-shaped electrodes (18.25 cm
spaced with an inter-electrode gap of 2.5 cm (Fig. SI). To minimize sorption, thotdedsas
pumped through every reactor before each experiment until influent and effluearoanrit
concentrations were equal. Once stestdye conditions were achieved at target voltage, a
minimum of three influent and effluent samples were collected for chemicgbanfar each
contaminant. Daily measurements were made of pH, solution redox potentiaksard cu
between working electrodes.

Three aqueous feedstock solutions of 20 mMIa (~3,400 pS/cm) supporting
electrolyte were prepared in-20glass carboys and spiked with 99 uM 1,4-dioxane, 41 uM
lamotrigine, or 66 pM chlorobenzene. Feedstock solution is flowed vertically through the
column reactor at a seepage velocity of 27 cm/d passing through the positivgly iwlesh
anode and then cathode. Each column was fitted with a Ag/AgCl referencedsgdtforld
Precision Instruments) to measure solution redox potential and a gas exhatsvariexcess
O2 and H gas produced during the electrolysis of water. The section of each FTE&auopsf
the initial anode was packed with quartz silica sand (20/35 mesh) to enhance dispersiye mi
of influent contaminant prior to contact with the first electrode. A permegutextile
composed of polypropylene feltas placed after the anode and before the catiooctantrol
movement of sediments onto the indectrode TiQ pelletsandelectricallyinsulate the pellets

from directconduction with the anode. The in&ectrode space was filled Wwithree different
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TiO2 pellets for the catalyst comparison experiments and with inentn@liameter glass beads

for the non-catalytic control experiments. To exclude photocatalytic degradati@sgzec

influent feedstock and FTERs were covered by blapkgue plastic to maintain dark conditions.
NaSQ: and NaClQ electrolytes were used in our study since they are commonly used in other
electrochemical degradation studfe%.

Concentric cylinder electrochemical batch reactors were used for some of the stechani
investigation. In some cases, an wded electrochemical cell was used, while in others the
anodic and cathodic compartments were separated by a N&iB212 membrane
(RIOCRCF(CR)2]nOCRCRSGO:H, 0.05 mm thick, 0.92 meqg/g exchange capacity, Alfa Aesar
PN 45036). A conceptudiagram ad description of these reactors are given in Figure S3.2.

Analysis of the three model contaminants follows methods described in Chapten2 and i
a previous publication (Jasmann, et al., 2016). In brief, an Agilent 6890N gas chropiatugla
mass select& detector (GC/MSD) operated in full scan and selective ion modes was used to
qguantify 1,4-dioxane using calibration. Lamotrigine was quantified at 270 nm byikemtAg
1200 series HPLC equipped with a UV-diode array detector. An Agilent 6890N G@@édlby
an electron capture device was used to quantify chlorobenzene. Calibrationteiittalex
standards was used to quantify all contaminants studied. Degradation effiwsnquantitative

compared by the percentage of contaminant degraded (% Degrad&fion €es /Cinf), n > 3).

RESULTSAND DISCUSSION

Catalyst characterization. Although TiQ slurries would provide the greatest amount of
reactive surface area, the powder is difficult to collect for reuse in batemsysand it is
difficult to prevent advective losses in flow-through systems. Therefore, wécsaton the

surface area to Wame ratio in exchange for having an immobilized Fp@llet with better
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reusability capacity and greater longevity. Synchrotron PXRD data showgddstfi@ction
peaksfor all TiO2 pellets analyzed (Fig.) lindicative of high crystallinity. The diffraction peaks
for TiO2 pellets made from Evonik P25 TiCa commercial mixture of approximately 80%
anatase and 20% rutile, show that the pellets fully transform to 100% rutilallongsphase

during 4-hour calcination process at all temperatures at 700 °C and above (Fig. 3. Bvetiow
analysis of the trends in diffraction peaks for those pellets made fnenarfid coarse anatase
powders showed that > 98 % remained in the anatase form for both the 700 °C and 880 °C
treatments. Conversely, after the 1,000caination treatment, the majority of the anatase in
each type had transformed to the more thermodynamically stable rutilé®fdionevaluate the
mechanical stabily of the finished catalyst, Tipellets were shaken in glass vials at 210 rpm to
determine which pellets had the greatest percentage by mass remaining aslietadfter 10

and 25 seconds of vigorous shaking. Details of the testing procedureep@ted earliem
Chapter 2 and in a previous publication (Jasmann, et al. 2016). Only thp€ll€ds subjected to
4-hour heat treatments at 880 °C and 1,000 °C achieved satisfactory cementing ofdeetedm
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 goat-of inte

electrode catalysts for flothrough systems.
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Figure 3.1 (a-c) Synchrotron PXRD diffractograms for each precursor. p@vder after pellet

compaction and heat treatment for 4 hours at various temperatdyeM images of AP
F880, AP-C880, RP-880.

Based upon theszreenig results, three Tigpellets sintered at 880 °C were used to

investigate their catalytic activity in our flethrough and batch reactor experiments, and will be

referred to as 880, AP-F880 and AP-C880 from here forward. The f&rmat uses P to refer

to the final phase of the pellet RP for rutile, (MP for mixed phases seen latekPdiod anatase

and X is the sintering temperature using during fabrication. To distinguish thes it
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finished with high anatase percentage at 880AP-F880 is used for the one originating from
the fine anatase powder and-&8B80 is used from the coarse anatase precursor.

These pellets were further characterized by SEM and porosimetry angiMsamages
in Fig. 1 at 7,000x (and 30,000x magnification in Fig3$3lowed homogenously sized
spherical particles and uniform porosity across the surface of the AP-F880 €b88APHO
pellets, which is consistent with other SEM images of andtased TiQ used for catalytic
degradation of organic pollutarf&*”: "*The surface morphology of the RP-880 pellets was
dramatically different, showing signs of crystallite union phenomena appé¢afaye
shallower and more limited pore distribution. The RP-880 morphologies are expecteck&seec
the specific surface area and reduce the activity of these pellets compardt withetrs.

N2 adsorption analysis at 77 K confirmed the qualitative observations made on SEM.
Duplicate analyses of AF880 and ARE880 pellets determined their specific surface areas to be
8.1 + 0.05 MYg for both, while the EP-880 reported a much lower 0.016 + 0. Due the
concerns for this value, duplicates were repeated feB3Rusing Krypton as the physisorption
gas and arrived at the same value. A detailed comparison of the properties of \zaniples s1s
a function of precursor and calcination temperature is provided in Table 3S.1. Additional plots
of UV-Vis diffuse reflectance, Nadsorption isotherms and porosity distribution can be found in
Figure 8.3 and S3.4.

Scherer equation was used to estimate averagstallite size for variousomposition of
TiO2 pelletswith 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, respectivelgredrto only
32 nm in the ARZ700 heated at a lower temperatdree impact of grain sizean impacthe

surfaceto-volume ratioof catalystsso this could paially explain the greater catalytic activity
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observed by AP-C700. Hoffmanet, 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 size
observed in our Ti@pellets are on the larger side due to the long heating times allowing for
more crystal growth. These larger sizes would imply greater denstgtet potentially
allowing for higher probabilities of charge separation between electrdrisoées in oupellets.
Still others have found threshold sizes below 15 nm in grain size in which bulk properteds swi
such thainatase can become more stable than rutile and surface energies dramaticeffy shift.
This isnot considered with our Tgpellets since results show them to be above this threshold.
Flow-through treatment: electrocatalytic behavior at steady state. The
electrocatalytic activity of the Tifpellets synthesized from different precursor materials at
different sintering temperatures were initially evaluated by the percernftagédoxane
degradation achieved in FTER experiments. All flow-through reactors werdexparaler a
constant 8.0 V at 22 £ 2 °C and were fed by influent of 91 uM 1,4-dioxane in 20 BONa
(~3.8 mS/cm) electrolyte solution. Mesh geotextile material, compode¢DBE plastic and
polypropylene felt was placed between the electrodes and thelatétode materials, as a
barrier to sand transport, but also prevented direct electrical contact tédtredes with the
inter-electrode TiQ pellets. In theexperiments labeled as ARB80* in Figure 3.2the geotextile
was purposed lacking to determine whether direct electrode contact and thusicaridramiigh
the TiQ is required for catalyst activatiomn an attempt to simulate seepage velocities that
could be experienced in amsitu 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 (usudlpd@e volume exchangg 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 TiQpellets were compared against a foatalytic FTER
control column packed with inert glass beads rather thappellets A schematic of these
FTERs and photos are provided in Fig8&1l. Figure 32 shows RP-F880 and MP-C800 pellets
degradation performance were only slightly better than electrolytitmient without the Ti®
catalyst. However, all of the predominantly anatase pellets provided ententcdrthe
degradation efficiency by 2 to 4 times that of the non-catalytic control, suggémsttrige
surface or electronic properties of anatase are better suited for electrocafabyganic
pollutants. The observation of anatase phase du@performing rutile is generally supported in
the literature describing photocatalygied electrephotocatalyticdlegradation of pollutants,
with specific observations of higher concentrations of adsorbed radical Spemeisurface
bonded peroxo specfé8on aratase TiQ, and other observations focusiog surface defect
chemistry causing favorable reactivify}: 1??However,some researchers hafeeind thatutile
form on its own, or mixed with anatageg.Evonik P25 TiQ), canprovide efficient pollutant
degradation due to surface properties sinde the rutile caact toinhibit facile recombination
of electron/ hole pairs generated from band gap excit&tiéf1?® When usindlP-F880mixed
phase inteelectrode TiQ pellets(final anataséo-rutile composition of 93%natase to 7%
rutile), no significant improvement in performance was observed (Figure 3.2). This could
indicate that-/ h* recombination may be less important as a factor within electrochemical

systemglue to the constant electric fieddiving forcein an electrochemical system
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Figure 3.2 Comparison of the electrocatalytic activity of five differ@iD. pellets was evaluated

by the percentage of Xdioxane degraded. The secondargxys plots the average steady state
current for each column experiment. Experiments were perfousiad flow-through

electrochemical reactors operating at 8.0 V at a seepage velocity of 27.3 qplédshy a

20mM NaSQ; electrolyte feedstock spiked with 91 uM Hibxane. Effluent samples were

monitored after steadstate conditions were achieved. Errors bars represent the standard deviation
(n > 3). AP-F880* indicates that the AP880 pellets were used between electrodes but there was
no geotextile in place to insulate the ?i#@m touching the bordering electrodédl. other FTER
experiments performed in the plot did have the insulating geotextile in place.

The greatest removal efficiency was achieved byGY®0 (61% degradation) which
could be explained by having the highest specific surface area and lowegeavrgsallite size
of all the TiQ composites measured, along with its high percentage of anatase. The first two

properties contribute to a higher surface area to volume ratio in this pghletialy beneficial
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when all catalysts in this study occupipeed volume between the electrodes. One downside to
this pellet is in it having less mechanical stability, and thus more potential lossealgtic
material in flowthrough systems, since the lower thermal treatment temperature left these pellets
more friable than those heated at 880 °C. Despite all FTER experiments beiated at a
constant 8.0V with the same ionic strength of solutions, the AP-C700 column also experience
the highest average current at 167 mA by a fairly large margin (RBg@rédowever, while
current (density) is usually a prime variable in kinetics of conventionalineatalyzed)
electrochemical processes, the results in Figire®ly that current and degradation rate are
not proportionally correlated in the Ti@atalyzel electrolytic systems.

For example, the ARZ880 current is 90% that of AP-C700, but the degradation rate is
only 66% of what AP-C700 achieved. Conversely, wide variances in current rémging.7 to
150 mA in three TiQpellets of similar compositiomamely ARF880*, AP-F880 and AP-C880,
resulted in roughly the same amount of degradation, providing additional veifitiaét these
experimental conditions are not under current control. However, the differencesticskine
among the differently compaddiO; pellets are not due to mass transport limitations either,
since all experiments have the same concentration of substrat®Xa#e and the same
advective flow rates. These observations provide further evidence tlehiaitaeteristics of the
cataltic pellets are more important predictors of kinetic activity than is the electricahtu
More surprising results were observed when comparing the 1,4-dioxane degrdiiatency
of AP-F880* TiO, (not having the insulating geotextile barrier betwekctrode and TiO2
pellets) vs. the AR=880 TiQ reactors (which were completely insulated from both electrodes by
geotextile). Figure 3.2 showtisat the catalytic activity of the AP880 TiQ was similar in

magnitude even when being insulated completely by the geotextile bahgse Tesultedicate
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the potential for electractivated TiQ to occur in the dark (not photocatalysis) even with
insulated (not traditional electrocatalysis) frtime polarized electrodes.

Redox potentials measured in the solution between the electrodes were consistent
between 1.2 and 1.7 V vs SHE in all FTER experiments performed, with the exceptionyf a ver
high 7.3 V consistently measured within the non-iated ARF880* FTER (Table S2).
Electrical conductivities of effluent solutions displayed a small range of 4.6 tn&/cm despite
all treating the same influent solution. The fimrifered feedstock started with a pH of 7.0. After
electro(cata)lytic treatemt, the non-catalytic control ended at neutral pH, four op-Cédalyzed
experiments resulted in acidic effluent (pH 4.7 — 7), and the two others ended with highl
alkaline effluents (pH 10 — 11). Redox chemistry at the electrodes, such as timg gifiwater,
can contribute to wide fluctuations in solution pH. Additionally, other advanced oxidation
processes have demonstrated that acidic conditions can form as a result of pothataints
being transformed into organic acid intermediates, and wigoiog mineralization to C&he
pH can shift back toward higher pH values. Table S2 provides more quantitative irdororat
measurements of current, redox potential, pH, and conductivity.

