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ABSTRACT:

This dissertation presents an overview of the current theoretical and experimental
understanding of the photophysical, photochemical, and photoelectrochemical behavior of
photoactive thin film materials and a survey of their current application as well as the results of
several experimental studies of photo-active semiconductor thin film materials in
environmentally relevant applications: oxidation of ammonia to nitrogen gas by
photoelectrocatalysis, the oxidation of low concentration volatile organic compounds from
indoor air, and an inorganic photocatalytic curing compound for use on concrete. Finally, there is
a section devoted to detection of gas phase organic contaminants by chemical ionization mass
spectrometry, including a brief description of the instrument employed for a portion of this

research.

SECTION 1: INTRODUCTION

1. PHOTOCATALYZED HETEROGENEOUS CHEMISTRY
Increasing global competition for energy resources, regulatory limits on industrial emissions,
and increasing public pressure have ignited demand for alternative chemical reaction technology.

There is currently a great deal of interest among researchers and industry regarding the study and



application of heterogeneously photocatalyzed chemical reactions: those reactions in which an
adsorbed species is chemically changed by a photoactivated catalyst surface. The catalyst material
absorbs energy either from direct illumination or from an excited adsorbed molecule and
transfers that energy into the reacting species or solvent molecule. This transferred energy results
in oxidative or reductive reactions that can be utilized in several processes: i.e. hydrogen
production, artificial photosynthesis, oxidative deactivation of microbes, oxidative conversion or
mineralization of aqueous organic or mineral contamination, oxidative conversion or
mineralization of organic or mineral contamination in air, reductive conversion or removal of
metal ions in aqueous systems, and chemical synthesis.

These reactions can all be accomplished absent photocatalysis; the need for illumination of
the catalyst surface dramatically increases the difficulty of reactor design, reactor cost, and
implementation complexity. The reactor must be designed with provisions for illumination of the
catalyst surface, materials are required which are transparent to and unaffected by the
wavelengths necessary to activate the catalyst. Isolation of chemical reactions to only the
illuminated catalyst surface decreases reactor volumetric efficiency. Photocatalytic reactions are
typically slower than thermally catalyzed heterogeneous reactions, which also serves to increase

the necessary reactor volume to achieve sufficient residence time for complete conversion. An
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additional difficulty in commercial implementation of photocatalysis is the potential high cost or
availability of light sources with suitable wavelengths and sufficient intensities.

Given an appropriate reactor design there is still a need to optimize catalyst systems to
ensure high quantum (per photon) efficiency, high selectivity, and rapid kinetics. Intelligent
catalyst design requires a fundamental understanding of how semiconductor properties: i.e.
crystal structure, size, and orientation; doping; surface functionalization; and interactions with
the catalyst support affect reaction parameters; an understanding which is still incomplete.
Informed reactor design also requires a detailed knowledge of the chemical mechanisms and
reaction rates involved: these mechanisms are still being investigated and remain uncertain,
particularly in complex natural systems. Reaction mechanisms vary with the properties of the
catalyst and reactants, but also reactant concentrations and environmental parameters like
humidity, temperature, illumination intensity and wavelength, and solvents as well as competing
solutes present. Published reaction mechanisms should only be considered valid in a narrow
environmental window: reactors that yield identical final products may utilize entirely different
mechanisms depending on the conditions within the reactor.!* Commercial and industrial
adoption of photocatalytic processes has been limited largely due to the difficulty in fully

characterizing such a complex system for kinetic analysis and by-product formation.!



Cognizant of these limitations, the effort being expended in pursuit of fundamental
mechanistic research, catalyst improvement, and successful commercial implementation of
devices harnessing this phenomenon appears somewhat quixotic. Irrespective of difficulties in
design and implementation, research efforts continue and commercial sales continue to grow.
Several compelling features recommend heterogeneous photocatalysis over other methods for
environmental remediation. Perhaps the most compelling is the ability to harness solar radiation
for chemistry that otherwise requires thermal, electrical, or chemical energy inputs. Reactions
that require potentially harmful reactants, extreme reacting conditions, expensive or toxic
catalysts are readily performed with simple illumination by a suitable light source.’**

Given correct reacting conditions, photocatalysis is capable of direct conversion of solar
energy into chemical energy. Honda and Fujishima’s initial discovery of the photocatalytic effect
of generating hydrogen gas at the surface of an illuminated electrode surface by splitting water,
and the conversion of solar energy directly into chemical energy remains one of the most active
areas of research in photocatalysis.”> Hydrogen generated by photocatalytic processes can be used
in fuel cells, internal combustion engines, or as chemical feedstocks.**” Carbon dioxide can be
transformed into methanol and similar simple molecules photocatalytically under reducing

conditions, a process chemically analogous to photosynthesis. Solar energy can therefore be

stored as carbon neutral liquid or solid fuels, a format with greater energy and power density than



thermal or electrical storage that is easily integrated with current infrastructure. Photocatalysis
under reducing conditions is under investigation for chemical synthesis or modification: i.e.
dehydrogenation, polymerization, dehydration, and carbon chain extension.'?*% Well controlled
sub-stoichiometric oxidative conditions prevent complete oxidation for the production of
alcohols, aldehydes, ketones, carboxylates, and epoxides.

Photocatalysis is also widely researched for use in disinfecting water, air, and surfaces. The
antimicrobial effects of directly applying ultraviolet (UV) light are well known and widely
employed but face several shortcomings. Inactivation occurs due to penetration of high-energy
photons leading to damage of microbial genetic structures. This requires significant exposure to
short wavelength ultraviolet light, especially for hardened spores and dirty surfaces.?>*! Solar
radiation is largely deficient in antimicrobial wavelengths due to atmospheric absorption and
entirely unavailable in many indoor settings.*** Light with sufficiently short wavelengths and
high intensities are hazardous to macrobiota as well as microbes. UV emitters require safety
interlocks and other exposure controls to protect occupants from radiation burns, increased risk
of skin cancer, and eye injury.? Low cost germicidal UV emitters typically employ unfiltered
emission from low-pressure mercury vapor fluorescent lamps which, along with traditional
fluorescent lighting in which a phosphor is used to shift UV wavelengths into the visible

spectrum, constitute a large, disperse reservoir of mercury in the environment.?*%



Photocatalytic inactivation of microbes occurs via different, primarily radical mediated,
oxidative mechanisms that can be initiated by low energy UV or even visible light. This lower
energy light has significantly fewer exposure hazards and can largely eliminate the need for
mercury vapor emitters.’*** Solid-state lighting products that emit in the near-UV region offer
significant gains in efficiency and emitter life and are already widely available. The use of doped
photocatalyst surfaces with band gaps in the visible light spectrum admits the possibility of
continuously self-disinfecting surfaces, which can increase occupancy factors as disinfection will
no longer require a space to be vacated and protected by personnel protecting interlock devices.

Photocatalytic oxidation is capable of degrading chemical species that are highly resistant to
alternative remediation treatments. Interactions between photogenerated charge carriers and
molecular oxygen or water result in the formation of powerful oxidative radicals. Many of these
radicals possess greater oxidative power than fluorine or chlorine and have application in the
treatment of organic and elemental metallic contamination in air and water systems. The high
oxidative power of the generated oxidative radicals allows for treatment of even highly
halogenated environmentally persistent species, including fluoro- and chlorofluorocarbon species.
These reactions result in complete mineralization or oxidation given sufficient contact time.>**

Volumetric conversion rates are typical low in photocatalytic reactors but photocatalysis and

photoelectrocatalysis have applications even in highly contaminated solutions and low reactor
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residence times when complete conversion is not required: i.e. viscosity modification of polymer
solutions, bleaching of textile dye, deactivation of pesticides, herbicides, and chemical weapons,
or photoelectrocoagulation.** In addition to the more widely employed oxidative photocatalytic
reactions, reductive photocatalytic chemistry also has application in environmental remediation
and industrial chemistry. Heavy metal ions present in contaminated water can be reduced upon
reaction with a photogenerated electron, decreasing toxicity.®%6!

Modification of the chemical and physical structure of the photocatalyst surface can provide

improved selectivity in chemical reactions,618-20-28.6263

allow for the use of longer wavelength
light,*-%® and increase efficiency.®*”° Catalyst materials can be employed in a number of reactor
designs and in many forms. Reactors that employ finely divided or powdered catalyst provide
maximum surface area and contact time with the mobile phase but separation of the solid catalyst
from the treated or product stream presents significant technical challenges. A monolithic
catalyst is dimensionally stable and immobile, but is difficult to fabricate and provides moderate
surface area. When applied as a membrane on a substrate photocatalysts can be immobilized in a
reactor or easily separated from product streams, with highly porous membranes providing

significantly more surface area than dense films.

1.1. SEMICONDUCTOR-PHOTON INTERACTIONS



A photon of sufficient energy can impart that energy to an electron to promote that electron
from the valence band to the conduction band of the semiconductor. An electron in the
conduction band is highly mobile and will migrate through the semiconductor due to random
thermal motion or in response to an applied electromagnetic field. Motion of the negatively-
charged electron results in an imbalance of charge: the small region of positive charge remaining
can be conceptually treated as the creation of a second mobile charge carrier, a quasi-particle
with positive charge equal to the magnitude of the charge on the electron, commonly referred to
as a “hole”. These mobile charges possess opposing charge and at low thermal energies
electrostatic attraction binds them into an exciton: a short lived, mobile, weakly bound
electron/hole pair capable of carrying energy without net charge transfer.”>”*"7 The excitonic
state is short lived in the presence of an applied voltage field or at environmentally relevant
thermal energies. At normal environmental temperatures the thermal energy of the
semiconductor dramatically exceeds the binding energy of the exciton and the electron/hole pair
dissociates with the electron and hole migrating independently.