In separate FTER, the activity of the three of the;ld@mpositions (AP-F880, AP-H880,
and RP-F880) were tested on other persistent pollutants: the pharmaceuticagilaenand the
industrial solvent chlorobenzene. The AP-F880 andH8B0 pellets still possessed the highest
catalytic activity for degrading lamotrige and chlorobenzene, with ARB80 achieving removal
efficiencies of 92% and 97%, respectively, a flow-through reactor (FiguEg.S

Additional experiments were performed in batch reactors to further igagspossible
contributors to variation in current. Using tray reactors open on the top to allow fadzhggn

and subtraction of inter-electrode materials, we were able to show thabegassused in our

58



control reactors have a lower average porosity of 0.42 compared to 0.73 wheele@ were
used to fill the inteelectrode gap. This lower pore volume results in greater resistivity and
therefore lower electrical current. Detailed information regarding pggrgmire volume and
electrical current measurements are provided in Table S3isTliksly to be a partial contributor
to the higher voltages often seen in TRTYERs compared to control FTERs with glass beads
between the electrodes. However, this is still not sufficient to explain thiéagt current
difference observed in FTER experiments betweesF880*, AP+880, ARC880, and AP-
C700 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 dominantdative species in electrochemical systems, it is important to
confirm the production of OH radicalshether thes#H radicals are produced at the anode
and/or through chemical reactions at #lttivatedTiO. surface. The difficulty in providing
evidence of electrgeneratedOH radicals is that many of the probe molecules used to elucidate
mechanisms and other advanced oxidation processes happen to use probes that areshemsel
easily electrochemically oxiged. For example, any of the nitrone spin trap probes such as
DMPO (5,5dimethylpyrrolidineN-oxide) are oxidized to radical cations more easily than water
is oxidized to hydroxytadicals'?”1?° This DMPO" can then be transformed by nucleophilic
attack of water to form (DMPOH)*, generating an EPR (electron paramagnetic resonance)
spectrum thatould be falsely interpreted to be the targeted spin adduct (D®IROassumed
to be formed from the trapping of the free radical from the M~@Hiety on the electrode
surface?®

Seeking to use a molecule subject to radical attack but resistant to electrochemical

activity, 1,4-benzoquinone (BQyas chosen asn organic probe molecule f@H radicals
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specific toelectrochemical systerBQ has been determined to inelicative of'OH radical
generation as it rapidly reacts wiDH (K.on, so= 6.6 x 18 Ms?) 82 while being highly

resistant to direct electrochemical oxidatféf> 13° However, since BQ can be easily reduced at
the cathode to form 1,4-hydroquinone, the anode and cathode were separated by a Nafion NRE
212 membrane to prevent any cathodic reduction reactions. Figure S32aholematic and
photos of this divided cell batch reactor. BQ was only added to the 50 mBONalectrolyte
solution in the separated anodic chamber. The oxidation of BQ from the anodic chamber a
constant current of 300 mA, as seen in FiguB [@ovides evidence th&H radicals were
electregenerated 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
NaSQq electrolyte in NafiorlNRE-212membrane divided cells in order to avoid electrochemical
reduction of BQ. Results in Figure 3.3 show that BQ was oxidized within the ehadher,
providing evidence for electrgenerated hydroxyl radicals since BQ is resistant to direct electron
transfer from the anode.

I nvolvement of hydroxyl radicalsin oxidation mechanism. To provide evidence for
‘OH radicals being produced from thlrO2>-TaOs electrodes involved in the oxidation
mechanism for 1,4-dioxane and other organic molecules tested, a divided electtatbatoh
reactor was built (Figure S5). 1,4-benzoquinone (BQ) is a model probe molecule used to
demonstrate electrochéral production ofOH radical$® 1*° This is because the kinetics of
"OH radical oxidation of BQ is very fast.g¢, so= 6.6 x 18 M1s?) 8 while it is highly resistant

to direct anodic oxidatiof#®°

60



— 100

?D |

e 90 a4

o 80 -

£

£ 70 |

S

o 60 -

2

Q 50 A

©

- 40 -

3

© 30 -

S

@ 20 -

£ 10 - y = 0.0003x2 - 0.3842x + 87.212

o R? = 0.9931

a O 1 1 1 1 1 1 Ll Ll Ll 1 Ll
0 100 200

Reaction Time (min)

Figure 3.3 Concentration ol,4-benzoquinone over time duriabpctrochemicabxidation in the
Nafion-separated anodic chami@r300 mA constant current in 50 mM J$&%. Error bars
indicate standard deviation (n ¥ 4

To confirm the contribution of hydroxyl radicals as a reactive species to 1,4dioxa
removal a competitive kinetics experiment was performed. The concentrblibri@H or
TiO2~"OH is assumed to be high and at steady state, and two competing substrates are 1,4-
dioxane and an effectiv®H scavenger tetiutyl alcohol (TBA). The rate constant for TBA
with "OH(aq) is very fastkgps = 5.2-6.0 x 18 M1s1)131. 1323nd so if placed concurrently at
concentrations ~4,000 times higher than the molarity of 1,4-dioxane, much of the electro-

generated hydroxyl radicaproduced 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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conditionst®® A single-cell electrochemical batch reactor (Figure S3.2) was used for all
experiments in Figure 3.4l having the same initial conditions uM 1,4-dioxane in 20 mM
NaClOy electrolyte, with 140 g of AP-F880 Ti(Packed between electrodes. Figueshows a
plot of these conditions monitored at O V in order to show that no significant losses in 1,4-
dioxane 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 uM 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 th&DH is a major contributor to oxidizing recalcitrant 1,4-dioxane.
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Figure 3.4 Relative concentration (C4Cof 10 uM 1,4-dioxane during degradation experiments at
1.0 Amp in 10 mM NaCl®@electrolyte for competitive kinetics experiments comparing the
degradation rate of 1,4-dioxane with pi&s an inteelectrode material with and without tt@H
scavengetert-butyl alcohol being present. A no-voltage control was also performed. Ersor bar
represent the standard deviation (n = 3).

I nvolvement of band gap excitation in TiO2 oxidation mechanism. The predominant
mechanism for Ti@as a photocatalyst is bandgap excitation caused by the absorbance of
photons of ultraviolet light. UV light provides the appropriate energy, allowingretewith in
the valence band of TiQo become energetically excited into the higher energy comaucti
band. A strongly oxidizing hole (hremains in the valence band and is capable of oxidizing
adsorbed water and many other organic pollutants adsorbed to the surface. Adqitianal

excited electron can transfer onto adsorbed molecule, reducingDiueno charge mobility

within semiconductors like Tig)the excited electrons and oxidizing holes often recombine with
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TiOo, thus returning to ground state without any redox chemistry occurring. We pedtiat it
may be possible for the electric figll provide the necessary energy to promote electrons from
the valence band to the conduction band within oue p&llets, forming h capable of oxidizing
1,4-dioxane directly or producing hydroxyl radicals through extracting hydroge adsorbed
water molecules.

To test our hypothesis, 100 uM of carbon tetrachloride {G&is spiked into 20 mM
NaClQ, electrolyte and added to the cathodic chamber of our divided electrochemicalthell, w
the anode only being filled with the electrolyte solution. Upowgring the electrodes with a
constant current of 300 mA, Clas immediately reduced by electron transfer reactions at the
cathode and concentrations dropped to less than 5% of the starting concentratio2 withi
minutes (Figure.5). The next experimestinstead added the 100uBCls electrolyte into the
anodic chamber of our divided electrochemical cell. The anodic chamber was also packed wi
TiO: pellets. Carbon tetrachloride is a molecule in a highly oxidized state, alloovingpid
reductive dechlonation at the cathode. However G@ incapable of being further oxidized
electrochemically. Thus, our attempt to degrades@Cihe anodic oxidizing chamber at 300 mA
was with the assumption that the only possible pathway for degradation was ifapand g
excitation did occur, producing an energetic electron capable of reducingRe8llts in Figure
3.5indicate that CGlwas not degraded, implying that band gap excitation was not
electrolytically activated. However, based on this experiment aloneanvet completely
exclude band gap excitation since the surrounding water may have acted asampeakef
electron acceptors, diminishing the reducing effect on.CBbwever, if band gap excitation

was the initial step to obtaining the catalytidatt observed for the oxidation of 1,4-dioxane,
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then it would be expected that the rutilesed 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.
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Figure 3.5 Relativeconcentration (C/€} of 100 uMCCls over time while using 300 mA in a

divided electrochemical cell. These plots are the averages (n=4) of two seppesiments: one

with CCL in the separated cathodic chamber and another withi€@le separated anadi

chamber which also if filled with Ti@pellets. Error bars represent the standard deviation (n = 4).
I nvolvement of hydroxyl radicals on TiOz activity in absence of electric field. Once

the importance of hydroxyl radicals was established, we wanted to bettestandaf our

pellets were in some way electaotivated, or were the hydroxyl radicals simply interacting with

the surface chemistry of our TiQellets along with cadsorbed 1,4-dioxane on the surface,
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forming some intermediate transition steand diassociatively desorbing back into solution as
reaction products. To determine whether the activity of the AP-F88ppEk2ts would remain

in the absence of an electric field (and light), Fenton’s reagent solution, known te be abl
degrade 1,4-dioxarré;*** ¥*was designed to produce large amounts of hydroxyl radicals
without applying any voltage to the system.

Fenton’s reagent is a solution of® with ferrous iron F& as a catalyst used to oxidize
contaminants in water through the catalytic productioi®éf and"OOH radicals. First, a control
experiment was run with 10 uM 1,4-dioxane in the presence of 1.8 ,Hvhich is also a
strong oxidant, to determine if-B. alone was capable of oxidizing 1,4-dioxane. Results showed
that1,4-dioxane wasot readily removed by #D. alone, at least during the 1 hour time period
(Figure 3.6), confirmingeports by others stating the sathé? 1¥Next, 10 uM 1,4-dioxaneas
spiked into 0.1 mM FeSEO7HO in the absence of Ti(pellets, and the experiment was started
as soon as #» was added to achieve a final concentration of 0.20 m®bHI'he results in
Figure3.6 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,dioxane is in agreement with others who have reseatbised
treatment* Lastly, the same experiment was repeated, but this time with 140 ¢6820
TiO2 pellets packed into the reactor vial. Approximately20% 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 Ti@pellets simply created physical barriergdtffusion for
homogeneous chemical reactions to occur, or if possibly theré&ated in some way with the
‘OH radicals or KHO> to reduce their ability to perform the catalytic reproduction of reactive

oxygen species. This experiment does help to confianwithout the electric field the powerful
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oxidizing activity of the TiQ pellets was not possible. This is a strong indication that the
mechanism at play is not simply surface adsorption lowering the activatiaqyerier
degradation reactions. It alsounlikely that the Ti@is only providing stabilization 6OH
radical complexation at the surface aft@H drifts from where it is produced elsewhere.

In summary, we have demonstrated that ietectrode TiQ pellets significantly enhance
the electrolytic degradation efficiency of recalcitrant pollutants in-loseugh systems, which
is usually the preferred management strategy for wastewater and \getantteatment. For the
first time, the TiQ was electrohemically activated in the absence of light and without direct
electrode contact in a packed bed material rather than being directly coated to tbdeslectr
surface. These novel Ti@ellets improve the electrocatalytic degradation efficiency of organic
pollutants and provide a more sustainable approach due to the preservation andufecioé re
the pellets. Optimal conditions for fabrication of mechanical stable and cattiyyéctive TiQ
pellets included starting with high purity anatase powder presempacted into pellets and
sintered at 880 °C for 4 hr. The AP-F880 and AP-H880 pellets possess the highest catalyti
activity for degrading the recalcitrant igdbxane and show the same trends when treating the

pollutants lamotrigine and chlorobeneen
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Figure 3.6 Relative concentration (C4Cof 10 uM 1,4-dioxane during treatment without voltage
applied using Fenton’s reagent (0.1 mM%€0.20 mM HO,) with TiO2 (140 g) and without
TiO2. A control experiment was performed with 1.804and no F& catalyst as well. Error bars
represent the standard deviation (n = 3).

Mechanistic insightsinto dark catalysis of electrically insulated TiO2 Based upon the
results of batch reactor experiments, the dominant pathway appears to be-tpell€©being
electroactivated at a distance by the electric field. We propose that the fields&blet to
charge separate some portions of electrons into the conductance band and holes intocthe vale
band. Charge separation along each,a€llet tren can occur by diffusion of the most mobile

charge carriers, the electron, leading to isolated holes capable of chemiddiltyngxorganic
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molecules adsorbed to the Bi€urface. 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 electrogenéfitéd
drifting to nearby TiQ pellets where the pollutant degradation could occur. The Fenton’s
experiment showed thatithout the electroactivation aspect, the activity of the;M@s not
there. Although there is agreement from most that hydroxyl radicals providécsignamount
of the oxidizing power for electrolytic degradation processes, there is no consdagithe
nature of M~OH as to whether reactions must happen at the electrode surface, or could
detachment 01OH(aq) potentially react with an organic molecule near the sutfemeever, it
is generally accepted that due to the shortlifalbf *OH radicas$ all, or most of their
involvement, would need to happen within a few microns of the surfatdeurther evidence
against the electrogeneratéH(aq) dift mechanism iprovided byKapalka et al, estimding
the profile of hydroxyl species adjacent to a BDD anode concurrent with theievati©, and
suggested that there concentration falls to less than 10% of the value at tteesithfi;m 0.2 pm
andessentially to zero by 1 pfiThis is eliminated because the geotextile insulator provides a
gap of ~4 mm fromlectrode to the inteelectrode TiQ.