Disassociated electrons and holes are mobile and interact with other charge carriers, bulk
crystal defects, surface crystal defects, dopants, inter-crystalline interfaces, or adsorbed species at
the crystal surface.”>”>7#%! When an electron and hole recombine (more correctly, the electron

returns to the valence band and charge balance is restored) the energy (equal to the band gap) is
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emitted (i.e. photon emission) or converted to thermal energy. In the semiconductor, bulk charge
carriers can become trapped at crystal dislocations or heteroatoms from doping and material
impurity. Charge carriers that travel to a semiconductor grain boundary can become trapped at
surface defects, transfer to an interfacing crystal, or interact with an adsorbed species.
Heterogeneous catalysis occurs at exposed interfaces and involves interaction of a photogenerated
charge carrier with an adsorbed species. Therefore, any interaction that results in either
recombination or bulk trapping decreases the quantum (per photon) efficiency of the
system.*¢”82 Electrons or holes that interact with an adsorbed species result in reduction or
oxidation, respectively. These reactions can be used for direct synthesis, modification, or

decomposition of adsorbed species or to generate radicals for subsequent reaction (Figure 1).*
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Figure 1: Photoexcitation, recombination, and charge carrier migration in semiconductor crystal

1.2. OXIDATIVE PHOTOCATALYTIC CHEMISTRY
Electrons or holes at the catalyst surface can react with any adsorbed species, resulting in the
formation of charged species or radicals. Both reductive and oxidative reactions occur and result
in the formation of powerful reactive species. Holes that react with water or molecular oxygen
result in the formation of several reactive oxygen species, primarily the hydroxyl radical. Systems
in which the hydroxyl radical is the primary oxidizing species are similar to those utilizing the
Fenton or photo-Fenton chemistries.® A generalized reaction scheme highlighting the

similarities is presented in Equation 1:
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Equation 1: Generalized Photocatalytic and Fenton chemistry overview. Only the mechanism by which the iron is reduced

differs between the Fenton and photo-Fenton reactions.

Radical Mediated Photocatalytic Oxidation
TiOy + hv - h*+e

h*+ OH - OH-

e + Oz 4 Oz_

Fenton Chemistry (Low pH)
H,O, + Fe* Fe(OH)* + OH-

—_

Fe3* + H,0O, Fe* + OOH: + H+

—_

Photo- and Electro-Fenton Chemistry

H,O, + Fe** _, Fe(OH)* + OH-
Fe(OH)* + hv _, Fe* + OH- Photo-Fenton
Fe*+e _ Fe* Electro-Fenton

These radicals are powerful oxidizers and are of potential use in removal or deactivation of
organic or biological contaminants from liquid or gas phases. They are also capable of preventing

adherence of solid contaminants to a treated surface provided that the contaminants permit
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sufficient irradiance to activate the catalyst (e.g. self-cleaning glass). Oxidation can be either
partial or complete depending on the contaminant of interest, reactor conditions, and reactor
residence time. The fate of reaction by-products depends on the properties of the by-product,
the physicochemical conditions of the catalyst interface, and the presence of other species. By-
products with low surface affinity desorb from the surface and reenter the fluid phase. If the
reactor is of a batch configuration or the space-time within the reactor is sufficiently large the by-
product may subsequently mineralize completely while undersized reactors can emit the
by=products in the treated stream. By-products with large surface affinity or unfavorable reaction
kinetics occupy adsorption sites and block competing species, serving to poison the catalyst.
Complete mineralization of large compounds progresses through multiple reaction pathways
involving multiple intermediate conversion products.

Photocatalytic oxidation is being investigated for the inactivation or removal of contaminants
resistant to other treatment methods. The high oxidizing potential of the holes and other
reactive species formed at the photocatalyst surface results in the conversion of even highly
halogenated organic compounds, such as fire retardants, refrigerants, PCBs, and propellants, that
are typically resistant to other remediation techniques or biological conversion.*** Personal care
products (PCPs) and pharmaceuticals that are present as microcontaminants are readily

deactivated or converted to less harmful forms by photocatalysis.>>*¢* Photocatalytic treatment



13

is not confined to organic species: gaseous elemental mercury has been shown to
photocatalytically oxidize to non-volatile mercury oxide even at high concentrations (1-2ppm).
The extreme hydrophillicity of activated photocatalysts results in significant mercury conversion
even at extremely low relative humidity (5-20ppm water vapor).*

Some environmental applications do not require complete oxidation for remediation. There
are significant opportunities for the use of photocatalytic oxidative chemistry even in systems in
which complete mineralization is impractical. Significant studies on chain scission and
crosslinking in photocatalytic and photoelectrocatalytic reactions of aqueous polymers suggest
that this technology is suitable for solution viscosity modification without a significant decrease
in total organic carbon content.*”**” Aqueous solutions with pronounced coloration due to dye
loading, particularly by-products of textile and paper processing, lose their color upon treatment
with oxidative photocatalytic processes; organic dye removal is often used as a probe of
photocatalytic activity due to the ease of measuring concentrations colorimetrically.5%3357-5%98-100

Biological deactivation by radical oxidation occurs via multiple pathways but rarely results in
complete mineralization.*? Cellular membranes can be directly damaged by contact with
photoactivated surfaces while internal structures are damaged through the actions of primary

(directly generated) or secondary oxidative species in the microbe. Oxidative damage can result in

physical destruction, interference with metabolic processes, or inability to
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regenerate.’®!!. Deactivation mechanisms will not be treated in this document other than for a
brief mention that physical processes are capable of deactivating microbes in their dormant state
(i-e. bacterial spores or cysts) that are typically more resilient than the active forms*3%%.
1.3. REDUCTIVE PHOTOCATALYTIC CHEMISTRY

The large oxidative potential of most natural systems limits the use of reductive
photocatalysis for environmental remediation 7 sizu. A more common application is “green
chemistry”, in which activated photocatalysts replace traditional reagents or extreme reactor
conditions. The earliest reports of photocatalysis noted the formation of H, gas at the surface of
an illuminated electrode in water, and hydrogen production from hydrolysis of water is still an
area of primary interest to researchers. Solar radiation induced direct hydrolysis on solid-state
catalysts provides a potential pathway to energy conversion other than photovoltaic,
photothermal, or biological. Research on optimizing the catalyst, reactants, reactor design, and
light management has dramatically improved conversion kinetics, but personal and grid scale
energy conversion has not yet become practical. In addition to hydrogen production, it is possible
to reduce carbon dioxide into alcohols and other species for energy storage or the production of
chemical feedstocks for further processes, a process analogous to photosynthesis.” A key
requirement for applying these reductive reactions is eliminating molecular oxygen from the

system to reduce the formation of hydroxyl radicals and other oxidative species.
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Given suitable reactor conditions, reductive photocatalysis allows the use of photonic energy
for converting environmentally troublesome highly oxidized species to less harmful reduced
torms. Wu et al report reduction of nitric oxide to nitrogen and oxygen gas in an atmosphere of
He or N, with an inlet concentration of 100ppm NOj using an oxygen deficient Fe doped TiO,
catalyst.'®> Metal ions also undergo photocatalytic reduction: Chen et al report reduction of Hg**
and Cu* in aqueous solutions utilizing TiO; catalyst and methanol as a hole scavenger,* while
Chakrabarti et al report photoreduction of Cr®* in aqueous solutions using ZnO catalyst, again

with methanol as a hole scavenger.®!

2. PHOTOCATALYTIC MATERIALS

Photocatalysis occurs on semiconductors in which the energy separation between the valence
band and conduction band is similar to that of photonic energy within the infrared to ultraviolet
range. Semiconductor choice, surface modification, and doping determine the band gap and
therefore the necessary photon energy of the reactor system. In order for reactions to occur, the
generated charge carriers must interact with reactants or solvent molecules adsorbed onto the
catalyst surface. Rapid conversion requires adsorbed species to be present in appreciable quantity,
either by having thermodynamically and kinetically favorable adsorption characteristics (large site
density) or by increasing surface area. Adsorption occurs when the free species interacts with a

site on the surface with sufficient surface energy in which to bind to the particle. Physisorption
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refers to interactions resulting from weak interactions, i.e. van der Waals forces, which are readily
reversible. Chemisorption refers to adsorption involving ionic or covalent interactions that
strongly bind the adsorbed species. The surface energy of the catalyst material strongly affects
how chemical species adsorb, but changes dramatically for illuminated photocatalysts. Normal
adsorbance measurement techniques are performed under minimal or incidental ambient
illumination, and the values obtained likely differ from the actual system of interest. Adsorption
behavior is also influenced by changing catalyst surface functionality or morphology and
environmental conditions within the reactor.

The band-gap energy of a semiconductor is an intrinsic property of the material but can be
tuned by doping the material with a chromophore, either as an atomic substituent in the
crystalline material or as an adsorbed species. The chromophore absorbs the lower energy photon
and transfers the charge carriers into the semiconductor, as in dye-sensitized solar cells, and
allows the use of light with wavelengths longer than light with the band gap energy.”>!%-1% The
design and application of catalysts activated by visible light, particularly solar wavelengths, is an
area of active research.?63:6567.68
Early research on photocatalysis focused on metal oxide and sulfide semiconductors. Several

semiconductors have energies corresponding to light in the near UV or visible spectrum, e.g.

titanium dioxide, cadmium sulfide, zinc sulfide, zinc oxide, molybdenum sulfide, tin oxide,
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tungsten oxide. The photocatalyst most widely studied and currently employed is titanium
dioxide, which occurs in anatase, rutile, and rarely in the brookite crystalline forms at
environmentally relevant conditions. Titanium dioxide has a band-gap energy near 3.2¢V,
corresponding to a wavelength of ca. 380nm, although crystal structure and particle size affects
the activation energy. Titania is favored because it is inexpensive, stable, environmentally benign,
and widely available. The electron structure of titanium dioxide results in the formation of charge
carriers capable of reducing protons and oxidizing water simultaneously under illumination.
Generally, anatase titanium dioxide is reported to have higher photocatalytic activity than the
rutile phase, but several studies have identified increased performance from rutile or biphasic

106

materials.

2.1. MIXED SEMICONDUCTOR SYSTEMS

The high band gap potential of most photocatalysts and deficiency of solar radiation in short
wavelength light limits their use to reactors employing artificial illumination. Several techniques
have been employed for modifying the catalyst electron structure to harness longer wavelength
light. These methods rely on modifying the semiconductor material by controlling particle size,
the addition of heteroatoms (doping), or by forming junctions between different semiconductor
materials (composite catalysts).?*¢3¢6197 Dye sensitized photocatalysts and dye sensitized solar

cells employ redox cycling of a chromophore as the source of charge carriers and the



18

semiconductor serves only to carry current. This eliminates the need for photon energies
exceeding the band gap of the semiconductor material but requires regenerating the oxidized
sensitizer. The excited chromophore must have a conduction band energy exceeding that of the
substrate to enable electron injection in to the semiconductor. Further reaction requires
reduction of the oxidized chromophore via electrochemical reaction or reaction with a sacrificial
electron donor.'0%1%8

In a crystal at equilibrium all atoms are arranged such that the energy of the crystal is at a
minimum. Defects within the crystal structure, the presence of heteroatoms, and discontinuities
at crystal surfaces are all higher energy deviations from this ideal. Variations in electron density
occur in atoms present at crystal faces, near heteroatoms, or near crystal defects and result in
differences in the electrochemical potential (Fermi level) of electrons near the point of isentropy.
These differences result in a surface energy greater than the bulk, typically expressed as excess
Gibbs free energy per unit area.'®'? Discontinuities in energy across the interface result in
system evolution to minimize the difference. This implies that there is an isentropic chemical
potential near the interface in both materials comprising the interface. In photocatalysts, the
semiconductor Fermi level is shifted towards that of the bulk mobile phase, and the chemical

potential of the mobile phase is shifted towards that of the solid, with the energy of the interface

intermediate. This “band bending” can result in redox chemistry even if the redox potential of
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the photogenerated charge carrier in the bulk semiconductor is lower than required to perform

the desired reaction.!'112

3. THIN F1LM CATALYST/SUBSTRATE SYSTEMS

Heterogeneous photocatalytic processes occur only at the interface between the catalyst and
the mobile phase. Photons absorbed in the catalyst bulk must migrate farther to reach the
working surface, are more likely to recombine, and are less likely to result in useful chemical
work. Heterogeneous catalysis occurs only when reagents are adsorbed onto the surface, and the
amount of reactant adsorbed is proportional to the surface area exposed. Reactor efficiency
(volumetric, photometric, and economic as in the case of expensive catalysts) is maximized when
the catalyst surface area to mass ratio is high. Micro and nano-particulate dispersions of
photocatalyst in the mobile phase provide exceptional surface ratios, but separating the
particulates from the treated stream or reaction products requires significant effort, i.e.
nanofiltration, centrifugation, reverse osmosis, or long settling times. Additionally, particle
settling or clustering can result in rapid loss of surface area or significant catalyst bypass without
careful design consideration.!

Thin films of catalysts on suitable substrates avoid these problems. Porous thin films provide

surface areas approaching that of activated carbon (ca. 600m*/g) on a per mass basis, but can be
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applied to large particles, textiles, reactor internal surfaces, or monolithic substrates.'"**"1 These
thin films can be prepared and applied by several techniques.

The most widely used and economically viable techniques rely on application of suspensions
of catalyst particles to supporting surfaces to form thin membranes. Suspensions of particles,
either suspended powders or sols, are typically deposited by dip coating, slip casting, spin
coating, spray coating, or by electrophoresis. The deposited membrane has a smaller surface area
than the particulate precursors; so starting materials are typically finely divided to ensure high
membrane areas for use in heterogeneous catalysis. Commercial catalyst particle powders are
typically suspended as slurry and are stabilized by controlling electrostatic repulsion or the use of
steric stabilizers. Alternatively, sol gel chemistry is used to generate stable suspensions of
nanoparticles from a solution, typically by hydrolysis of suitable precursor compounds.
Semiconductor precursor choice and control of reaction conditions allows for the production of
numerous particle shapes, precise control of particle size, and solution mass loading. Reaction
by-products from hydrolysis of the precursor are easily removed by dialysis using osmotic
membranes. Similar to slurries of powders, stability is improved through electrostatic and steric
manipulations, with some sols stable for several years.

In addition to wet deposition techniques, dry powders can be applied to a substrate. An

adhesive agent applied to the substrate surface will bond catalyst powder. Subsequent treatment
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(i-e. pyrolysis) can remove the adhesive agent or chemically alter it to become a co-catalytic
material. Electrostatically charging the dry powder and spraying it at an oppositely charged
substrate, akin to the powder coating employed for applying durable paints, can provide precise
control of membrane density and very thick coatings. As many photocatalysts are ceramic
materials, physical operations like burnishing can press the particles into the support matrix,
producing small “islands” of catalyst as opposed to continuous membranes. These techniques
generate highly porous coatings and largely maintain the high surface area of the starting
material.105,120—125

Alternative catalyst preparation techniques combine the steps of catalyst formation and
deposition. Flame pyrolysis of precursor material is often used to deposit very fine catalyst
particles at high rates, but requires a heat-resistant substrate material. Precision industrial coating
techniques (physical vapor deposition, chemical vapor deposition, sputtering, pulsed laser
deposition, etc.) result in the formation of highly consolidated, dense membranes but provide
precise control of chemical composition and thickness. Electrochemical and oxidizing
atmospheric techniques (anodizing, plasma electrolytic oxidation, thermal passivation, etc.) are
useful when the desired catalyst is an oxidation product of a suitable substrate, with titanium

oxides on titanium metal being a common example.!21267134
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One of the primary benefits of using supported photocatalytic thin films as opposed to
particles is the ability to easily separate treated streams or chemical products from the catalyst.
Photocatalytic films can be applied to almost any material, but an ideal substrate has to meet
several important requirements. Photocatalysts require sufficient illumination to provide
acceptable conversion rates, so the support should be largely transparent to those wavelengths
that will activate the catalyst and be provided by the emitter technology employed. Illuminated
photocatalyst is powerfully oxidizing and the substrate should be resistant to oxidation under
reactor conditions or protected by an intermediate layer. The supporting material should be
resistant to conditions in the reactor beyond oxidation by the catalyst (i.e. strongly basic solutions
dissolve silica glass and fluoride ions attack titanium metal). The choice of a catalyst support
strongly affects catalyst surface area. Materials with high intrinsic surface area like inorganic
wools and textiles, raschig rings, thin waveguides, spun polymers, or small spheres increase
reactor volumetric efficiency by accepting relatively high mass loadings of catalyst for a given
volume of support.

After the catalyst is deposited on the surface, subsequent steps may be necessary to
consolidate the catalyst. Several sintering techniques have been employed, with the most

common being thermal treatment, although irradiance has been shown to modify the surface as
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well.'¥%7 Doping, oxidation, reduction, and alteration of the crystalline structure can also occur

during the firing process.
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SECTION 2: EXPERIMENTAL APPLICATIONS OF PHOTOACTIVE

THIN F1ILM MEMBRANES

Photocatalytic oxidation of contaminated air by commercially available air cleaners was tested
at environmentally relevant concentrations with single contaminants. Although the phenomenon
of photocatalytic oxidation has been known for several decades widespread commercial adoption
is a recent trend. There is currently limited literature regarding generalized reaction mechanisms,
kinetics, and by-product formation for oxidative remediation; especially at low contaminant
concentrations, at different levels of humidity, and especially among mixtures of contaminants.
By-product formation during photocatalytic oxidation is of particular import to improving the
indoor air environment, as long-lived intermediates may have increased human health hazards
respective to their parent compounds. Gas phase removal kinetics and by-product formation
patterns for several compounds were monitored by chemical ionization mass spectrometry.

Photoelectrocatalytic oxidation of aqueous ammonium to nitrogen was investigated and
tested for suitability in aquacultural and aquarium applications. Ammonium is a by-product of
biological conversion of nitrogenous feeds, is toxic at sufficient concentration, and accumulates in
closed systems. Both bacteriological denitrification and dilution are used to maintain low

ammonia levels but result in accumulation of nitrate ions or excessive water consumption and
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waste emissions. Photoelectrocatalytic oxidation was found to remove ammonia without nitrite
or nitrate accumulation and was significantly faster in water containing chloride ions, but
resulted in formation of hypochlorite ion. Activated carbon was found to adequately remove
hypochlorite ion and was used in construction of a hybrid system combining ammonia removal
and hypochlorite removal.