Literature strongly supports that neteichiometry, i.e. TiQx, and point defects within
the lattice structure would have a substantial impact on catalytic propentied. &8 These
aspect are likely to be important, however, spectroscopic analyses of such puofsrties
were outside of the scope of this study. Future analysis of the oxidation state thfeTsarface
and surface hydroxyl abundance is warranted to better understand the fundameataly<if
chemistry which could lead to further optimization of its activity and range oicapiphs an

heterogeneous catalyst for electrochemical degradation. Thefease and tunability of this

69



electrocatalytic treatment tegology, along with the nontoxicity and stability of Bi@ellets,
would warrant further investigation into field scale treatment only studies flotgubl

groundwater or wastewater streams, even if used in combination with other egobdsiol
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CHAPTER4

SYNERGISTIC TREATMENT OF MIXED 1,4DI0XANE AND CHLORINATED SOLVENT

CONTAMINATIONS BY ELECTROLYTIC STIMULATION OFPSEUDONOCARDIA

DIOXANIVORANS CB119C¢
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Conceptual Diagram

2 Chapter 4 is taken from a manuscript that was recently submit&abitconmental Science &
Technology Letters with authors: Jasmann, J.RedalangaP.B., Borch, T., Mahendra, Sand
Blotevogel, JAIll sampling, sample preparation, analytical chemistry, reactor construand
other work described was performed by me, except for the gPCR analysis whichrioaague
by our collaborators in UCLA: RGedalanga and S. Mahendravith DNA extraction assistance
from Michelle Myers and Shu Zhang. TReeudonocardia 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 microbiallynghibit
chlorinated solventdJsing fow-throughreactors with mesh electrodes, we show that electrolytic
stimulation ofPseudonocardia dioxanivorans CB1190 leads to an ovedditive treatment effect.
At 3.0 V applied, 1,4ioxane wa®xidizedthreetimesfasterthanin unstimulated
biodegradation controls, amaelvetimesfasterthan by electrolysis only. Quantitative PCR
analyses revealed that microbial growth was generally promoted by axgderrgenerating
reactions, yet at a higher voltage of 8.0 V, the planktonic cell abundance neawdbe a
decreased due to unfavorable conditions. Slower 1,4-dioxane biodegradsgwere observed
in the presence of trichloroethene, unless the voltage was high enough to slyffieraoie the
inhibiting co-contaminant. Our results demonstrate that electrolytic stimulatewviable

synergisticapproach forn situ treatmenbf 1,4-dioxane in mixed contaminant plumes.

INTRODUCTION

1,4-Dioxane is an emerging groundwater contaminant that is frequently obsesited a
impacted by chlorinatedolatile organic compounds due to its widespread use as solvent
stabilizer'? 17 13°Recent reports of contaminated site data from across the United States
highlight the high probability of co-occurrence of 1,4-dioxane with trichloroetfEQE) and
1,1,1trichloroethane (TCAJ” 1491411 4 Dijoxane’s miscibility in water and low sorption affinity
to soil make it highly mobile in groundwater, often leading to large plume developthent.
Advanced oxidation processes (AOP) have shown success in mineralizing 1,4-diox#may but
field implementability and high cost typically limit their usectositu treatment of comparatively

small source zones and plunfégt 143
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A limited number of laboratory studies have documented aerobic biodegradation of 1,4-
dioxane either canetabolically’ 44 %or metabolically> * 4%and one study demonstrated
microbially driven Fenton-based degradatfdmf 1,4-dioxane. These studies suggestithsitu
bioremediation of 1,4lioxane is generally possible. However, two factors may limit the site
specific biodegradation potential for 1,4-dioxane: (1) anoxic groundwater condition2)and (
inhibition by chlorinated solvenfs4® 149Mahendra et al. reported that both TCA and its abiotic
breakdown product 1,dichloroethene (1;DCE) caused inhibition of the 1,4-dioxane-
metabolizing straifPseudonocardia dioxanivorans CB1190, with inhibition shown to be non-
competitive and reversibfeHand et al. provided evidence for TCE-inhibition of 1,4-dioxane
biodegradation by twoo-metabolizing bacteridvlycobacterium vaccae JOB5 andrhodococcus
jostii RHA1.248 Novel biomarkers and groundwater concentration data from 2000 to 2013
revealed evidence of natural Hdibxane attenuation in plumes contaminated with TCE!®: 150.

151 however, degradation rates neanegatively correlated with chlorinated volatile organic
compound concentrations and limited to aerobic regions of the aquifers. These studids sugges
that in order forn situ biodegradation of 1,4-dioxane to become a widely used remediation
strategy, some form of stimulation or augmentation is required, along witloaoreical

treatment process for toxic-o@ntaminants such as TCE>?

Permeable mesh electrodes installed perpendicular to groundwatérdéowproduce
dissolved molecualr oxyger® through the electrolysis of water, creating favorable conditions for
in situ aerobic biodegradation in previously anoxic aquitéts:>* Furthermore, this
electrochemical AOP is also capable of directdigkane oxidatio??’ 4% 15and
oxidation/reduction of chlorinated solveris®® 1°¢ We thus hypothesized that the combination

of electrolysis with biodegradation will lead to a synergistic treatment effecigihr@ectre
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generation of @as electron acceptor while electrochemically removing microbially inhibiting
co-contaminants such as ECSpecific objectives were to determine optimum stimulation
voltages and to elucidate potentially detrimental effects of applied pdéemtianicrobial
abundance using quantitative polymerase chain reaction (qQPCR) analyses. Guhsehisas
the fird study to provide a fundamental basisifositu electrebioremediation as a synergistic

treatment technology for 1,4-dioxane in mixed contaminant plumes.

MATERIALSAND METHODS

Flow-through column reactors. Flow-through experiments were performed gsin
chemically disinfected 20m I.D. clear PVC column reactors, packed with 8/10 mesh quartz
silica sand and two permeable, circular mesh electrodes (one anode, one cattadiee) ins
perpendicular télow (Appendix CFigures S4.1-S4.2 Mesh Ti/lrG-TaOs electrodes
(Corrpro, Medina, OH) were selected based upon previous studies demonstratiogghei
service life anahbility to degrade aqueous organic contaminasis situ permeable electrolytic
reactors’® 44with a particular affinity to more chlorinated species due to favosalsface
chemistry interaction®’: 8 1Additionally Ti/IrO2-Ta:O0s, having a low overpotential for0O
evolution of 0.25 V, is known to be a good catalytic surface for oxygen evolution reactions in
water.3% %4 For abiotic controlszolumn reactors were packed with sand aftet-sesailization at
232 °C for 18 hours. For biological controls aythergisticvoltagébiological experimentsand
inoculated with active CB1190 culturess transferrethto column reactors once mith late
exponential growth phase was observHuesecultures were grown aerobically in ammonium
mineral salts (AMS) mediufrat 30°C for 2-3 weeks with 50-200 mg/L 1 dioxane as sole

energy and carbon source (Figure S4.3).
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Contaminant analysis. Twenty-liter glass carboys were ustat feedstock solutions of
degassedAMS media spiked with 100 mg/L 1,4-dioxane (99.98%, Honeywell Burdick &
Jackson), and an additioriaimg/L TCE (99.5%, Alfa Aesar) for emontaminant investigations.
All flow -through sand columexperiments were operated at22 °C anda flow rateof 1.07
mL/min (seepage velocity 46 cm/dqueous contaminant concentrations were monitated
steadystate to minimize sorption effects (previous studies had shown that 1,4-dioxane sorption
in these columns isegligible.*®° Filteredsamples (0.4%m nylon filters for 1,4-dioxane-only
samples and 0.20m PTFE filters for samples containing TCE) were analyzed with an Agilent
689N gas chromatograph and mass selective detector (GC/MSD) equipped with aRxestek
624Sil MS column using 1,4-dioxane-dotopic dilution. Chlorinated ethenegrequantified
by anAgilent 6890N GC equippedith an electron capture teetor (GC/ECD)

Microbial analysis. At start and completion dfow-through experiments, 0.5-mL liquid
samples and 0.5-g solid sand samples were collected into 2.0-mL microcentrifugenibes
frozen at-20°C. Liquid sample aliquots were taken from influent, ports 1 aad3effluentwhile
sand samples were only collecfenim ports 1, 2 and 3 (Figure SJ.Deoxyribonucleic acid
(DNA) was extracted from sand and liquid phase samples using a bead beating metived foll
by phenol/chloroform purification. Briefly, liquidasnples were centrifuged to pellet the biomass
for 3 minutes at 13,200 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 alldes. Samples were heated at 65°C for 2 minutes followed by bead
beating for 2 minutes using a minibead beater-16 (Biospec Products, BaeJ&3ki)l 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 steniie ini€rocentrifuge tube
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for phenol/chloroform purification as previously describ&ducleic acid extracts were
resuspended in 100 pL of nucledsm: HO and stored aB0°C until further analyses.
CB1190 populations were monitored using qPCR and primers targeting the (dxmB) genes
coding for dioxane monooxygena$éAll gPCR reactions were performed in a total volume of
20 pL containing 1X Kapa Sybr Fast g°PCR Master Mix (Kapa Biosystems, Ngiom, MA),
0.25 uM of each primer (IDTDNA, San Diego, CA), and 2 pL of template DNA. Allimret
were performed on an Applied Biosystems StepOnePluginealPCR system (Life
Technologies, Carlsbad, CA) as previously desctitiemd were accompanied with a melt curve

analysis to confirm the specificity of g°PCR products.

RESULTSAND DISCUSSION

Stimulation of 1,4-dioxane degradation. To simulate ann situ field implementation of
an electrolytic permeable reactive barrier (TOC Art), we used-gackked flowthrough columns
equipped with two permeable mesh electrddd. dioxanivorans CB1190 was used as model
organism due to its growtsiporting metabolism of 1,4-dioxafe>" 1°8

Figure4.1 shows that in the absence of TCE, only 11.6 and 14.6 mdidxdne were
oxidizedper hour per rmof mesh electrode surfaegeain the abiotic electrolytic flowthrough
reactors at ® V and 30V, respectivelyThese low abiotic removal rates are likely explained by
saturation of electrode active sites and limited generation of reactigemspecies (ROS).In
the biological control columr{(no voltage)with oxygendepleted(degased) feedstock, the
CB1190 culture oxidized 1;dioxane at a rate of 8mg-h>-m2 When both abiotic and biotic
processes were combined, oxidation rates substantially increased in @@udiige manner to

101 mg-hm? at 8.0V and 169 mg-h*m? at 3.0 V. The observation of £gas bubblest the
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anode led us to conclude that CB1190 watimulaed by increased electron acceptor levels
Hence, by extending oxidation processes beyond the electrode surface;kebtstinoulation
doubled to tripled 1;4lioxane degradation rates when evaluated against the biological control,
and increased rates by about an order of magnitude compastelctachemical elgradation

only.
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Figure 4.1 1,4Dioxane degradation rates in flelwrough sand reactors in the absence (blue) and
presence (orange) of TCE-contaminant. The percentage of TCE degraded during the mixed
co-contaminant experiments is represented by the shaded region of the pieabbagseach
experiment. All feedstock solutions consisted of 100 mg/ldig#ane [and 5 mg/L TCE] in
AMS nutrient media, treated at a seepage velocity of 46 cEnfdr bars indicate standard
deviation (n > 3).
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The potential for adverse effects to microbes near the electrodes was investigated b
analyzing liquid and solid (sand) aliquots along the horizontal flow patl.fdroxanivorans
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 electrodesddition,
biologically destructive hydroxyl radicak8 and highly oxidizecthlorine specié§® *°may be
generated Consequently, qPCR data can help elucidate preferential location(s) of nlicrobia
attachment or growth, leading to a better understanding of optimum spacing betwaple mult
electrode pairs.

Upon inoculation of the sand columns for degrading 1,4-dioxane only, mean abundance
values were 4.5x2@ells/mL for planktonic and 1.3x10ells/g for sessile CB1190 present as
biofilm (Figure4.2(a,b). After two weeks of flonthrough operation in the biological control
column without voltage, the planktonic CB1190 abundance along the sand column averaged
3.5x1@ cells/mL, thus remaining very near the initial baseline count. To maintain this-steady
state population, growth and reproduction must have occurred at rates sufficiert enoug
account for biomass losses of *1t@lls/min (1.03x10cells/mL x 1.07 mL/min flow) to the
effluent triggered by hydraulic shear. Therefore, removal of 1,4-dioxane can benegdy
biodegradation since column conditions in the degassed fekdstsufficiently favorable for
the microaerophili®. dioxanivorans CB1190 to maintain steady growth on 1,4-dioxéne.

Abiotic control experiments were also monitored with gPCR and provided in Appendix C
(Figure &1.4).