The effectiveness of photoactive inorganic thin films as membrane forming curing
compounds (IMFCCs) was also investigated. Concrete treated with IMFCCs was found to be
resistant to scaling damage associated with freeze/thaw cycling while providing several other
benefits. Increased evaporation rates through inorganic membranes was observed during testing,
which is attributed to premature application and the formation of a highly porous xerogel upon

contact with concrete bleed water of high pH and ionic strength.

1. PHOTOCATALYTIC REMEDIATION OF INDOOR AIR
CONTAMINANTS

Indoor air contamination can dramatically impact the health of occupants but is significantly
less regulated than contamination occurring in outdoor air. Within the developed economies, the
average person spends 70-90% of their day indoors, where they are exposed to constant, low-
level, and potentially harmful emissions from a variety of sources. The cumulative effect of this

exposure can result in a variety of health impacts, including chronic inflammation, increased



26

incidences of the immunologic disorders (e.¢. asthma and allergies), the generalized sick building
syndrome, and even premature death.*® Recent efforts to improve the energy efficiency of
constructed environments have resulted in building practices that focus on the construction of
“tight” buildings, buildings with envelopes designed to limit uncontrolled air exchange and
decrease fresh air turnover rates in HVAC systems. These construction practices can result in
increased levels of volatile organic compounds (VOCs) when inadequate or poorly performing
ventilation equipment is used. Several remediation technologies exist to remove these
compounds without increasing the fresh air turnover rate including the use of adsorbents, non-
catalytic oxidants, ozone and negative ion generation, and photocatalytic oxidation. Of these
technologies, only photocatalytic oxidation does not require periodic replacement of media or
result in the formation of potentially harmful concentrations of ozone gas.

A number of commercially available products seeking to capitalize on this promise are
available, and the number of devices is increasing. These devices are designed to serve as stand-
alone unit rooms, in-duct systems for treating buildings, as portable devices for use in
automobiles and other vehicles. These devices embody a photoactive semiconductor catalyst (typically

the anatase form of titanium dioxide) and a light source (typically low pressure mercury vapor fluorescent
lighting) to oxidize the contaminant, as well as any required catalyst support or air handling equipment.

Past research has shown that simple volatile organic chemicals (VOCs) like ethylene are oxidized directly
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to carbon dioxide and water, but the reaction pathways of the more complex larger VOCs typically found
in an indoor air environment are complex and can involve potentially harmful reaction intermediates. The
formation rate of intermediate generation, and therefore the peak concentration attained, is a function not
only of the catalyst surface but also several and other environmental variables, including temperature,
humidity, surface irradiance intensity and wavelength, and the presence of other reaction variables.
Reaction rates and mechanisms elucidated under one set of experimental conditions are likely valid only
for those conditions. If these intermediates are present at dosages sufficient to cause a greater impact to
human health and the parent compound, the use of PCO-based air cleaners is contraindicated.

Primary compound concentrations low enough to mimic that of indoor air are difficult to generate or
detect, and intermediate concentrations are expected to be substantially lower. Therefore, the substantial
majority of past research into by-product formation has been performed at concentrations substantially
larger than those representative of the indoor air environment. Photocatalytic oxidation performed at
these artificially high concentrations is typically modeled as having simple pseudo-first-order kinetics, as
this model provides a reasonable fit to experimental data and rate constants are easily obtained. At more
realistic concentrations, this simple model may fail to account for mass transfer rates or absorption
kinetics limiting reaction rates, which suggests that more complex kinetic models may be required.

This research aims to provide an analysis of gas phase by-products from photocatalytically oxidative
indoor air cleaning devices at realistic concentration levels of contamination. This information can be
used to develop improved air treatment devices, a better modeling of the time and spatial evolution of

contaminant profiles and concentrations, and equipment sizing guidelines.
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1.1. MATERIALS AND METHODS

1.1.1. Tested Devices

A total of five commercially available air treatment devices were obtained as samples from
vendors, or purchased on the open market. Table 1 provides a list of these devices and a brief

description of their general form factor.

Device . ..
' . Device description
designation

An in-duct device consisting of monolithic carbon blocks coated with

Q

photocatalytic material illuminated by a low-pressure mercury vapor germicidal

lamp
G An in-duct device consisting of a photocatalyst supported on nonwoven media
B An induct device consisting of photocatalyst supported on perforated sheet metal

surrounding an ozone generating low-pressure mercury vapor lamp

A stand-alone device consisting of 8 low-pressure mercury vapor lamps within a
X chamber, with the remaining chamber volume filled with quartz Raschig rings
coated with photocatalyst and an axial blower fan to move air through the

chamber

A stand-alone device consisting of a low-pressure mercury vapor germicidal lamp
within a chamber, with the remaining chamber volume filled with quartz rushing

rings coated with photocatalyst and an axial fan to pull air through the chamber

Table 1: Description of the commercially available devices tested during the score scope of this research.

Whenever possible, any additional filtration or absorbing elements were removed from the
device prior to testing in order to isolate the effect of the photocatalytically active component and

limit contamination between experiments.
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1.1.2. Challenge Gasses

The tested devices were challenged with a suite of six compounds, representative of classes of
compounds present in indoor air environments (Table 2). The compounds were chosen based
upon the results of two large studies, one measuring contaminants in single-family homes, and
the other a nationwide survey of schools (not published/proprietary). Challenge concentrations
were chosen as the median value reported in these studies, and are in line with the published
literature. Liquid samples of each contaminant were obtained from a large chemical supply

vendor, and used in their as provided state.

Molecular Representative concentration in

Chemical Family Chemical Name Formula | MW indoor air (pg/m”3)
Aldehyde Acetaldehyde C2H40 | 441 16
Alcohol Ethanol C2H60O | 46.07 89
Ketone 2-Propanone (Acetone) C3H60 | 58.08 66.5
Aromatic HC Toluene C7HS 92.1 32
Chlorinated HC | 1,2-Dichlorobenzene | C6H4CI2 | 147 1.3
Terpene d-Limonene C10H16 | 136.2 3.7

Table 2: Challenge gasses and concentrations used during this experiment

1.1.3. Environmental test chamber

Each tested device was inserted into an electropolished 580L stainless steel chamber. The
test chamber was outfitted with equipment for purging with purified air between experiments,

humidity adjustment, and generation of the perquisite challenge gas concentration. The purge
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system consisted of two packed beds of activated carbon and potassium permanganate (KMnO.)
impregnated zeolite prills. A centrifugal blower was used to pull air through this adsorbent bed
and purge the chamber at a flow rate of approximately 30 SCFM. Humidity adjustment was
performed through the use of a water sparging column or direct addition of water to the
chamber. Challenge gases addition was accomplished through the use of a boiling chamber
consisting of a 1L, Erlenmeyer flask on a temperature controlled hotplate. An appropriately sized
rubber stopper was fitted with a septum to allow injection of liquid contaminant using a
microliter syringe. A small positive displacement pump was used to withdraw air from the
environmental test chamber and pass it through the boiling chamber, whereupon it was returned
to the environmental test chamber with the contaminant vapor. An axial fan capable of providing
linear wind velocities of ¢ca. 200 ft/min was used to mix the air within the chamber. A schematic

of this test system is provided in Figure 2
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Figure 2: Schematic of environmental test chamber and apparatus

1.1.4. Primary compound and reaction intermediate detection

Detection of gas phase contaminants and reaction intermediates was performed using proton
transfer resonance mass spectrometry (PTR-MS), a subtype of the techniques more generally
known as chemical ionization mass spectrometry (CIMS). This instrument uses a glow discharge
chamber to generate protonated water molecules that serve as a chemical ion source to gently
ionize any gaseous molecule with a proton affinity greater than that of water. The ions and ion

fragments are then separated by mass to charge ratio using a radio frequency quadrupole mass
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analyzer. This technique allows for the near real time detection of a wide variety of gas phase
compounds at low concentration with little fragmentation and no sample pretreatment.

The chamber was also instrumented with an ozone detector sensitive to part per billion
mixing ratio (PPBv) concentrations. This detector is based on the molecular absorbance of ozone
at 254nm and is capable of measuring concentrations between sub-single PPBy to several
hundred PPMy depending on calibration.

1.1.5. Experimental protocol

The device to be tested was inserted into the environmental test chamber and energized for a
period of two hours while the purge system was activated to remove any contamination of the
catalyst surface due to manufacturing or storage. The device was then powered down and the
chamber was purged until all gas concentrations were constant. The humidity within the
chamber was adjusted to 504+5% RH with either direct addition (followed by subsequent
evaporation) of water to the chamber or through the use of a sparging column. The test chamber
was in thermal equilibrium with the laboratory (23+2°C). An appropriate volume of the liquid
contaminant or an aqueous solution of the liquid contaminant was injected into the heated
boiling chamber using a gas tight microliter syringe. Gas phase contaminant concentration was
monitored until the concentration was constant within a relative standard error of the mean of

5% over a 1 hour period, at which point the experiment began.
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The equipment was energized (or an airtight cover was raised in the case of the adsorbent
containing device) and the concentration of the primary daughter ions was logged once every 2
seconds. Every two minutes a mass scan covering the range from 20 to 150 amu was performed
to detect the formation of reaction intermediates.

1.2. RESULTS AND DISCUSSION

1.2.1. Contaminant removal

Of the devices tested, 3 were found to be ineffective at removing indoor air contaminants
from the 580 L test chamber during a one-hour experiment (Figure 3). Product B utilized an
ozone-generating lamp system and rapidly increased the chamber ozone concentration, reaching
173PPB, within 90 seconds. This level of ozone would have substantial implications for human
health. No other tested device generated detectable ozone.

It is unknown why these devices failed to perform; photocatalytic conversion only requires
that there is catalyst and adequate UV light present. These commercial devices all used light
sources with sufficiently short wavelengths to generate electron-hole pairs in titanium dioxide
and had an obvious catalyst coating. Possible explanations for this lack of efficacy are that the
reactor geometry resulted in insufficient illumination, that the UV source(s) were insufficiently

powerful, or that the catalyst used was deficient in some way.
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There is still some debate in the literature as to the ideal crystalline structure of titanium
dioxide for use in photocatalytic oxidation, but it is generally accepted that the anatase form is
most effective and that amorphous material is largely non-oxidative. Commercially, catalysts are
applied as either slurries of prepared powder or as stable suspensions derived from sol-gel
chemistry. Slurry coatings are typically prepared from commercially available powders, but these
powders might have large particle sizes that result in low surface areas, unknown crystalline
structure, little adsorption, and low quantum (per photon) efficiency. Sol-gel coatings are often
sintered at high temperature to provide mechanical strength and convert between crystalline
structures, but coatings on substrates with low temperature stability cannot be treated in this way

and might be largely amorphous.
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Figure 3: Ethanol concentrations during 1 hour operation in 580L chamber, other species not shown

Only products G and Q_were found to impact concentrations sufficiently to serve as an air
cleaning device. Product Q_consisted of a photocatalytic component on an adsorbing substrate,
so studies were performed with and without UV irradiation of the photoactive surface to
determine the relative effect of each component. There was no significant difference in ethanol

removal between operation with and without UV illumination of the catalyst surface (Figure 4)
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(p=0.05, n=3). It is possible that there was catalytic activity masked by the effectiveness of the

adsorbent component.
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Figure 4: Ethanol concentration during one hour operation in 580 leader chamber. Removal efficiency was not affected by

UV illumination of the catalyst surface.

Product G was found to effectively remove indoor air contamination (Figure 5). Most
research into photocatalytic conversion of gaseous species models the system as having pseudo-
first order kinetics, presumably due to the ease of determination of kinetic rate constants and
reasonable fit to the data, especially at high concentrations. This model did not adequately fit the
data collected during this study. The use of environmentally relevant concentrations increases the
likelihood that there is a rate-limiting diffusion component not accounted for in first order
kinetic models. Additionally, even with the use of UHP air and a gas adsorbing media there were

several other gas-phase species present in the purge gas supplying the reaction chamber. A more
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realistic kinetic model (Michaelis-Menton, Langmuir-Hinshelwood, e#.) that accounts for
diffusive control and competition for adsorptive and reacting sites on the photocatalyst surface is
likely to better fit these results. Application of these models will require additional analytic
methods not utilized during this experiment, particularly techniques capable of measuring
adsorption isotherms under UV illumination, identification of strongly adsorbed (non-volatile)

reaction intermediates, and for generating highly pure (sub PPBy) air in the chamber.
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1.2.2. By-product Formation

The use of chemical ionization mass spectroscopy not only enabled measurement of
contaminant concentrations at environmentally relevant concentration but also detection of
volatile gaseous reaction intermediates. Photocatalytic oxidation primarily occurs through
reaction pathways involving oxidative radicals that are generated at finite rates, which results in
reaction mechanisms that involve multiple pathways (the strongly oxidizing radical is non-
selective) and stepwise conversion to the final product (ideally CO,). Each of these intermediates
will have a different affinity for the catalyst surface: strongly adhering species can poison the
catalyst or oxidize further to products that desorb. Weakly adhering species can desorb without
reaction and appear in the gas phase. The presence of multiple species in the chamber further
complicates modeling relevant reactions. Water adsorbed on the surface is often the source of

these radicals being photogenerated, so reaction mechanisms are often humidity dependent.

1.2.2.1. Acetaldehyde

Acetaldehyde was the lightest compound tested during this study and has the smallest
likelihood of by-product formation. There was evidence of some slight formation of

tormaldehyde that was rapidly oxidized (Figure 6).
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Figure 6: Surface plot of mass spectra during photocatalytic oxidation of acetaldehyde

1.2.2.2. Ethanol

Photocatalytic oxidation of ethanol has been reported to result in the formation of
acetaldehyde, and is supported by this research as seen in the small peak at m/z=45 (Figure 7).
This reaction by-product appears to oxidize more easily than ethanol, and is rapidly further

oxidized. There is a large peak of formaldehyde present at the beginning of this experiment, but
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no evidence of formaldehyde generation was found. The source of this compound is unknown,

but contamination of the liquid ethanol used during this study appears to be most likely.

Concentration Profiles during ethanol removal by Froduct G
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Figure 7: Surface plot of mass spectra during photocatalytic oxidation of ethanol

1.2.2.3. Acetone
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Acetaldehyde was generated at a significant rate during oxidation of acetone, but was rapidly

turther oxidized (Figure 8). The small peak at 43 amu is an artifact of PTR-MS measurement of

acetone.

Byproduct formation during acetone removal
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Figure 8: Surface plot of mass spectra during photocatalytic oxidation of acetone

1.2.2.4. Toluene

Oxidation of toluene was not associated with the formation of any reaction intermediates,

although several compounds were present at the experiment start (Figure 9). The largest peaks
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present correspond to an m/z ratio of 75, isobaric with methyl acetate, and acetaldehyde at 44.
The high concentration of these species suggests either contamination or a material

incompatibility with a component of the reactor or experimental apparatus.

Byproduct Formation During Toluene Removal Experiment: Product G

o0

Minutes

Figure 9: Surface plot of mass spectra during photocatalytic oxidation of toluene



1.2.2.5. d-Limonene

44
Oxidation of d-Limonene was associated with the formation of monoterpenes (m/z=93) and

acetone(m/z=59). The large peak at m/z=81 is due to a known fragment generated during PTR-
MS detection of limonene (Figure 10

).139
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Figure 10: Surface plot of mass spectra during photocatalytic oxidation of d-Limonene
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1.2.2.6. 1,2-Dichlorobenzene

Oxidation of 1,2-Dichlorobenzene resulted in the formation of acetaldehyde at low
concentration (Figure 11). The lack of a peak at m/z=100 indicates that no phosgene was
produced during this reaction. Phosgene has been reported as a possible by-product during

photocatalytic oxidation of chlorinated compounds.

Byproduct farmation during 1,2-dichlorobenzene rermoval
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Figure 11: Surface plot of mass spectra during photocatalytic oxidation of 1,2-Dichlorobenzene
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1.3. CONCLUSIONS:

Photocatalytic oxidation is currently being developed and sold by a number of commercial
vendors. Seven representative units were acquired and tested using a suite of contaminants
commonly present in indoor air at relevant concentrations in a 580L test chamber. Of these 5
devices, three failed to remove the challenge compounds during the hour experimental period
and a fourth was found to provide no additional benefit over the adsorbent catalyst substrate.
The fifth device oxidized the contaminants but required several minutes to decrease
concentrations by half in a well-mixed chamber under 1m? in internal volume. This reactor was
designed to be fit into building ductwork and handle more than 5m*/minute (~200cfm), which
dramatically exceeds its single pass conversion capacity.

Reaction mechanisms have been determined for a number of compounds but these
mechanisms are typically determined at relatively high concentrations, for single or very few
components and for only a few humidity conditions. Reactors intended for use in actual indoor
environments will encounter substantially differing operating conditions. This research has
shown that conversion of high mass contaminants under conditions relevant to the indoor air
environment results in the formation of reaction intermediates including acetone, acetaldehyde,
and formaldehyde, but these compounds were relatively low in concentration and quickly further

oxidized.
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2. PHOTOELECTROCATALYTIC OXIDATION OF AMMONIUM

A problem with aquariums and recirculation aquaculture systems that rely on biofiltration is
the accumulation of nitrogenous compounds in the water. Photoelectrocatalytic oxidation
(PECO) is a possible solution to this problem, as bench-scale studies have demonstrated that
PECO systems can oxidize ammonia directly into nitrogen gas. '* PECO technology consists of
a conductive metal electrode (anode) coated with an ultra-thin layer (300-500 nm thick) of a
titania-based photocatalyst. When the photocatalyst is illuminated with light of sufficient energy
(near-UV), electrons in the valence band of the titania are excited into the conduction band and
produce highly reactive electron/hole pairs that mediate oxidation of ammonia. The efficiency of
this photocatalytic process is improved by applying a positive potential ("bias") across the
photoanode, which decreases the recombination rate of photogenerated electrons and holes !4
The mechanism by which these photogenerated holes act to oxidize ammonia is not known with
certainty, but the most likely possibility is that the holes oxidize chloride ions in the water to
form highly reactive chlorine species which diffuse into the water and react with ammonia.'**
Other potential mechanisms include the direct oxidation of ammonia on the anode surface, or
the oxidation of water into hydroxyl radicals that, in turn, oxidize ammonia in solution. The

PECO system is an electrolytic cell in which the photogenerated electrons flow to the cathode

and react with water to produce hydrogen gas (H:) and hydroxide ions.
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This investigation was conducted to evaluate the PECO process as a possible replacement to
biofiltration in closed rearing systems (aquariums and recirculation aquaculture systems). The
specific objectives were to characterize the effect of varying the following parameters on the
ability of a PECO system to oxidize dissolved ammonia into nitrogen gas: (1) photocatalyst
thickness and crystalline structure, (2) aeration and water turbulence, (3) salt concentration, (4)
pH, and (5) applied potential. In addition, studies were conducted using aquarium-scale, flow-
through prototypes to evaluate PECO performance under practical conditions using live fish.