At alow stimulation voltage of 3.0 V, average planktonic abundances of £.5x10

cells/mL indicate that the conditions remained conducive to cellular growtlréEig(a)). At

sample port 1 between the electrodes (located 2.5 cm downstream of the ancdktepipleall
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counts were slightly lower than without voltage applied, and biofilm cell counts were bel
detection limit. Here, the pH dropped to 4.7 (Figure S4.5), which is at the low end of thd optima
range for CB1190 growth near pH 5-8he subsequent CB1190 population rebound 12.5 cm
downstream of the anode reveals the “sweet spot” for bacterial abundancthael@og path.
Here, immediately after the cathode, the pH returned to circumneutrah@l Short-lived
reactive oxidizing species are potentially depleted. These localized maximwuouwehl suggest
that sloughing of biofilms may be an important source of 1,4-diogdageading bacteria and
could warrant further study into the predominance of the role played by these detait$té’
When a higher electrolytic stimulation voltage of 8.0 V was used, a substantedskcr
in planktonic abundance to 4.8*¥dlls/mL was observed between the etss, along with
biofilm levels dropping to below the detection limit (Figure 4.2(a,b)). A more agldiof 3.1,
along with greater anodic production of reactive oxygen species assodidtéagher
voltages?® apparently created less favorable conditions for microbial growth or survival.
Although planktonic cells did rebound to 2.3%b@lls/mL 12.5 cm downstream from the anode,
biofilm counts remained below detection limits for the remainder of the colums1CB1190
population decline likely explains why the Idbxane degradation rates were lower at a higher

stimulation voltage.
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(@) 1,4-Dioxane Feedstock without TCE (c) 1,4-Dioxane Feedstock with TCE
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Figure 4.2 CB1190 abundance along the flow path for plankton® @d biofilm cells (lu) in
the absence {& and presence () of TCE cecontaminant, 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 adfilre b
gPCR analysis were plotted at' cells/g, which was the method detection lirffitte error
bars represent the average range of ge@fcates

Co-contaminant impact on 1,4-dioxane degradation. In the presence of the common
co-contaminant TCE, abiotic control experiments showed slightly lowedib)ane degradation
rates of 6.4 mgh*m? (8.0 V) and 0.06 mg-h*m? (3.0 V, Figure4.1), suggestingthat
competition for active sites on the mesh electrode negatively impactelibtahe removal. In
these two reactors, 60% and 27%, respectively, of TCE resm®ved'> % No chlorinated

reduction products of TCE were detected, implying that TCE was either akioizeolatilized

by ebullient oxygen and hydrogen gas bubbés.
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In the biological control column, TCE inhibition lowered -tixane biodegradation
rates from 53.2to 37.5 mg-h’m?%(Figure 4.1).No TCE removal was observed, confirming
previous reports thd&. dioxanivorans CB1190 is not capable of biodegrading TEE4-dioxane
oxidation rates were highesgainwhen both abiotic and biotic processes were combimadng
rates of 94.5 mg-hm? at 8.0V and 98.4 mg-h™-m? at 3.0V. At the higher stimulation voltage
(8.0 V), 62% of TCE was removed, apparently sufficient to eliminate adversetsefia
biodegradation by CB1190 such that-fljdxane removal rates were nearly equivalent to rates
when TCE was not present. In contrast, despite the removal of 41% of the initial TOEitloa
3.0V applied,1,4-dioxane biodegradatiomasstill inhibited. However, t is critical to point out
that even when TCE was preserthe same trend o$ubstantialenhancement in electro
biodegradation rates over the biological control rates was observed. Thus; aeydbgradation
enhancemenf 1,4-dioxaneoccurs both by concurrent removal of the inhibitingcoataminant
and electrochemat generation of molecular oxygen.

In the presence of TCE, qPCR analyses revealed that planktonic cell counts were
generally orders of magnitude lowdian when TCE was natlded reflecting the inhibiting
effect of the chlorinated econtaminant (Figures 2(c)\everthelessthe biological control and
CB1190 + 3V were able to stabilize microbial populations at levels capablem@bmaig 1,4-
dioxanedegradation In this mixed contaminant scenario, mean biofilm abundance in the
biological control (1.2%0’ cells/g) and CB1190 + 3V (1.2x46ells/g) columns were both
consistently high, while CB1190 + 8V experienced extremely low biofilm countswbel
detection limit) between the electrod@ss cm) and at 22.5 cm downstream of the aribagire
2.2(d)). A substantiapike in sessile cell abundaretel2.5 cm downstreamas experienced in

both of the electro-biostimulation reactors, achieving® cells/g, lending further support to
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our “sweet spot” hypothesis for optimumacterialgrowth. The presencef biofilms can be
explained bytheir greater ability to withstand pH changesl (shodived) ROS%3 Based upon
the consistency of the location of peak sessile cell counts, it appatbsofilm formation is also
being used as a strategy of colonization in a nutrient-dense and axglg@nea, where
sloughing of cells can then occur, providing the majority of observable biodegradtion.
Technological implications. Our results clearly demonstrate that electrolytic stimulation
of aerobic biodegradation is an effective, synergistic approach for the raoredatt
groundwater contaminated with icddbxane, even in mixed contaminant plumes. In the absence
of a cacontaminant, where stimulation is mainly based on oxygen generation, low voltages only
slightly above the oxygen evolution potential are preferable to limit generatiomarsh
conditions unfavorable for microbial growth. When microbially inhibitingcoataminants such
as TCE are present, higher voltages or more electrodes may be requirest ito ontheralize or
transform them into less toxic or biodegradable intermediates. However, whelxade
degadation rates at low and high voltage are similar, such as in this study, the loiage vsl
preferable due to longer electrode lifetime, lower power cost, more unifomm d&nd a lower
potential for disinfection byroduct formatiorr™> %% 1%°0ur data also suggest that microbial
degradation activity is highest just downstream of the cathode, implying that wheralsev
electrode pairs are needed to reachstecific remediation targets, spacing on the order of 10
20 cm should be used. Finally, it is conceivable that additional synergistic mechasst,
such as stimulation of other intrinsic microbes capable of degrading chéorisalvent®* or
electrolytic transformation of a persistent parent compound into more readdggoadable
intermediate$® 1°6 165 166The joint benefits of having tunable electrolysis to degrade recalcitrant

pollutants while simultaneously stimulating intrinsic or augmented contarvilegnaders
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strongly suggests that this technology can be used fon gl treatment of mixedantaminant

plumes.
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CHAPTERS

SUMMARY

Major findings. This body of work further builds and improves upon previous
laboratoryscale and fielgcale electrolytic treatment studies performed withenCenter for
Contaminant Hydrology here at Colora8tate University* 87 %8For the first time, experiments
were conducted to investigate catalytic enhancement stravdtfieslectreactivated dark Ti@
catalysis an@lectrochemical stimulatioof microbial bia@legradation processéd/'e
demonstrated 1,dioxane can be efficiently degraded usilogv-through electrochemical
reactors, instead of stirred batch reactors, in order to simulate conditiomsppdicable to field
scale remediation (Chapter 2). It was determeneelectrical potential of 8Was effective for
catalyzed electrochemical oxidation of -Hibxane, with only minor improvements in efficignc
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. Easetecr
degradation current efficiency is dueth@ FTERsystem beingate controlled by contaminant
transport phenomena (diffusion mainly) and not curf€ntpter 2).

Significantimprovements in 1,4-dioxane degradation rates were observed under all
conditions tested when usinger-electrode TiQ pellets as a catalystypically achieving2 to 5
times more pollutant removal (Chaptear2d Table S2.2). More than 97% of tlidxane was
removed by TiQ@-catalyzed FTERs after 6 anodes at 11.0V with a seepage velocity of 30.6 cm/d.
The most notableatalyticimprovement in 1,4ioxane degradation efficiency occurred in low

ionic strength watef70% degradation vs. no degadsidn without catalysiswhere conventional
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electrochemical approaches typically f8ithus expanding application possibilitiesaiguifers
with low total dissolved solids.

Moreover, we revealed for the first time that electrically insulated -eléetrode TiQ
can be electrochemically activated in the dark to catalyze the oxidation ofcocgataminants.
Mechanistic aspects of this process were further explored in Chapter 3. Thgpellets
mitigate mass transport limitations by using T g2llets to extet reactive surfaces to the bulk
solution between electrodes. FTER experiments with various types pp@ilets indicated that
anatase form pellets showed greatest catalytic impact on the degradatibdiokane (Chapter
3). Research by others has shawat anatase, especially the [1 0 1] crystalline face, has surface
chemistry properties conducive to the formation of activated surface caaplath HO and/or
organic pollutants adsorbed to the surface, and often outperforms the rutile phase as a
heterogeneous catalyStThese anatase pellets had higher specific surface area and more widely
distributed porosity than the rutile pellets, likely contributing to their improneiperformance.
Batch reactor experimente@ved that the dominant mechanism for the activation of the inter-
electrode TiQ pellets is unique to previous reported photocatalytic and electrocatalytic
mechanism (Chapter 3)Ve propose that thelectric fieldis able to mobilize electrons from the
valence band of Ti@into the conductance bankaving behind positively charged holes in the
valence bandThese holes have very strong oxidation power (2.7 V vs. SHE) awcdjzable of
chemically oxidizing organic molecules adsorbed to the $idface. Alditionally, these holes
can oxidize adsorbed water to form [Ri®'OH] species capable of oxidizing organic species
also adsorbed.

Our results demonstrate that electrolysitmulation is also an effective, synergistic

approach fortreating 1,4dioxaneeontaminated waterseven in mixed contaminant plumes.
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When both electrolytic and microbial processes were combineeidxdne oxidation rates
substantially increased in an ouelditive manner to 101 mg-h™-m? at 8.0 V and 169 mg-h™*-m2

at 3.0 V, compared to only 11nfig-h"t-m? for abiotic 8.0 V treatment arB.2mg-h"m? with 0

V using biodegradation alone (Chapter ®)e 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-dibahe as the primary carbon

and energy source. Higher dissolveglddncentrations wermeasuredn the electrohemically
stimulated FTER$Table S4.1) adding support to the claim of more favorable aerobic conditions
being produced downstream (downgradient) from the electrodédsen chlorinatedco-
contaminants such as TCE are present, higher voltages or more electrodes ne@yirbd to
mineralizethese microbiatlegradation inhibitors, aat leasttransform them intdess toxic and

more easily biodegradable intermediates (Chapter 4). None of the reducddrimahen
products (e.g. 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®® ¢and due to the anode being the lead electrode in our FTER experiments,
it is plausible that oxidized, and more easily biodegradable, intermediate$onaed.

When 1,4dioxane degradation rates at low and highagdtare similar, such as in this
study, the lower voltage is preferable due to longer electrode lifetimer [maveer cost, more
uniform flow, and a lower potential for toxic {product formatiort> 193 169The joint benefits of
having tunable electrolysis to degrade recalcitrant pollutants while smaalialy providing
electrolytic stimulation of intrinsic or augmented contaminatggraders makes this technology
very promising for then situ treatment of mixed contaminant plumes, and pilot scale testing

should be pursued.
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Advantages and limitations. Someclear advantages of our two catalyzed AEO
treatment processes exist over standardddsed AOPs including the potential forsitu
remediation of groundwater, the benefit of not needing to supplement with expensiveathemic
oxidants, and better economic & environmental footprint based upon cost comparisons
performed in the literature: 4> % °34owever recent reviewsighlight important challenges
and knowledge gaps slowing down the widespread use of electrochemical oxidation for
wastewater and groundwater treatment: (a) mass transfer limitations duéntoinise
requirement for adsorption of target pollutants with electrode surfaces, gb)plete
knowledge of matrix effects and disinfectiby-product(DBP) formation, and (c) limited
studies on the environmental footprint and economic costs of AEO treatments companed to ot
AOPs under environmentally relevant conditiofis®® 103

The scope of this dissertation is not able to solve all of these challenges, howeyer man
of these limitations and knowledge gaps were in mind during experimental desigrapdas
continue to be a focus as this research moves forward into field scale readt@stiagnin more
complex matrices. For example, our flélrough electrochemical reactors attempted to address
the mass transfer challenges by using an-glestrode TiQ catalyst to fill the inteelectrode
space usually baellled with inert material and cantify the effects of operational parameters
most important to field scale applications. In recognizing the need to lowel(wadht&ess
power and electrode material requirements) and reduce the potential negativateulo
byproducts formed, we showed that low voltage settings (3.0 V) on one pair of electredes wa
enough to degrade amntaminant TCE and electatimulatePseudonocardia dioxanivorans
bacteria to aerobically biodegrade 1,4-dioxane. However, there is still a need toedo mor

systematic tgting of complex matrices, with chloride ions present capable of producing toxic

87



chlorinated hydrocarbon byproducts, or having bicarbonate present which is known to be an
efficient *OH scavenget®’

This research was always performed with the intent to develop a fieldedat®logy
capable of providing a remediation solution to 1,4-dioxem@aminated groundwateks part
of this aim,a separate treatability studyas performed onrminal sitegroundwater from a
former 1,4dioxane production plant in the Netherlands which has 1,4-dioxane concentrations
around 1,000 wyL. Non-catalyzed FTERwere used to treat the groundwater influent at 11.0V
and flowing at 1==m/d o matchgroundvater seepage velocity at the kitdigh degradation
efficiencieswere obtained, with a single pass through 2 anodes resulting in 84% removal of the
initial 928 mg/L 1,4-dioxaneayith most of that becoming fully mineralized to €ased upon
Shimadzu TOC analysis (Figure 5.1). Continuimng treatment through more anodeachieved
97% removalThis high removal efficiencys likely due to this saline groundwater having a high
conductivity of > 4,00QuS/cm which was shown to greatly impact electrolytic atwh
performance in our laboratory studies (Chapteil Bgse resultepened up the opportunity to
build six larger electrochemical column reactors (30.5 cm 1.D. x 46 cshdyn in Figure 5.2
which are now in operation on site as a pilot studyéasurel,4-dioxane degradation, monitor
for DBP<%°, and providea sideby-side comparisonf removal efficiency and economic costs
with UV/AOP treatmenbperating irparallel®® 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)nlgetip confirm
that assuming quasi-plug flow in our reactors is an acceptable appiashltsfrom this pilot

study are beyond the scope of my dissertation, but the quantitative comparison toRJV/AO
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treatment will be provide invaluable insight into tleéative advantages and disadvantages of the

AEO system.
(@)
2 anodes i

0% 20% 40% 60% 80% 100%
Degradation of 1,4-Dioxane (%)

(b)

1,4-Dioxane
Remaining
16%

Fully
Mineralized to
Cc0o2
52%

Figure 5.1 (a) Degradation of 1,dioxane (%)n original groundwatefrom an industrial site in
the Netherlandafter sequential AE@eatmentsn two FTERsS operated at 11.0avid seepage
velocity of 15cm/d. Error bars represent standard deviation, n = 3. (b) Relatisutimt of the
84% of 1,4-dioxane removed to either £8 other organic intermediate products. A partial
description of the groundwater composition includ&B mg/L 1,4-dioxane, 1.1mg/L dissolved
Fe", 89 mg/L chlorides, with a pH of 7.8 and specific conductivity of 4.4 mS/cm.
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Figure5.2 (a) Photo showing red food dye tracer tédt after start: The influenlye spreads out
right at the entrance to the column reactor. Some density effects of ttrachreare gparent.

(b) Photo 20 h after start, showing the dye is spread out over the entire cross séttiba wi
primary injection halo still visible. (ide view photo 20 h after start, showthg red dye

tracer is almost uniformly (though not perfectly) distributed throughout the eratiume before
reaching the initial anod@his red food dye tracer test was performed by Jens Blotevogel in a
large 30.5em I.D. FTER.