2.1. MATERIALS AND METHODS

2.1.1. Photoanode preparation

Photoanodes were prepared by coating Ti metal foil (15 cm x 15 cm x 0.050 mm (thick),
99.6+% pure; Goodfellow Corp.; Oakdale, PA) with a proprietary titania-based metal oxide
(AquaMOST, LLC; Madison, WI). Prior to coating, the Ti foil was cleaned with a detergent
solution, and rinsed with deionized water followed by acetone. The foil was heated at 350°C for
4 hours to char the surface, remove any remaining organic contaminants, and form an oxide layer
to improve coating adhesion. Following this pretreatment, the metal foil was dip-coated three or
five times with an aqueous suspension of titania prepared using sol-gel processing methods.'*

The foil was withdrawn at a rate of ~3.0 mm/sec to control the thickness of the titania coating

on the surface of the electrode. After each coating, the coated foil was air dried for 10-15 min,
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then dried in an oven at 70°C or 100°C for 45 min. After applying the last coat, the coated foil

was fired in an air atmosphere with a 3°C/min ramp rate to a final temperature of either 300°C
or 500°C for 4 hours.

Platinized photoanodes were prepared similarly using a platinized sol. Chloroplatinic acid
was added to the titania sol to obtain the desired loading of platinum (1 weight %). The
adsorbed chloroplatinic acid was then reduced using a sodium borohydride solution.

2.1.2. Static test system

Most experiments were performed using a 3-electrode configuration (photoanode, cathode,
and reference electrode). In this set-up, a multi-channel potentiostat (Model VMP2, Princeton
Applied Research (PAR); Oak Ridge, TN) was used to control the voltage applied to the
photoanode with respect to a silver wire reference electrode (0.5 mm diameter, 15 cm length;
Goodfellow Corp.; Oakdale, PA). The silver wire acts as an Ag/AgCl half-cell in water that
contains chloride ions and provides a known and essentially constant voltage. All voltages are
reported with respect to this reference electrode. There was a potential of ~1V between the
reference and the counter electrode (cathode), dependent on the current density and chemical
environment near the titania-solution interface, so the PECO system operated at ~2V. The
cathode was a Ti wire (0.5 mm diameter, 15 cm length, Goodfellow Corp.). The potentiostat

was controlled using EC-Lab V.92 software (PAR), which also recorded the current and voltage.
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The photoanode was rolled into a cylinder and placed against the inner wall of a 300-mL
glass beaker. A 9-W germicidal UV lamp was positioned within a quartz sleeve (32 mm ID, 35
mm OD, 15 c¢m long), in the center of the beaker. The distance from the lamp to the
photoanode was approximately 2 cm. The cathode and reference electrode were attached to the

outer wall of the quartz sleeve and positioned parallel to each other 2 cm apart (Figure 12).
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Figure 12: Schematic of the static PECO test system

2.1.3. Experiment procedure

Glass beakers were filled with 250 mL of either 100% seawater made using 40.5 g/L Instant
Ocean” or water containing 1 g/L NaCl (low-salt water). The water was spiked with ammonium
chloride to provide an initial concentration of 0.5 to ~10 mg/L nitrogen as ammonia. The wetted

area of each photoanode was 180 cm?. In most experiments, air was bubbled into each beaker to



51

provide aeration and uniform mixing of the water. All experiments were conducted at room
temperature (23°C + 2°C). During studies assessing the effects of pH on ammonia removal in
low-salt water (1 g/L. NaCl), pH was adjusted using NaOH or HCI and measured with a pH
meter. The effects of pH on ammonia removal were not investigated in seawater because
seawater is well buffered.

The experiments were started by simultaneously energizing the UV lamps and applying the
electrical bias to the electrodes. Water samples were collected in 1.5 mL microcentrifuge tubes at
set intervals (typically every 2-5 min) to determine ammonia concentrations. In addition, 10-ml
water samples were collected at the end of most experiments for analysis of nitrite and nitrate
concentrations. Water samples were analyzed within 1 hour after collection or stored at 4°C for
later analysis. Preliminary studies indicated that no changes in ammonia, nitrite or nitrate
concentrations were observed when the samples were stored for up to one week under these
conditions. In initial experiments, we demonstrated that ammonia removal required both the
presence of UV light and an applied voltage; therefore, controls were typically test units with UV
lights on, but no applied voltage.

Ammonia concentrations were determined using the indophenol method modified for use
with a microtitre plate spectrophotometer. The ammonia test reagents were obtained from Tetra

(Blacksburg, WV). An ion chromatograph (Dionex; Sunnyvale, CA) was used to determine
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nitrite and nitrate concentrations. Chloramines (NCl;, NHCl,, and NH,Cl) were also detected
via the indophenol method, and total chlorine was measured using the DPD method with a
Hach DR/4000U spectrophotometer (Hach Company; Loveland, CO).

2.1.4. Flow-through PECO test system

A flow-through PECO device was fabricated by adding PECO electrodes to a commercial
9-W UV sterilizer (Jebo Co., Inc.; Hong Kong, China). The anode was located peripherally, and
the cathode was a Ti wire that ran the length of the quartz sleeve. A Ti wire was spot-welded to
the anode and this wire and the cathode were fitted through holes drilled into the body of the
UV sterilizer to make the external electrical connections. The holes were sealed with epoxy. No
reference electrode was used, and a constant voltage was applied between the anode and cathode.
Flow-through experiments without fish were conducted using 7 L aquariums filled with seawater
(40.5 g/L Instant Ocean”) and spiked with ~0.7 ppm ammonia-nitrogen. The water flow rate
was 0.13 L/min and the residence time in the unit was 1.1 minutes. For the fish experiment,
tilapia (Oreochromis niloticus) were purchased from Americulture, Inc. (Animas, NM), and fed
a high protein (45%) salmon diet (Nelson and Sons, Murray, UT).

2.1.5. Statistics
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Replicate studies were performed using either three or four identical PECO systems. Data
are reported as the mean + standard error of the mean (SEM). All ammonia, nitrite and nitrate
data are reported as ppm (mg/L) nitrogen (e.g., ammonia-nitrogen, nitrate-nitrogen).

2.2. RESULTS AND DISCUSSION

2.2.1. Effect of photoanode firing temperature and TiO; film thickness

In low-salt water (1 g/LL NaCl), photoanodes prepared by firing the titania film at 500°C
removed ammonia significantly faster than photoanodes prepared by firing the titania film at
300°C (Figure 13). This confirms earlier results showing that rutile thin-films have a higher
catalytic activity than anatase films in some applications.'*! The rate of ammonia removal was

unaffected by the number of titania coatings at either firing temperature (Figure 13).

! After publication of the manuscript from which this section is based further reading indicated that the rate of
the conversion between the anatase and rutile phase is dependent on temperature, particle size, and adsorbed surface
species, especially water vapor, and that this conversion is unlikely to have progressed appreciatively during the short
time during which the specimens were annealed.' It is likely that the increased photoelectrocatalytic activity is due
to greater conversion of amorphous titania to the anatase phase, the formation of a mixed crystalline system, or

increased oxide layer thickness due to oxidation of the substrate.
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Figure 13: Ammonia removal as a function of photoanode fabrication variables including number of catalyst coatings and
sintering temperature. Experiments were conducted in static test reactors (pH 7) with aeration and with an initial ammonia
concentration of 1.6 mg/L NH4Cl in 1 g/L NaCl (freshwater) and an applied voltage of +1.0 V. Data shown are mean + SEM (n
= 4). The symbol X in the lower right corner indicates the concentration of nitrate (in ppm as N) remaining in solution after 30

min of operation in experiments with the electrode that was coated three times and fired at 500°C.

Less than 15% of the ammonia-nitrogen added to the system was converted to nitrate-
nitrogen (Table 1). Little to no ammonia-nitrogen was converted to nitrite-nitrogen (Table 1) or
chloramines. Together, these observations indicated that the majority of ammonia-nitrogen is
converted directly into nitrogen gas by the PECO reactor. Similar observations have been

previously reported.'#0148

Table 3: Formation of nitrate and nitrite after 30 min of testing with non-platinized photoanodes under the same test

conditions used to generate data in Figure 2 with standard error.
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Photoanode Initial ammonia 30-min nitrate % nitrogen as 30-min nitrite conc. | % nitrogen as
formulation conc. (ppm as N) conc. (ppm as N)! | nitrate in system | (ppm as N) nitrite in system
3 coats TiO2,300'C 0.65+0.04 0.094:0.001 14.5 0.005+0.009* 0.8

5 coats Ti02,300°C 0.670.04 0.095:0.0002 14.2 0.000 0.0

3 coats TiO2, 500'C 0.58+0.12 0.083+0.005 14.2 0.000 0.0

5 coats TiOz, 500'C 0.64+0.07 0.088+0.004 13.8 0.000 0.0

! The test solution had an initial nitrate concentration of approximately 4 ppb as N.

2 This value is based on one measurement above non-detectable levels. Two other replicate measurements for

this photoanode formulation were non-detectable for nitrite.

2.2.2. Effect of high initial ammonia concentration

A reactor system was tested with an initial ammonia concentration of 9 ppm N as ammonia,
and the kinetics of ammonia removal showed no qualitative difference from lower
concentrations, suggesting that the technology could be applied to remediate waters more

contaminated than natural systems (Figure 14).
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Figure 14: Ammonia removal from aerated water within static test reactor spiked with and initial ammonia concentration of

16 mg/L NH4CI. Experiments conducted in 40.5g/L Instant Ocean solution with 1.0V applied voltage

2.2.3. Effect of Platinum doping

There was no significant difference in ammonia removal between un-doped and Platinum-

doped titania coatings fired at either 300°C or 500°C (data not shown). Moreover, there was no



56

difference in nitrate formation between platinized and non-platinized photoanodes at either
firing temperature, with approximately 15% of the ammonia-nitrogen converted to nitrate-
nitrogen in all tests (data not shown). The data suggest that there is no advantage of using
Platinum-doped titania thin films over pure titania films for converting aqueous ammonia into
nitrogen gas in a PECO system.

In contrast, platinized titania is more efficient at converting ammonia-nitrogen into nitrogen
gas (N;) than un-doped titania in a photocatalytic system with no applied electrical bias.'*® A
likely explanation for this difference between photocatalytic systems and PECO systems is that
platinum acts as a sink for photo-generated electrons in the former, whereas the electrical bias in
PECO systems is much more effective at removing electrons.

2.2.4. Effect of aeration and water movement

The rate of ammonia removal was significantly faster if the water in the static experiments
was aerated. At least two hypotheses can explain this phenomenon. First, acration may disrupt a
boundary layer at the anode surface that otherwise slows the delivery of reactants (e.g., ammonia)
to the anode surface, or the movement of photo-generated oxidants to the bulk solution (e.g.,
chloride ions, hypochlorous acid). Two, aeration supplies oxygen required for the redox reactions
occurring in PECO electrolytic system. An experiment was conducted to test these hypotheses.

There were four treatment groups: (1) control, static (no air, no stirring); (2) water mixed with a
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magnetic stir bar; (3) aeration with an air stone, and (4) aeration with argon gas (water
movement but no oxygen).

Any mixing of the water, even in the complete absence of oxygen (treatment 4), increased the
ammonia removal rate compared to static water. The results support the hypothesis that the
reaction rate was diffusion limited by a boundary layer. The disruption of the layer will be
necessary to maximize reaction kinetics in PECO flow-through systems designed to remove
ammonia in commercial aquarium and aquaculture applications.

2.2.5. Effect of salinity

Ammonia removal was significantly faster in 100% seawater (40.5 g/L Instant Ocean®)
compared to water containing 1 g/L. NaCl (Figure 15). No significant ammonia removal was
observed in distilled water without any added salt. There are at least three explanations for these
observations. First, water must have a minimum ionic strength for PECO reactions to occur as
electrochemical reactions are limited by the ability of the system to conduct current. This idea
was not supported, however, by data showing no ammonia removal in high conductivity water in
which the chloride ions were replaced with an equimolar concentration of sulfate ions as added
sodium sulfate. Second, chloride ions are required for the silver reference electrode to form a
silver/silver chloride half-cell and maintain the proper voltage between the anode and cathode.

This hypothesis is not supported by data showing no ammonia removal when a saturated calomel
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reference electrode replaced the silver wire reference electrode. Third, chlorine (Cl,) and
hypochlorous acid (HCIO) are generated in situ from chloride ions in the water according to the

following:!4+14

Equation 2: Conversion of Ammonia to nitrogen gas

2CIF = ChL+2e¢
CL+H,O - HCIO+Cl+H*
2NH,;+3HCIO - N, +3H,O+5H*+3Cl

In these reactions, hypochlorous acid reacts with ammonia to form nitrogen gas (N»). The
hypothesis that ammonia oxidation is meditated by the electrolytic production of chlorine and
hypochlorous acid is supported by data showing that little or no nitrite or nitrate were produced
during the PECO reactions (Table 4), and the direct measurement of chlorine production in the
flow-through experiments. An additional mechanism that occurs in seawater is the reaction of
hypochlorous acid with bromine ion to form hypobromous acid according to the reactions

below.*® Hypobromous acid can also react with ammonia to form nitrogen gas (Equation 3)."

Equation 3: Bromine as the halide in ammonium conversion

HCIO + Br- - HBrO + Cl-
2NH4 + 3HBrO — N, + 3H,O + 5H* + 3Br
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Figure 15: Ammonia removal from water within static test reactors as a function of water salinity. Photoanodes were coated

five times with TiO2 and fired at 300°C. Experiments were conducted in 100% seawater (Instant Ocean”) or freshwater

containing 1 g/L. NaCl with aeration using an applied voltage of +1.0 V. Initial concentration of ammonia was 1.6 mg/L NH4CL

Data shown are mean + SEM (n=3).

2.2.6. Effect of pH

Ammonia removal rates in low-salt water (1 g/L NaCl) were identical over a range of initial

pH values (i.e., 5, 7 and 10), indicating that ammonia oxidation by PECO is independent of pH

(data not shown).

Ammonia in aqueous solution exists in equilibrium between the ionized (NH,4*) and the non-

ionized form (NHs). The pK, for this equilibrium is 9.3, and approximately 85% of the ammonia

is in the NH; form at pH 10, whereas over 99% is in the NH,* form at pH 5. We had

hypothesized that the positively charged NH,* ion would not be oxidized as efficiently as the

neutral NHs molecule because NH,*would be repelled by the positive bias on the photoanode

surface. This hypothesis was not confirmed.
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The lack of reaction pH dependence in the system suggests two possible hypotheses. The
first is that ammonia removal does not primarily occur at the interface of the anode, but via a
soluble intermediary such as hypochlorous acid, and that the potential bias creates a pH gradient
near the surface, one region of which is at an ideal acidity for ammonia removal. An alternative
hypothesis is that NH; reacts at the electrode surface to form N; gas, the NH,//NH;z;ammonia
equilibrium shifts to form more NHs, thus allowing the reaction to continue at the electrode.
This seems less likely due to the strong dependence of ammonia removal reaction with chloride
ion and the high concentrations of reactive chlorine species in the system as well as the pH
dependence of the NH4/NHj; ratio.

2.2.7. Effect of applied voltage

We observed that (1) no ammonia was removed from water in the absence of an applied
potential, and (2) the rate of ammonia removal increased with increasing potential (Fig. 5).
These results can be explained by the physics of the PECO process. When light with sufficient
energy strikes the surface of the TiO,-coated photoanode, electron-hole pairs are produced. In
the absence of an applied potential, these electrons and holes rapidly recombine, producing few
useful chemical reactions. When an electric bias is applied, however, photogenerated electrons
are readily transferred from the photoanode to the cathode. This decreases electron-hole pair

recombination, and results in a greater oxidative potential at the photoanode surface as the
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applied voltage increases.'”® Larger applied voltages also increase current density and the

formation of oxidative intermediates.
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Figure 16: Ammonia removal from water in static test reactors as a function of applied voltage. Photoanodes were fired at
500°C. Experiments were performed in aerated freshwater containing 1.6 mg/L NH4Clin 1 g/L. NaCl at pH 7. Applied voltage
to the photoanode were 0, +0.3, +0.6, or +0.9 V with respect to the silver wire reference electrode. Data shown are mean + SEM

(n=4).

Product formation was not influenced by the applied potential. Little or no ammonia-
nitrogen was converted to nitrite-nitrogen at any applied voltage, and approximately 13% of the
ammonia-nitrogen was converted to nitrate-nitrogen, regardless of the applied voltage (Table 4).
The data suggest that ammonia (oxidation state = -3) is primarily oxidized to nitrogen gas
(oxidation state = 0) rather than being oxidized more fully to nitrite (oxidation state = +3) or
nitrate (oxidation state = +5). These observations are also compatible with a mechanism of action

involving hypochlorous acid oxidation of ammonia to nitrogen gas.
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Table 4: Formation of nitrate and nitrite after 30 min of testing at different applied voltages under the same test conditions

used to generate data in Figure 6. The standard error for four replicate measurements is given in parentheses below the measured

value.
Initial ammonia conc. | 30-min nitrate conc. | % nitrogen 30-min nitrite % nitrogen as
Applied Voltage (V) | (ppm as N) (ppm as N)* as nitrate conc.(ppm as N) nitrite in system
0.0 0.60+0.13 0.024+0.006 4.0 0.054+0.002 9.0
0.3 0.65+ 0.02 0.087+0.008 13.4 0.014:0.028° 2.2
0.6 0.64+ 0.04 0.080+0.004 12.6 0.000 0.0
0.9 0.62+0.06 0.084+0.006 13.6 0.000 0.0

! The test solution had an initial nitrate concentration of approximately 4 ppb as N.
2 This value is based on one measurement above non-detectable levels. Three other replicate measurements for this

photoanode formulation were non-detectable for nitrite.

2.2.8. Effectiveness of 2-electrode PECO device

Three electrode systems may be unnecessary for practical devices utilized in commercial
applications, and therefore, we tested the efficacy of a 2-electrode reactor. As predicted,
ammonia removal was as effective in the 2-electrode configurations as it was in the 3-electrode
configuration when the voltages between the anode and cathode were similar (data not shown).