Futurework. These resultdescribed here suggest that AEO treatment of recalcitrant
agueous pollutants is a promising field of research and plenty of opportunities arstingere
guestions remain for future Ph.D. dissertations. Briefly, here are threediregtons in which
productive research could be found:

. Diversify the analytical techniques to better understand the underlying pesces

. Investigate AEO treatment in more complex mixtures and in field scale applications
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o Explore “nonactive” electrodes and AEO transferability to other contaminants

Due to limitations of time anfiinding certain analytical techniques were outside the
scope of this projectHowever, tirther investigations are needed to better understand the
mechanism of electrochemical activation of Ti®@dark conditions. Analysis dfie TiG
catalystwith X-ray photoelectron spectroscopyR3 could be used tquantitatively determine
elemental composition, binding energiasd chemicatlectronic state of surface elements of
catalyst or possible elements contaminating the surfdds would help to better understand
whether reduced 1§ and oxygen vacancies are prevalémsitu Fourier transform infrared
spectroscopy (FTIRWould help define functional groups bonded to the surface and their relative
oxidation states, especially important for knowing the abundance of hydroxyl spesies. N
probing molecules could be explored with well-defined degradation branching raiersidey
on whether they are desgled by {OH)aq, direct anodic oxidation, or by Tiole mediated
reactions.

With appropriate light absorbing contaminaniasgelectrochemical chambgr
connected to a potentiostat and capabi@ aiftu IR or UV-Vis spectroscopy would allow real
time monitoring of electrochemical changes in coordination with chemical transfions
guantified by changes in absorbance. Another cuttge technique for retime monitoring of
electrochemical transformation products was tested in collaboration viitbkFRrophy of the
Delphine Farmer group. Gime analysis of the headspace in a sealed electrochemical batch
reactor monitored the organic acid transformation products of 1,4-dioxane degradaijpn usi
high resolution timeof-flight, chemical ionization mss spectrometry (HROFCIMS), a novel
analytical technique explained in more detail in Brophy and Farmer*3®9Ibe preliminary

mass defect plotsbtained are shown in Appendix E. These plots reveal the potential for rapidly
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observing differences in product formation from d@lidxane degraded in three different systems
Fenton’s reagent without current, electrochemical degradation at 1.0 Amp botmevithtlaout
catalytic TiQ pellets Moreover, this technique can obtain these mass spectra data from complex
aqueous samples without any pre-separation chromatography, pre-concentratiopler s
preparation. With betterontrol of variables and potential interferenaesntargeted mass
spectra data likéhis could be very useful when combined with complementary data from other
analytical techniques.

The investigation into matrix effectSBP formation and quantitative comparison of
performance are all being addressed in the ongoing pilot study descriliexd Hawever, i is
well known that the selectiyitand electrochemical activity of specific electrode types can
dramatically impact degradation efficiency with different targeted orgaoliotants? 32 64 114
thus other electrode material influensésuld be explored. Two new FTERs with mesh Ti/2nO
and Ti/RuQ electrodes were built for preliminary comparisons against the HHlleeDs
electrodes used for all other experiments in this dissertation. 1,4-dioxane degresatlts are
shown in Figure 5.8r FTERs operating with 8.0 V appliedtio pairs of electrode$
different types, without inteelectrode TiQ pellets addedand ahavingseepage velocity of 27
cm/d (0.9 ft/d). The same influent feedstock of 3Mt 1,4-dioxane in 10 mMNaSQ; electrolyte
was used for all experimeniBhe 1,4dioxaen degradation efficiency was greatest with the
“non-active” Ti/SnQ (92% degraded), followed by Ti/Ru@74%) and then Ti/lr@TaOs +
TiO2 pellets (69%) and Ti/lr@TaOs alone (52%). The low current for Ti/SaProvides
evidence for this material having an extremely efficient faradaic curreneefici This means
that larger relative amounts of the total current participatestti or indirectly (through

adsorbedOH radicals) in the degradation reactions, rather than the competing oxygeroevoluti
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reaction. Plots of current vs. degradation efficiency (Figure 5.4) and solution redakiglot
(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 showingitreattaensity
and % degradation of organic pollutants are not directly correlated (Chapter 3).

Based upon these results, it would appear that the exploration ethee-electrode
materials (like Ti/Sn@) could be promising since these are knowhddetter at achieving
complete mineralizatiodue to their high oxygen evolution reaction overpotential, however there
aretradeoffs with cost, longevity and environmental risk that need to be considered. Negative
tradeoffs for three of the most commonly studied non-active anodes include high cost (and no
permeable mesh form available) for BDD anodes, reduced electrochemical lifatanes
problematic for Sn@anodes, antherisk of low levelsof toxic lead releasky PbQ anodeg: *°
Thus, when moving forward SEM (for surface morphology) and XPS (for elementpbsition
and redox states) should be used to characterize the electrode materialSG®, Ti/RuO,

andTi/IrO2-TaOs) before and after use to improve the assessment of servit¥ life.
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Figure 5.3 Electrocatalytic activity (% degradation) compared amibmge mesh electrodes tested
without the use of integlectrode TiQ pellets:Ti/SnQ, Ti/RuO,, andTi/lrO»-TaOs electrodes

FTER data from Chapter 2 &i/IrO>-TaxOs with inter-electrodeTiO: pelletswas also plotted for
comparison. The secondaryayis plots the average steady state current for each column
experiment. Experiments were performesing flowthrough electrochemical reactors operating at
8.0 V and a seepage velocity of 27.3 cm/d, supplied by a 20mBialectrolyte feedstock

spiked with 3.4 uM 1,4-dioxane. Effluent samples were monitored after steaglgatditions

were achieved. Errors bars represent the standard deviation (n > 3).
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feedstock spiked with 3.4 uM 1,4-dioxane. Effluent samples were monitoredtatidystate
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 applicdtAiBa®
treatment. For example, possibleatraent applications could be explored for lamotrigine or
other pharmaceuticals. There may be opportunities in wastewater treatrpeintaf-use
treatment for pharmaceutical residuals that remairabitve (neuroactive, endocrine disrupting,
etc.) afterconventional wastewater treatment either to protect environmental health of the
streams or the health of human populations downstream who use this as their sourfoe water
drinking water. There are also AEO opportunities to investigate continuingesdlcitrant
pollutants associated with groundwater, like perfluorooctanoic acids (PFOA) and
perfluorooctanesulfonic acids (PFOS). The PFOA and PFOS chemicaldl argesitioday as
important surfactants iaqueous film forming foams (AFFF3)her use inflame-retardants for
fire training at military bases, airports, and industrial sites has led to largetofiou
groundwater contamination with these PFCs which are difficult to treatieStucthe literature
have shown that many PFCs are resistant to conventional treatment and/lhwadtical attack
mechanisms, but have found that electrochemical treatment may be one of tHedaweef

strategieg’
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APPENDIXA

SUPPORTING INFORMATION FOR CHAPTER 2

Fabrication of titanium dioxide péellets. Figure 2.1(a) includes photos of key steps in
the process of making stable Bifellets starting from > 99.6% anatase Jpowder (< 325
mesh or 40 um). The sintering process was performed in a muffle furnace for 4 houf&at 700
800°C, 88CC, and 1,008C attempting to cemenbdsely aggregated pellets into a stable form.

Flow-through electrochemical reactor (FTER) design. Figure 2.1(b-d) shows photos
of the larger 10 cm I.D. FTERs used to investigate electro(cata)bgiadation of 1,4-dioxane.
The photos show a catalyzezhctor packed with Tigpellets as inteelectrode material in (b), a
control reactor with glass beads as irdkctrode material in (c), and a photo in (d) of a mesh
Ti/lrO2-TaOs electrode before installation into an FTER. Figur@ $2s a schematic of the
smaller 5 cm I.D. FTERs used to perform flow-through electrolytic exgetisron the persistent
organic pollutants lamotrigine and chlorobenzene in direct comparison to 1,4-dioxane.

Screening for mechanically stable titanium dioxide pellets. FigureS21(ef) shows
photos of the equipment used for the mechanical stability tests. To start trenioalcstability
tests,six randomly chosen Tifpellets of each type were massed and placed into separate 40
glass vials and capped. Vigorous shaking of each glass vial was perforiaadofpr 35
reps/10 sec (i.e., 210 reps/min). The intact pellets were then separated from thegolubre
powdered TiQ remnants with a 0.077 mm sieve (Tyler Standard 200 mesh). The intact pellets
(those pellets > 0.077mmesh 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 Ti@as separated, and intact pellets were weighed again. The
percentage mass of intact Tifellets remaining after each shaking interval was calculated and
used to determine mechanical stability based upon criteria as defined in Zdabke®w. The
TiO2 pellets heated at 880°C and 1,000°C were the only to receive an “excellent peligf’stabi
ranking, indicating these would be suitable for flbweugh systems without easily losing any

catalytic material (TableZ1).

Fabrication steps for production of catalytic TiO, pellets

Anatase TiO, Powder Compaction “Pelletization” Heat Treatment

Ti/l TOZ'Tazk

Figure S2.1 (a) Key steps imie process of making catalytic TiPellets to be used as inter
electrode catalysts including pressure compaction of the fingpd@der into cylindrical discs,
manual chiseling into appropriately sized, loosely adhered pellets withogizesen 3.33 mm
and 9.42 mm mesh size, and a heat treatment process. (b) Photo of a flow-through
electrochemical reactor (FTER) with intelectrode TiQ pellets between four working
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electrodes. (c) Experimental set up showing theaatalyzed control FTER with inter
electrode glass beads on left and thefi@talyzed FTER on the right, and (d) circular TiArO
TaOs mesh electrode before installing into column reactors. (e) Photos showingrtiegl@ss
vial used for mechanical stability tests and (f) avav of the pulverized Ti@after shaking
pellets in the glass vial.

as
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Figure S2.2 (a) Schematic of 5.0 cm internal diameter (1.D.) fitwough electrochemical
reactor and list of influent feed pollutants investigated in this study. Small FTERI&sfroan
acrylic cylindrical pipe 15.24 cm long, and installed with a single pair of circutatreldes (d =
4.82 cm, A = 18.25 cf spaced with an inter-electrode gap of 2.5cm. Chemical structures of
persistent organic pollutants tested are shown for (b) 1,4-diof@ramotrigine and (d)
chlorobenzene.

Analytical methods used to monitor pollutant concentrations. For identification and
guantification of dioxane, liquid-liquid extractions (LLE) into dichloromethane wertormed

followed by GC/MS full scan and selective ion mode (SIM) analysis (Agilent 60N
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Agilent 5973N MSD). 2 uL injections were made at an inlet temperature of 250°C usihg a
split flow ratio. Helium carrier gas was used with initial flow rate of 1.0 mL/min.iftial
oven temperature wa)°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 selectednitr 58 and 88 when quantifying 1,4-dioxane in
SIM. Forquantification of chlorobenzene and benzene (a reduction transformation product of
chlorobenzene), LLE of aqueous samples into mdtnidbutyl ether was performed followed
by GC/MS full scan and GC/ECD analyses (Agilent 6890N GC, Agilent ECD).v&Gs
equipped with a Restek Rxi-624Sil MS capillary column (30m x 0.25mm ID x 1.4 pm). Limits
of quantification for 1,4-dioxane and chlorobenzene were 3.2 pg/L and 1.4 pg/L respectivel

Lamotrigine was quantified using an Agilent 1200 series HPLC system eduipibea
UV-diode array detectoA Phenomenex Kinetex reversptase pentafluorophenyl column (100
mm x 3.1 mm I.D., 2.6 um particle size) was used as stationary phase and two maigile pha
solvents were used: (A) 0.1% v/v formic acid solution \eithhM ammonium acetate, and (B)
acetonitrile. Separation was carried out using a gradient elution progtar@-@wimin, 10% B; 4-
9.5 min, 10-65% B; 9.5-13.5 min, 100% B; 13.8-min 10% B. For all lamotrigine samples, the
injection volume was 10 pL, the flow rate was 300 pL/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 uM 1,4-
dioxane feed solution (10 mM B&Q4, 8.0 V, 0.65 mL/min flow)were analyzed for
transformation products using LC/EBOFMS (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 werectdiddiet
negative mode. Injection volumes of 50 pL and a flow of 0.5 mL/min were used. The isocratic
mobile phase consisted of 0.1% formic acid and 2étomdtrile. The reverseghase column was

a 150 mm Waters Xterra Phenyl, an organarganic hybrid with 2-phenylpropyl ligands

bonded to tetraethylsiloxane & methyltriethylsiloxane. The capillary, fratgtien, and

skimmer voltages of the MSD were 800 V, 130 V, and 60 V, respectively. The temp@fatur
drying gas (N) 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 intm30 to 600 in negative ionization

mode using threeeference ions and the elemental composition was determined fan&ach

peak detected using the high mass accuracy results.

A Shimadzu TOC-L Analyzer was used to perform total organic carbon analygjs0s
mL glass VOC vials with triplicates algueous influent and effluent samples from a special TiO
catalyzed FTER (large 10 cm I.D.) experiman8.0 V and 30.6 cm/d with 10 mM p&EO
electrolyte and 470 uM 1,4-dioxane. The higher 1,4-dioxane concentration was used to assure
TOC levels would remain within the quantification range of the analyzer e®€f4fTOC was
removed.

Experimental data were plotted using Microsoft Office 2010 (for TOC ayt,1Fb, Fig.
S1-S4, and all tables) and Ig&rPro 6 (for Fig. S3c XRD data). The Igibxane degraation
pathway in Fig. 3 was created using ChemBioDraw Ultra version 14.0. Statsticplting 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) Studet'st$-(twetailed,
unpaired) and (ii) a linear model for analysiseof+ariance using “Is means package” (least

squares means).
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Methods used to monitor operational parametersof FTERs. Flow rates were
measured by volumetric analysis of readtdluent tubing and reactor effluent reservoir
measured each day. On a daily basis, measurements were made of pH, voltageiaind cur
between working electrodes using a Fluke Multimeter, and aqueous redox pbtemiedn the
electrodes using Ag/AgCl ference electrodes (World Precision Instruments). These
measurement values are all recorded in Table S2.2. In electrolytic degraagat@iments 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 wa
used in all experiments.

Characterization of titanium dioxide (TiOz2) pellets. Scanning electron microscopy
(SEM) was performed to observe surface morphology using a JEOL JSM-6500F MdsleMFE-
at 5 kV accelerating voltage. TiQellet samples were sputtenated with Au prior to analysis.
Figures S2.3a and S2.3b show the unifornogity seen at the surface of a Tigellet (after heat
treated at 880 °C for 4 hours).

Crystallinity and phase composition of Lifellets were determined by comparison to
anatase and rutile standards using powdeay<diffraction (XRD) with a synchrotron-xay
light source, beamline 13¢\=0.972413 A) at Stanford Synchrotron Radiation Lightsource.
Percentage of anatase compositieas calculated using the Spurr & Meyer equation and the
crystalline shape constant K = 0.7905 specific to,Tstals. Diffraction intensity data were
collected using step size of 0.0G&d varying 20 between 20° and 50°. Figure S2.3(c) shows
that thediffraction patterns seen for Tideat treated at 700°C and 880°C closely match the

peaks observed for the anatase standard that did not undergo heat treatment, &tungjindic
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major phase transformation to rutile phalee fraction of anatase andilet was estimated using
the TiQx-specific crystalline shape constant K = 0.7905 and the $peyer equation as
shown?3 169

Wy 1 1

fa= = =
Ly 14 1265¢2
A

_WA+WR_1+

®T)

The fraction of anatasé.j by weight (v) is calculated from the intensities of the anatase

(101) and rute (110) lattice peaksaland k, located at 15.8° 20 and 17.2° 20, respectively with
the synchrotron light source XRD.

SpurrMeyer calculations confirm that the fraction of anatase remaining in these two
TiO2 specimens to be 97.7 % anatase (Figure S2.3(d)). Howeverpdliéts heat treated at
1,000°C clearly show a shift in the diffraction peak pattern that is consistent witltitbe
phase, and Spurr-Meyer calculations confirm only 14.1% remains in the anatase pedsé, T
pellets heat treated @00°C were not analyzed by XRD. These results indicate the compacted
TiO2 pellets are resistant to the typical phase transformation from anatase dhetiteore
thermodynamically stable form, often reported to occur at temperatwes 600°C. Our
compacted pellets did not show any significant phase transformation until the 1,000°C hea
treatment scheme. We believe that the compression process may have created lathicgocomp
and distortion in the crystal geometry which inhibits atomic diffusion processesandatice
rearrangement to occur.

BET specific surfaceraa and porosimetry was performed on Jjp@llets using nitrogen
physisorption at 77 K with a Micromeretics ASAP 2020 system. The speaifiace areas were
calculated according to the BrunattenmettTeller (BET) method F/Po = 0.1-0.3). Total pore

volume of the TiQ pellets was determined by nitrogen desorptid#Bs = 0.99. Barrett-
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JoynerHalenda (BJH) analysis was employed to characterize pore sizbulistr 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 samplealyzaé

and reported values to within + 0.05 relative standard deviation of original samples. Figur
S2.3(d) summarizes these results including the BET surface areas detktonbe 8.44, 7.48,

and 8.15 /g for TiO; pellets heat treated @00°C, 800°C, and 880°C, respectively. The

average pore widths for these same pellets were 117, 167, and 147 A, respectivellyrde ofl
these pellet types, 8082% of their total surface area was due to surface are from pores between

the sizes of 17 and 3000 A.
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Table S2.1 Results and test criteria used to evaluate mechanical stability of finishegdli€s

TiO, Pellets mass (g) of intact TiO, pellets % by mass remaining as intact TiO, pellet
Annealing Treatment initially at 10sec  at 25sec at 10 sec at 25 sec Pellet Stability
500°C for 4 hours (AA) 0.972 0.631 0.272 65% 28% Poor
700°C for 4 hours (AA) 1.266 0.874 0.342 69% 27% Poor
800°C for 4 hours (AA) 1.141 0.965 0.81 85% 71% Good
880°C for 4 hours (AA) 1.857 1.783 1.693 96% 91% Excellent
1000°C for 4 hours (AA) 0.996 0.986 0.958 99% 96% Excellent

Criteria used to categorize TiO, pellet mechanical stability after shaking at 210 rpm

Final Pellet Integrity % by mass remaining as intact pellets
> 90% after 10 seconds shaking AND

Excellent Stability
(can be used in FTERs) > 80% after 25 seconds shaking

Good Stability > 70% after 10 seconds shaking AND

> 50% after 25 seconds shaking

< 50% after 10 or 25 seconds shaking
Poor Pellet Stability
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(d)  cCharacterization of Inter-electrode TiO, Pelletusing XRD and Porosimetry Data
TiO; sintering Fraction anatase Fraction rutile BETSA % SAdue Avg.pore

temp. (°C) (by wt) (by wt) (£0.03 m*/g) topores width (A)
700 0.977 0.023 8.44 82% 117
800 NM NM 7.48 82% 167
830 0.977 0.023 8.15 80% 147
1000 0.141 0.859 NM NM MNM
NM: not megsured BET 5A: Brunouer, Emmett & Teller surface area

Figure S2.3 SEM images of Ti@pellet surface after 4 hour heat treatment at 880°C using (a)
7,000x magnification and (b) 30,000x magnification. (c) Synchrotron XRD data famp€i@ts
heattreated 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 pé&llets sintered for 4 hours at
700°C, 800°C, 880°C and 1000°C using XRD, BET surface area and porosiPegtgntage of
anatase and rutile composition were calculated using the Spurr & Meyéoacual the

crystalline shape constant K = 0.7905 specific to;igstals.
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Electrochemical degradation of 1,4-dioxanein FTERs. In Figure2.2, electrochemical
degradation efficiencies are expressed as percentage of dioxane degradedggitceiiabdn

S1, where G is effluent and s is influent dioxane concentration.
Degradation (%) = [1 —(Ceff/ 100 (Eq. S1)
Cinf)]

Table 2.2 summarizes the 10 different experimental regimes performed pa TiO
catalyzed FTERs and naratalyzed FTERSs. This table records the pH of the effluent, current
density, the pseudfirst order rate constaht,s and the percentage of dioxane degraded under
different operational parameters. The overall degradation effigiehTiO, pellets vs. the
control experiments compared from all treatment regimes as a performance enhancement ratio.
Table 2.3 displays how the pore volume and flow rates of the FTERs were used to calculate
Darcy velocity, seepage velocity and hydraresidence time (e.g., HRT is 17.9 hours at a
seepage velocity of 30.6 cm/d), which was then used to calculate,dhalkes. The pseudust
order observed rate constarkss were determined according to equation S2 used by

Carbonaro, et al. for continuofisw experiments.

1 Ceff
_ TV einp

obs HRT (Eq 82)
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Table S2.2 Summary éresults from FTER experiments

Applied [Dioxane] Electrolyte Flux Vs Inter- pH (+ SD) of Redo'x Curr(?nt K obs Dioxane )
voltage (V)  o(uM)  [NaySO,4] (MM) (cm3-cm2d) el ectrc‘)de effluent* potential denity (hr'ty  degraded (%) PEratio
material (Vvs SHE) (mA-cm™+0.2)
1 8.0%V 3.4 10.0%M 306"  TiO, pellets 95426 4.1 35 0065  69.0+1.3 1.4
2 0.0 - - - TiO; pellets 3.8+0.1 0.6 0.0 0.001 23+10 0.6
3 11.0 - - - TiO; pellets 51+21 5.7 53 0.074 73.3+75 1.6
4 14.0 - - - TiO; pellets 26+0.1 6.9 8.3 0.094 814+1.1 1.8
5 - - 3.0 - TiO, pellets 6.1+1.1 4.4 2.5 0.066 69.6 +3.5 ©
6 - - 30.0 - TiO, pellets 48+1.2 4.3 7.0 0.107 85.2 +1.6 1.4
7 - - - 61.1 TiO, pellets 6.3+3.8 4.5 3.2 0.088 53.7+3.1 2.1
8 - - - 15.3 TiO, pellets 11.1+0.2 3.9 34 0.045 79.8+1.38 3.9
9 - 40.0 - - TiO, pellets 104 +0.1 4.2 3.8 0.053 612+1.2 2.1
11 - 207 - - TiO, pellets 53+25 4.2 3.0 0.026 37.6+3.1 2.8
12 - 470 - - TiO; pellets 5.1+0.9 4.1 3.1 0.032 438 +3.7 4.6
13 5.0 98 30.0 61.1 TiO, pellets 10.5+0.6 2.9 2.7 0.058 404126 2.5
1 8.0%M 3.4 10.0%M 30.6®™  glass beads 9.8+0.4 41 1.5 0.038 49444 NA
2 0.0 - - - glass beads 3.9+0.04 0.6 0.0 0.002 3.8+138 NA
3 11.0 - - - glass beads 9.0+0.9 5.7 2.2 0.033 450+1.8 NA
4 14.0 - - - glass beads 4.2 +0.5 6.9 33 0.034 458 +3.6 NA
5 - - 3.0 - glass beads 51+1.1 4.1 1.1 0.000 0+7.6 NA
6 - - 30.0 - glass beads 3.9+0.6 4.4 34 0.052 60.7 +6.8 NA
7 - - - 61.1 glass beads 71+15 4.4 1.4 0.034 265+15 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; pellets 94+1.1 4.3 14 0.006 94629 NA
13 5.0 98 30.0 61.1 TiO, pellets 99+1.7 3.0 1.4 0.020 163+1.2 NA

"™ represents the "benchmark level or quantity" from which one or more operational parameters are varied for each flow-through electrochemical

- signifies that this operational parameteris equal to the "benchmark level"
*  pH of unbuffered feedstock influent forall cycles was 7.2+ 1.0 and SD signifies standard deviation
SHE signifies standard hydrogen electrode and kgys = [-In(Cei/Cin)] / HRT

PE ratio (Performance Enhancement Ratio) is a ratio of % 1,4-dioxane degraded by the TiO,-catalyzed FTER vs. non-catalyzed FTER under same cc
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Table S2.3 Flow parameter calculations using hydraulic nas#inuity 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
measured to either side with a measured void volume or "reactive pore volume"(RPV) of 700 cm®

vg=Q/A Darcy discharge velocity (vq) is a flux, thus flow rate (Q) through a cross-section area (A), disregarding porosity
Vs =vq/n Seepage velocity (vs), also a flux, is dependent on flow rate Q through the void spaces of the cross-sectional area
n =Vi/Vr The void volume (V,) of reactive region and total volume (V1) are used to determine porosity (n)

HRT=V,/Q Hydraulic residence time (HRT) is average time a compound (eg.dioxane, water) remains in reactive region

Darcy Discharge Velocity (L3/L2/T) Calculation: vy = Q/Aora > flux disregarding porosity of cross-sectional area

Cross-Section Calculation Cross-Section Calculation Cross-Section Calculation
Electrode Area 78.50 cm’ 78.50 cm’ 78.50 cm’
Column radius 5cm 5cm 5 cm
At Benchmark (BM) Flow At flow rate< BM At flow rate > BM
flow rate Q 0.65 mL/min 0.325 mL/min 1.3 mL/min
flow rate Q 39 mL/hr 19.5 mL/hr 78 ml/hr
flux vg=Q /A 11.9 cm/d darcy flux 6.0 cm/d darcy flux 23.8 cm/d darcy flux
column length 0.75 ft 0.75 ft 0.75 ft
column length 22.9 cm 229 cm 22.9 cm
Vyoig (cm®) 700 cm®RPV or Vyoig 700 cm®RPV or Vyoig 700 cm®RPV or Vyoig
Viotal = Tr2h (cm?®) 1797 cm® Max Vioal 1797 cm® Max Viotal 1797 cm® Max Viotal
porosity n =V,/Vr 0.3895 n =V,/Vr 0.3895 n =V\/Vr 0.3895 n =V,/Vr
Seepage Velocity (L3/L2/T) Calculation: v; =va/n -->a flux expressed as an average velocity in porous media
in consideration of flow only happening within void space; thus v > v4 always and HRT uses v
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= V,/Q 17.9 hr 35.9 hr | 9.0 hr

Electrochemical degradation productsof 1,4-Dioxane. The total organic carbon
measurements of influent and effluent were used to calculate the amayidadxandully
mineralized to C@after treatment of 470 p¥,4-dioxane with 8.0 V (10 mM N8O,
electrolyte and 30.6 cm/d seepage velocity). Based upon the mass tramtdéioh experienced
in our laboratory-scale FTERs, this relatively high concentration of 470 uM 1,4-dicxaoe i
expected to be at optimal conditions for full mineralizatioth,dfdioxane. However, this higher
concentration was necessary to obtain TOC levels above detection limits on cad8hih®C
analyzer. Figure &4 summarizes the TOC results for this experiment. Effluent samples were

analyzed by LEESFTORMS to look for possible transfioration 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 ctymeniealare
summarized in TableZ34. A possible degradation pathway was proposed in Figure 2.3 that
includes these four intermediates, along with other intermediates known to pbasieupon
other advanced oxidation treatment of 1,4-dioxartée literature.
22%
Mineralized to CO,

22%

As transformation

products

Total organic carbon (mg/L)
Influent Effluent % Mineralized to CO,

Replicate 1 23.08 17.63 23.61
Replicate 2 22.90 18.08 21.05
Replicate 2 22.74 18.11 20.36
Average 22.91 17.94 21.67

SD 0.17 0.27 0.36

RSD 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-iljdxane 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 mi¥BRafeed salition spiked

with 470 uM 1,4dioxane. 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 H&¥-MS datafor intermediates

Species Retention Molecular Basepeak | Observed | Theoretical | Error Base peak
(intermediates) | time(min) | formula[M] ion m/z m/z (ppm) |ion formula
succinic acid 16.1 CHeO4 [M-H] - 117.0188 117.0193 4,52 48504
malic acid 18.0 CGHeOs [M-H] - 133.0126 133.0142 11.98 48505
mesoxalic acid 19.7 GH0s [M-H] - 116.9829 116.9821 -8.05 3805
glycolic acid 13.6 GH405 [M-H] - 75.0127 75.0088 -51.2 B304

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 geb#ertie
(polypropylene felt layer) separating the Tif@m any contact with either electrode. All
experiments, including the non-catalytic control column, were conducted in 5.0 coolumn
reactoroperated under the following conditions: 91 uM 1,4-dioxane, 20 m)&®a
electrolyte, 27.3 cm/day and 8.0 V applied. Figure S7 shows theathlgzed reactors with
(36%) and without (44%) the insulating geotextile layer both were able to providasesrin

1,4-dioxane degradation efficiency compared to theaqadalytic cdumn (15% degradation).

122



100% 90

-di (o)

90% A [ 1,4-dioxane degraded (%) . | 20
< s0% - A Current (mA) _
~— B 70
o 70% A
S ° A - 60
= 60% A <
) - 50 £
0O 50% A ™
w L 40 ©
S 40% - L
x i o
g 30% - 30 3
< 20% - - 20
— 1

10% - - 10

0% - 0

Non-insulated Insulated No Catalyst
TiO2 TiO2

Inter-Electrode Material

Figure S2.5 Degradation efficiencies of 1dioxane in 5.0 cm 1.D. flowhrough electrochemical
reactors operated under the following conditions: 91 uM 1,4-dioxane, 20 m®OiNa

electrolyte, 27.3 cm/day and 8.0 V applied. The “No Catalyst” control had inestlgdasls in
between electrodes. The secondagxis plots the average steady state current for each column
experimentError bars indicate standard deviation (n > 3) for samples taken during steastyate.
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APPENDIXB

SUPPORTING INFORMATION FOR CHAPTER 3

M echanistic investigations. Many experiments were designed to investigate possible
mechanisms for the dark activation of the Ig@llets. Studies were performed in flow-through
electrochemical reactors (Figure S3.1) with different types of-elemtrode TiQ pellets. Other
studies were performed in electrochemical batch reactors, sometimes using a\R&an2
membrane to operate in conditions where anode and cathode chamber were cheatateally is
(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, 1,4-
benzoquinone (BQ), artdrt-butylalcohol (TBA).

Catalyst characterization. Multiple analyses were used to characterize the finished
TiO2 pellets fabricated from different starting materials and sintered at difteraperatures.
Powder Xray 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 stelpricatéon. The AP-
C880 and AP-F880 Tigpellets made from the coarse anatase (Huntsman) and fine anatase (Alfa
Aesar) powders are resistant to the calcination/transformation pmaassfter 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-F3§Te®
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 transfooma@-XRD analysis of the raw Huntsman
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and Alfa Aesar anatase powders after heating at 880 C, but without compactiord Hreiwe
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).

gas
(a) vent effluent reservoir J (b)
S NLT intﬁ_;r—electrode material
o | ] :é:ég TiO, or glass beads
sweessessnse geotextile fabric
7.3cm -
silica sand (20/35 mesh)
3 -i-'\?:“ |-<.j>- w= — Ti/Ir0,-Ta, 05 cathode
3.0cm C\Z")r'"l ‘>'-; =
v PE=REE] 4 Ti/10,-Tey0, ancde
¢ g Ag fAgCl reference electrode
5.0cm
vl I.FI |
| Contaminant
2 i feedstock
5.0cm LD,

— it At .| T
f

(c) (d)

Figure S3.1. (a) Schematic of 5:0m internal diameter (1.D.) flodhrough electrochemical
reactor (FTER) with flow directed upward. Photos of (b) irfectrode material in clockwise
direction are AH-880, RP-F880, Glass beads, and AP-C880. (c) Four FTERS running
simultaneous experiments and (d) a zoomed-in view of AP-F88PpEK2ts. The inter
electrode TiO2 pellets were separated from the electrodes with an insukitegtde
(polyprolylene felt) layer adhered to a HDPE geonet grid.
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Mesh TV/IrO,-Ta,05
for both electrodes ~__

- Cathode
+ Anode
Nafion membrane

Figure S3.2. (a) Schematic showing the top view of a concentric cylindrical electrode batch
reactor with Nafion NRE212 membrane and without Nafion separation, but with pilets.

Nafion is used to separate inner anodic chamber from the outer cathodic chamber NR&#

212 membrane has technical propertie8.65 mm thickness ar@l92 meq/g exchange capacity
and is composed &Rf[OCRCF(CR)2]nOCRCRSC:H (Alfa Aesar PN 45036). Photos of these
batch reactors with (b) Tikpellets as packing material, (c) glass beads as packing materials for
the control experiments, and (d) showing the outer cylinder electrode and the éctrexdel

when sealed with a Nafion membrane.

Scanning electron microspyimagesshown in Figure S3.3 shows that (d) AP-F880 and
(e) AR-C880 TiQ pellets exhibit spherical crystalloids with uniform porosity (typical other
anatase catalysts), while (f) R8O pellets show crystal aggregration effects and shallower, less

abundant pore morphologyThe (a) Absorbance at different wavelength using\¥ diffuse
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reflectance analysis, (b)Mdsorption/desorption isotherm, and (c) relative pore size

distribution.
(@) (d)
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(f)

~~
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N

Non-compacted Ti0; Powder Heated at 880°C
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Figure S3.3. Powder XRD Diffractograms after 880°C calcination of a) compacted ge{lets
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-88(&liets.
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Figure S3.4. Plots comparing electronic apthysical properties of three different Lifellets:
AP-F880, AP-C880, and RP-880. (a) Absorbance at different wavelength usidisidiffuse
reflectance analysis, (b)-Mdsorption/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 fldweugh electrochemical reactors with four different
inter-electrode materials with the “no catalyst” reactor using inersdiaads between the
electrodes. The experiments were conducted using 8.0 V and seepage velocity of@74 cm

treat influent spiked with either 99 uM 1,4-dioxane, 41 uM lamotrigine, or 66 uM chlorobenzene
into 10 mM NaSQuelectrolyte. Error bars repregestandard deviation, n =3.
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Table S3.1. Characterization of various compositions of Tillets.

TIO; pellet Xa (by wt)®  Xg (by wt) cry:t‘;gllite bandgap  BET sfc a:ea %SAdueto  avg.pore Bulk Densaity inT:fsel(egc)tr::e
typea size® (nm) energy (eV) (+0.03 m°/g) pores width (nm) p (g/em®) space®

AP-F880 0.977 0.023 A 45%11 3.20 8.15 80.8% 14.6 0.76 30.3
R .-

AP-C880 0.995 0.005 A 517 321 8.09 81.3% 13.8 0.73 294
R .-

AP-C700 0.995 0.005 A 32+4 NM® 8.44 NM NM 0.73 29.1
R .-

RP-F880 0.000 1.000 A -- 2.880 0.016 82.4% 51.5 1.56 62.5
R 35+9

MP-F800 0.925 0.075 A 47 +4 NM NM NM NM 0.84 337
R 55+11

“Sample names represent the phase composition of the final TiO, 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 um) or C (coarse) followed by the temperature used for the 4 hr thermal treatment

*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

PEstimated average of Scherer's equation applied to Scintag X2 lattice peaks for anatase @ 26 =25.5°, 38.0°, 55.2°; rutile @ 260 =28.1° & 36.3°

INMindicates not measured for that specific sample

°the 2.54 cm space between electrodes had a measured of 40cm® which was filled to capacity with each pellet type

131



Flow-through treatment: electrocatalytic behavior at steady state. Table S.2 includes
guantitative data to support Figure 3.3 of the main manuscript.

Table S3.2. Measurements of FTER experiments using different-electrode fill material.

Inter-electrode

) 3AP-F880*  AP-F880 AP-C880 AP-C700 RP-880 MP-800  No Catalyst

material

Fraction of 1,4- 0.438 0.357 0.397 0.615 0.187 0.177 0.155
dioxane removed
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 4315 13.254 4.947 14.048 2.764
Redox potential (V) 7.29 1.485 1.730 1585 1558 1.290 1.274
vs SHE

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 4.10 4.608 4.976 5.605 4.599 4.699 4.687

(mS/cm)
Standard deviation 0.38 0.111 0.068 0.033 0213 0.030 0.131

®AP-F880* is the only reactor purposely lacking a geotextile insulating barrier between the catalytic pellets and electrodes

Electrical current experiments. Experiments were performed electrochemiuzich
reactors to determine if higher current could be shown to edeeingreater pore space (void
space between Tipellets 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#ii@Os electrodes spaced 2.5” (6.35 cm)
apart. The inter-electrode space was filled to the top of the water line with 50 either AR
F880 TiQ pellets (~ diameter range 3-® mm), large ss beads (d ~ 6 mm), or small beads (d
~ 2 cm) and the electric current between the electrode pair was measured after aal dexstri
applied of 5V, 8V, 11V, and 1&imilarly, aurrent measurements were made with the open

tray reactor only halfull of each intefelectrode materiab monitor current changes with this
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increase in pore volume. Detailed information regarding porosity, pore volume ainda&lec
current measurements are provided in Table $38ults did show that there was increasing
current values measured when the pore volumes increased while having the sarak mate
reduced from filling intetelectrode 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 fitlaterial was reduced by
half. However, with TiO2 as the filling material, the current appears to platBae esultsalso
indicatethatat 8.0V, higher currents are observetth TiO> as the fill material (33.3 mA)
compared to large glass beads (9.3 mA) and small glass beads (17.5 mA). Hbereveras not

a direct correlation of decreasing current with decreasing pore volunhes \{fith conductive
electrolyte solution) since the large glass beads with porosity of 0.42 had aowecltdirrent at

8.0 V when compared to the small bead experiment with a porosity of 0.34. Thus, the variance in
current between Tigpellet columns and glass bead columns can not be explained well by the
differences in porosity between them, since pore volumes in the coldiffered by less than

3%. In addition, the qre volume difference are even less when comparing between different
TiO2 pellets used as int@lectrode material and thus this effect is sudticient to explain the
significant current difference observed in FTER experiments betwedf886*, AP-F880, AP-

C880, and AP-C700.
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Table S3.3. Porositycharacteristics ancurrent measurements of indgliectrode fill material.

Inter-electrode

Filling inter-electrode space Pore volume properties

Material mass per 150mL  bulk density V, per 150cm® porosity
(g) (g/cm’) (mL) (mL/mL)
Tiny Glass Beads 2605 1.73 £0.03 51.1+0.1 0.34+£0.01
Large Glass Beads 2205 1.47 £0.03 63.4+0.1 0.42 +0.01
A880 TiO, Pellets 1405 0.93+0.03 110.2+0.1 0.73+0.03
Electrolyte Sol'n only NA NA NA NA

V, (volume of pores) per 150 mL Porosity (8) =V, /V: in (mL/mL)

Inter-electrode

Electrical current measurements

material Current at Current at Current at Current at 1/2 full at 1/4 full at
5V (mA) 8V (mA) 11V (mA) 14V (mA) 14V (mA) 14V (mA)
Tiny Glass Beads 8.6 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, 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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APPENDIXC

SUPPORTING INFORMATION FOR CHAPTER 4

Experimental approach. Figure .1 displayschematiand photmf flow-through sand
columns used for abiotic control, biotic contamld combined electrbioremediation
experimentsEach clear PVC column reactor is 10 cm I.D. x 45 cm long with two circuldr mes
electrodes (crassectional area = 78.5 émach) spaced 5.0 cm apdihe expanded mesh
Ti/lrO2-TaOs electrodes used in the column reactors were 1.0 mm thick with 1.0 x 2.8 mm
diamond shaped openind®E; and RE are Ag/AgClI reference electrod@&/orld Precision
Instruments) to monitor relative redox potential of the aqueous solution. Sampling por2s S1, S
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. &1d S ports argorts forliquid samples onlyA
schematic diagrarof 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 whichdadnductivity of
approximately 3.6 mS/cm. Starting feedstock pH was adjusted #00638using 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 (Sightdrich PANPEHA pH 1.014.0; Electron
Microscopy Sciences PEHANON pH €301; Baxter Scientific Products pH 1.7-3.8). Daily
measurements were madevoftage and current beeen working electrode§&luke Multimete)
along with aqueous redox potentogtween andlownstream of electroddslow rates were

measured by volumetric analysis each ttagonfirm a flow rate of 1.07 mL/min, corresponding
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to seepage velocity of 46 cm/d (volume per porous @estenal area per time, éfom?/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 comtamina
concentrations were equal. Once stestdye conditions were achieved at target voltage, a
minimum ofeach 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 @d5Syringe filters (Pall Scientific
Acrodisc nylon membrane, 13 mm diameter) and extracted into dichloromethane (99.96%,
OmniSolv, EMD Chemicals, Inc.) befoamalysisby GC/MS. For experiments containing
1,4-dioxane and TCE, aqueous samples were filtered withu®m2€yringe filters
(Microliter Analytical Supplies PTFE membrane, 25 mm diameter), then extracted into
dichloromethane before GC/Mdhalysis Filtering and extraction in methitbutyl ether
(99.5%, OmniSolv) was performed when analysis was done by GC/ECD. All GCs were
equipped wih a midpolarity Restek Rx624Sil MS column(30 m x 0.25 mm ID x 1.4
um df). Contaminant degradation rates in mg-h™-m? were determined for averaged
triplicate (or more) analyses according to the equation:

Degradation rate (mg-h™>-m?) = [(Cint — Cerr) / A] * Q
where (Gir — Cerr) are influent and effluerdontaminant concentrations, A is the cresstional
area of mesh electrodé¢ 0.00785 m, and Qis the flow rateof 0.0642L/h.

Monitoring microbial activity and viability. Pseudonocardia dioxanivorans strain
CB1190 was grown aerobically Ammonium Mineral SaltsAMS) medium within 4.0=
polycarbonate Nalgene containargintaining 1,4-dioxane concentrations of 50-100 mg/L

(Figure S4.3(a-c)). Aqueous cultures were incubated &€ 3thile shaking at 100 rpfor ~ 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 CBtt80 cul
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 ddyie)xdné-
biodegradation rates were also monitored by GC/MS to confirm that CB1190 cultuees we
metabolizing 1,4dioxane at suitable rates before transfer steps were performed.

Bacterial abundance was monitored by counting bacterial colonies on 3 rRetri
Aerobic Count Plates following manufacture protocol at 1:1000 dilutions of the agqueous.cultur
(Figure S4.3(c))To track ATP concentration curves over tilA@P analysis was completed
within two hours of sampling using the BacTitele™ Microbial Cell Viability Assay (Promega
Corporation, Madison, WI) following Prome@achnical Bulletin #TB337 andProtocol for
Measuring ATP from Bacteria Bulletin. Briefly, an opaquevalled 96well plate was prepared
with 100 pL of non-filtered sample and 100 pL reagent in each well. The plate contents were
mixed, allowed to equilibrate in the dark for five minutes, and then immediaizlyzad on a
BioTek Synergy HT plate reader (BioTek Instruments, Winooski, VT). Calbloratirves
ranged from 0.01 - 100 nM ATP and samples from different reactors were spaced out elh the w
platein 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, safut

abiotic control experimentand most equipment was dry hetgrilizedat 232°C for 1218

hours or autoclaved at 12C 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 reatrs, w

disinfected eithewith 70% ethanol or 10% bleach.

(a)

12 5 -2. 5 0 2 5 12 5 225 32.5cm

gas vents\\n\ ‘n\ ‘ﬂ\ ‘n\ ‘n\

Ny 8
[
Sinfluent Seffluent
\ 4
Contaminant Feedstock Effluent

1,4-Dioxane in AMS medium

Reservoir
(co-solvent TCE)

o e .-—-_"_d_.«,,

Figure $4.1 (a) Schematic and (b) photo of flow-through sand columns used for abiotic, biotic
and combined electro-bioremediation experiments, all conducted in the dark bygawviéhi
black plastic.
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Contaminant Feedstock
100 mg/L 1,4-dioxane
in AMS (aq)

5 Treatment Regimes for
1,4-Dioxane feedstock

peristaltic pump

influent

1) CB1190+ 8V (electro-bioremediation)
2) CB1190+ 3V (electro-bioremediation)
3) Abiotic+ 8V (abiotic control)

4) Abiotic+ 3V (abiotic control)

5) CB1190+ OV (biological control)

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

5 Treatment Regimes for
Co-contaminant feedstock

influent

6) CB1190+ 8V (electro-bioremediation)
7) CB1190+ 3V (electro-bioremediation)
8) Abiotic + 8V (abiotic control)

9) Abiotic+ 3V (abiotic control)
10)CB1190 + OV (biological control)

8V,3Vor(0V

effluent

effluent

The following measurements/samples are taken
atinfluent, 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 \

\%

Figure $4.2 Schematic of experimental approach outlining the ten different experimental
regimes tested in sand column reactors and measurements taken.
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(@ (c)

CB1190 isolated on CB1190 is sequentially grown from 8/12 mesh sand is inoculated with aqueous
R2A Agar Plate 50 mL volumes to large volumes CB1190 culture at 30 and shaken at 100 rpm,

(24.0 L) of aqueous cultures in AMS then loaded into column reactors.

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

(b) CB1190 viability and activity is monitored using:
ATP concentration and activity curves

3M Petrifilm Aerobic Count Plates

Dioxane biodegradation rates via GC/MS

1.2E-02

1.0E-02

8.0E-03

6.0E-03

4.0E-03

2.0E-03

CB1190 Cell Viability [ATP] (uM)

0.0E+00 @
0 20

40 60 80
Time (hrs)

Aerobic CountPlate at 1:1000
dilution of culture (aq)

Figure $4.3 Workflow of sand inoculation process: (a) isolaRsdudonocardia 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 desnt pla

and increases in ATP concentrations are observed, (c) inoculation on sand ocgrsléys,
continually monitoring ATP and bacteria abundance, (d) the inoculated sand is pagked int
column reactors and flow-through experiment is started.

M easurements of pH and CB1190 counts. Electrolysis can produce dissolved molecular
oxygen at voltages above the oxygen evolution potential,¥8.23 V vs. SHE), stimulating
aerobic biodegradation. However, since electrolytic treatment can alsodo@ugisinfection
purposes, we investigated the pH and CB1190 population abundance at different locations along
the flow pathFigures 8.4 and S4.5how measurements taken at the influieend at 4 other
sampling port&long the column reactor withcations 1, 2, 3 and effluent positioned at
distances of 2.5, 12.5, 22.5, and 32.5 cm downstream of the &igale 3.4 shows the
planktonic and biofilntell countsfor CB1190 bacteria in the abiotic sand column experiments.
The unexpected detection of CB1190 in several abiotic control samples is likely duegitt the f

that abiotic experiments were conducted after biotic experiments. Alttadugblumn reactors
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had been submerged in 70% ethanol for 30 minutes and air dried after biotic experiments, and
heatsterilized sand was used in the columns, it is possible that remnants of DNA ogrild ha
remained in the column reactor fittings or sand even after cellular deathdwacedaduring the

disinfection process since gPCR d&tdbe (dxmB) genesoding for dioxane monooxygenase.
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Figure $4.4. Plots of (a) planktonic abundance and (b) biofilm abundance of CB1190 in the
abiotic flowrthrough 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 preSegtsamples that were below

the detection limit of the qPCR analysis were plotted at the respective method dédimdtio

(1x10! cells/mL for planktonic abundance and 4k &6lis/g for biofilm abundance).

Figure 8.5 plots pH measurements along each column reactor for the CB1190
experiments and the abiotic controls, in conditions with TCE absent and TCE pregpemt. Fi

S4.5 shws the greatest extremes in pH conditions occur between the electrodes, fiamging
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highly alkaline at pH of 12.0 to extremely acidic at pH of 2.3. However, aftemggass second

electrode, pH levels return to near neutral levels, except for the CB189@xperiment.

(a)  1,4-Dioxane Feedstock without TCE (b) 1,4-Dioxane Feedstock with TCE
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Figure $4.5. Plots of pH along th@. 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 1,4-
dioxane 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 velocitynad .46

M easur ements of dissolved oxygen and conductivity. Dissolved Q (DO) and
conductivity values were measured usirtgach HQ40d Meter with rugged LDO101 probe in
conjuntion with CDC401 conductivity cell. Specific conductivity consistently nredsaround
3,400uS/cm with all experiments. Dissolved @alues were measured in the influent and 3 ports
along the column flow path for the co-contaminant experiments having AMS media spikked wi

100 mg/L 1,4dioxane 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 dissolve
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O- concentrations were measured in the electrochemically stimulated FETIDFR8 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 toelnggul

downstream (downgradient) from the electrodes when the electrodes werelcharge

Table $4.1 Dissolved Q (DO) measurements in emntaminant experiments

Replicate DO (mg/L) Distance from anode (ecm)
measurements (n = 3) Influent 2.5 cm 125 cm 22.5 cm
CB1190+ Qv 2.77 5.59 4,87 4,60
CB1190+ 0V 2.63 5.30 4.97 4.62
CB1190+ 0V 3.10 5.64 4.76 4.55
DO average (mg/L) 2.83 5.51 4.87 4.59
Standard deviation 0.24 0.18 0.11 0.04
CB1190 + 3V 2.81 9.04 6.58 6.28
CB1190 + 3V 2.69 12.32 474 6.01
CB1190 + 3V 2.68 11.58 A4.00 6.04
DO average (mg/L) 273 10.58 4.33 6.11
Standard deviation 0.07 1.72 " 1.33 0.15
CB1190+ 8V 2.81 9.81 7.29 7.65
CB1190+ 8v 2.69 20.86 7.57 6.17
CB1190+ 8V 2.68 15.31 7.54 6.23
DO average (mg/L) 2.73 15.33 7.47 6.68
Standard deviation 0.07 5.53 0.15 0.84

143



APPENDIXD

SUPPORTING INFORMATION FOR CHAPTER 5

The salt concentratiomsecessary for treatment of idibxane in electrochemical batch
reactors made the analysis for organic acid transformation productaltiifice 10 mM
NaSQy electrolyte used caused swamping of the detector when usiR-COF(MS) due to
swamping the mass detector signal with easily ionizable sulfate ions. ThalBaboration with
Patrick Brophy of the Delphine Farmer laboratory group at Colorado State sityivarnovel
experimental set up was constructed to allow fortiea analysis of volatilerganic acid
transformation products in the headspace during electrochemical degraddti¢+dmixane
(Figure S5.1). The analysis was performed using high resolution tirfighdgfehemical
ionization mass spectrometry with a head space apparatddRHEIMS(TOF)). The
interference effect of sulfate was removed by collecting volatiles from thegeesdsather than
using liquid samples. Moreover, this technique can rapidly provide vast amounts of noérss spe
data for nortargeted analytes from complegueeous samples without any meparation
chromatography, pre-concentration or sample preparation. Due to the dgruitile
instrument and abundance of mass spectra being continuously collected, it is vetgritripor
measure a representative backma spectrum for both normalization and data quality control
and assurancé® We obtained background spectra for the blank, unfilled electrochemical reactor
and time zero analysis for the liquid sample from the headspace of the reactealfime

analysis) ofrom headspace of a sample vial (for aliquots from timed reactions). Tdiks dét
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this analysis technique are described in Brophy and Farmet®@n8 in Chapter 4 of Patrick

Brophy’s Ph.D. dissertation 2016.

N,

IV | | o
Zero Air

Vent

} Headspace
Sample Volume

Liquid Sample Volume
I } a P

Figure S5.1 Experimental set up of HSIMS(TOF) experiments for redalme transformation
product analysis from electrochemical batch reactor degradation of aqueous apkediox

Electrochemical batch reactor conditions used for this preliminary stedyIv0 Amp
constant current applied to u® 1,4-dioxane in 10 mM N&O; electrolyte filled with inert
glass beads for sample Glass_120min and filled with AP-F88@pElets for TiQ_00min and
TiO2_120min. The Fenton _120min sample is the result of 120 minutes of Fenton’s reagent
oxidation using 0..InM FeSQ and 0.20 mM O, with no voltage applied. HBR-TOF-CIMS
was used to analyze the headspace and the backegobtrdcted mass defect plots are
displayed in Figure S5.2 and S5.3. Figure S5.2 demonstrates the powerful filteriagsof m
spectra tht 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 peaksngmai
after filtering (b) bycalculating the percent change for every detected species and rejecting those

thatchange by < 5% from background. The top ptdshows 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 peakst pe
some showing higher O:C ratio from the 2:1 to 4:1 range. The relevance and likelihoakof the

long carbon chain carboxylic acids products was not deeply investigated ahéhis t
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Figure Sb.2 Mass defect plots of a sample after 120 minutes of electrochemical degraaation

an electrochemical beh reactor held at 1.0 Amp constant current ¢TT20 min).

Electrochemical batch reactor conditions included 10 uM 1,4-dioxane in 10 rsBONa

electrolyte filled with APF880 TiQ 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 ntairsspelored

by S/N ratio. The full amount of mass spectra peaks obtained are plotted in (&g pedks
remaining after filtering by calculating the percent change for every ddtspecies and

rejecting those that change by < 5% from background are shown in (b). The top glowE) s

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 carmbandeating
a more oxidized species. The appearance of numerous lower mass defects appear when
comparing initial time O solutio(t) tothe reactor solution after 120 minutes (d) of

electrochemical degradation by 1.0 Amp constant current. This typicallyspords to an

increase in oxidation staweghich is consistent with the electrochenhiogidation process
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occurring. Additionally, the peaks enclosed by the red circle indicate thatgbaks were
detected above the established threshold limits: signals that differ fronrtactgpectrum by
>5% and have S/N3. Thus these are data psimtitha high degree of confidence that they are
the result of detected compounds, andimierferences happenimg the ion source due targe
volumes ofsamplecontinually flooding intdhe MS.The reactant solution after 120 minutes of
electrochemicatiegradation with Tl@catalytic pellets present shows a higher amount of lower
mass defect peaks (more oxidized products) than the one degraded in the preglassdetds.
From this data comparison alone, it cannot be concluded that more oxidized transformati
products were formed in the Ti@actor. An alternative explanation could be that the same
oxidized products were present in the glass beads reactor at some otherritraagbiave
subsequently been fully oxidized to €Jhe mass defect plof Fenton’s reagent solution after
120 minutes does not show any new mass peaks that overcome the threshold requirethents. |
Fenton’s reagent reaction, 100% of the 1,4-dioxane was removed and so it is possible that
ongoing reactions fully mineralizeghy of the organic acid intermediatdagure S5.4 shows
another version of a ass defect plot showing chemical formulas of detected ions collected in
reattime in headspace above batch reactor at 1.0 Amp with T@uM 1,4-dioxane, 10 mM
NaSQu. This could be a very powerful tool for detecting transformation products itimeaks

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 E@&00.20 mM KOz on a 10 uM
1,4-dioxane solution, with no voltage applied. The other samples were from electimahemi
batch reactors at 1.0 Amp constant current with 10 uM 1,4-dioxane in 10 rBONaectrolyte
filled with inert glasseads for sample (b) Glass_120min and filled with AP-F880 pélets

for (c) TiO,_00min and (d) Ti@ 120min.
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Figure Sb.4 Mass defect plot showing chemical formulas of detected ions collected timreal-
in headspace above batch reactor at 1.0 Amp with, T@OuM 1,4-dioxane, 10 mM NaQu.
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	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 ...