2.3. DEMONSTRATION STUDIES WITH FLOW-THROUGH PECO PROTOTYPE

The removal of ammonia-nitrogen (0.7 ppm) from 7 L of seawater was investigated using a
flow-through PECO device. Complete removal of ammonia was observed in 90 min (Figure 17).

Experiments were conducted with live fish in seawater to compare the production of
ammonia, nitrite and nitrate between aquaria equipped with (1) flow-through PECO devices

fitted with activated carbon to chemically remove excess chlorine and bromine, and (2)
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commercial biofiltration units (Marineland Penguin BIO-Wheel, Model PFO100B). The

biofilters were previously cycled and had mature populations of nitrifying bacteria. Replicate 18-
L glass aquaria of each treatment (2 PECO systems and 2 biofilters) were stocked with two ~5 g
seawater-adapted tilapia. The fish were fed at 3% of body weight once daily. Ammonia, nitrite,
and nitrate concentrations were monitored daily for 11 days in each tank. In the aquaria
equipped with biofilters, nitrate concentrations (N as NO3) began to increase steadily after one
week, reaching over 14 mg/L by day 11 (Figure 18). In contrast, nitrate levels did not increase in
the aquaria equipped with the PECO units. These observations illustrate a principal advantage
of using PECO technology for ammonia removal in closed systems — the absence of nitrate
accumulation as the ammonia-nitrogen produced by fish metabolism and the breakdown of

uneaten feed and feces is converted primarily into nitrogen gas, not nitrate.
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Figure 17: Ammonia removal from seawater in a 7-L aquarium using a flow-through prototype PECO device with a 9-W
lamp. Initial ammonia concentration was 1.6 mg/L NH4Cl. Each curve represents one independent trial. Applied voltage was +1

V between anode and reference electrode (+2.2 V between anode and cathode).
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The results suggest that it may be possible to build a practical PECO ammonia removal
device for use as a replacement or adjunct to biofiltration in home aquariums and recirculating
aquaculture systems. Earlier studies had shown adequate removal in photocatalytic systems only
under very specific conditions, i.e. high intensity ultraviolet illumination and at an ideal pH level,
but these results hint at a much more robust and low cost application of PECO for aquatic
systems. An ammonia removal device that does not rely on bacteria could have important
advantages over biofiltration. For example, it will be possible to immediately add fish into new
systems without waiting for nitrifying bacteria populations to become established on new filters.
Systems could also be used intermittently as there is no requirement to keep bacteria populations
alive during system down time. It will be possible to treat sick fish with antibiotics applied to the
water without the risk of killing the beneficial bacteria on the biofilters. The lack of nitrate
accumulation in the water may reduce the frequency of water exchanges and prevent the growth
of nuisance algae. Finally, the energy costs to run the PECO units will be similar to using

germicidal UV systems of the same size.
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Figure 18: Nitrate concentration in a live fish system, each consisting of an 18-L tank of seawater that holds two 3-inch
tilapia (~5g/fish). Tilapia were fed with 45% protein trout feed at 3% of body weight once per day (~0.6 g of feed per day). Each
tank is fitted with either the prototype PECO reactor or a commercial biofilter (Marineland Penguin Biowheel). Data shown are

mean + SEM (n = 2)

There are key problems that must be addressed before PECO can become commercially
viable. First, it remains to be demonstrated that the technology can be scaled for use in larger
aquaculture systems stocked with commercial densities of fish. Second, during prolonged use in
hard water or seawater, severe cathode scaling (i.e., the deposition of CaCO; and MgCO:;) can
occur.’* Solutions to this problem include periodically descaling the cathode with acid, and using
innovative cathode configurations that resist scaling. Third, the generation of chlorine could be a
major problem if “breakthrough” occurs and residual chlorine accumulates in the water. In small
aquariums systems, this problem can be solved using activated charcoal, which is very effective at
removing chlorine from water. In larger systems, UV light can be used to eliminate hypochlorous
acid, and real-time chlorine sensors can be used to control the PECO reactors to prevent

chlorine breakthrough. Fourth, as can occur with ozonation and electrolysis of seawater, toxic
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by-products such as trihalomethanes might be produced by PECO reactions under some
conditions. One advantage of PECO in this regard, however, is that by-product formation can
theoretically be controlled by varying the applied potential, although this has yet to be
investigated in our system. Moreover, Katayose et al.’*! recently investigated the by-products
produced by the electrolysis of seawater and showed that only low levels of trihalomethanes were
produced. For example, the electrolysis of seawater to produce residual chlorine concentrations of
4.3 mg/L produced total trihalomethane concentrations that were only 10% of the drinking
water standards of the U.S. and Japan (9-12 ppb bromoform).

The PECO method may not only be useful for denitrification, but also for disinfection in
various aquaculture applications. For example, as has been demonstrated using electrolytic
systems, PECO could be used to generate oxidizing agents in situ to disinfect (1) intake seawater
for hatchery systems,'* (2) aquaculture wastewaters prior to discharge,’* and (3) tanks, nets and
other aquaculture equipment.’ PECO has several advantages over electrolysis as a method to
oxidize impurities in water. PECO combines the disinfection capabilities of both UV and
hypochlorous acid generation, it uses far less expensive and longer-lasting electrodes than those

14156157 and uses less electricity than electrolysis because the

typically used in electrolytic systems,

photoactivated anodes used in PECO can produce high currents at relatively low voltages.

2.4. CONCLUSIONS
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The key variables mediating the catalytic efficiency of the ammonia conversion reaction were
anode preparation, applied potential, and salinity of the treated solution. The rate of the
ammonia removal reaction was not affected by the pH of the solution. Nitrogen mass balance
analysis indicated that at least 85% of the ammonia was converted into nitrogen gas. The
remainder was primarily converted into nitrate with low levels of nitrite and chloramines
sometimes detected. Additional research is needed to address remaining problems with PECO
technology, although the data supports the possibility that PECO could become an alternative to

biological filtration for ammonia removal from aquatic systems.

3. APPLICATION OF PHOTOACTIVE THIN FI1LMS AS A CURING
COMPOUND

3.1. OVERVIEW OF CONCRETE AND CURING COMPOUNDS

Concrete is the most widely employed construction material, with usage rates exceeding

1m?3/person globally.’® Global production of Portland cement for concrete has fallen with the

159

downturn in the global economy, but still exceeds 3.06 billion metric tons.”” Per capita concrete

usage rates peak as an economy develops and produces more infrastructure and then decreases as
per capita GDP increases. Therefore, emerging economies such as India, China, and Pakistan

are expected to dramatically increase their concrete consumption as they develop infrastructure.’®
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Cement production is highly energy intensive and releases approximately 900kg CO, for every

1000kg cement, making concrete production one of the primary CO, emission sources.” The

release of CO; during cement production is partially due to the high temperature required and

partially due to the chemical conversion of the raw materials. As they are a chemical by-product,

these emissions are nearly fixed for a given quantity of cement produced, which leaves little room

for dramatic improvement. It is vitally important to decrease the global consumption of concrete

it CO; emissions are to be reduced. Assuming that emerging economies will demand

infrastructure similar to that of industrialized nations, the primary avenue of decreasing the

consumption rate is by improving the service lifetime of the concrete infrastructure.

The performance of concrete structures depends largely on the mix design used in

construction, which relies on the careful balancing of numerous variables.’®® Concrete is a

superficially simple material, typically composed of hydraulic cement (typically Portland cement,

fly ash, slag, or some mixture of these components), a fine aggregate (sand) fraction, a coarse

aggregate (stone, reclaimed material, or other) fraction, reinforcement (steel rebar), chemical

admixtures (water reducers, accelerators, etc.), and water. The type and ratio of these
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components controls the early age properties of the concrete slurry, such as slump, entrained air

content, unit weight, and curing behaviors like time to initial set and heat of hydration. After the

concrete has been placed and finished, the initial mix design continues to determine the strength,

longevity, and aesthetics of the concrete product.

Ordinary Portland Cement (OPC) serves as the binder in the vast majority of concrete. It is

manufactured from quarried or reclaimed limestone and shale processed in large rotary kilns.

Each of the many steps involved in the production of OPC consumes large amounts of energy.

Quarrying, grinding, and mixing operations each require significant amounts of mechanical

energy, but the most energy intensive process is the chemical conversion of these minerals. Finely

powdered limestone, shale, and gypsum are introduced into a rotary kiln, where they are heated

to ca. 1450°C in a reducing atmosphere. As this heating occurs, several chemical transformations

take place. The limestone and clay-like minerals are decomposed into their constituent oxides

(principally CaO, SiO,, and Al,Os) and CO,. These products then react to form the dicalcium

and tricalcium silicates and aluminates that largely comprise OPC. Cement manufacture

accounts for over 5% of the global anthropogenic carbon dioxide emissions due to the high
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demand of concrete, the energy required to produce it, and the presence of CO; as a reaction by-

product.'®!

A typical composition of OPC with respect to these metal oxides is shown in Table 5:1¢2

Table 5: Approximate typical composition of Ordinary Portland Cement

Cement Compound Weight Percentage | Chemical Formula

Tricalcium Silicate 50% Ca;Si0Os or 3Ca0-Si0,

Dicalcium Silicate 25% Ca,5i0; or 2Ca0-5i0;

Tricalcium Aluminate 10% Ca3ALOg or 3Ca0-AlLOs
Tetracalcium Aluminoferrite | 10% CasALFe;O10 or 4Ca0-Al,05Fe O
Gypsum 5% CaSO,2H,O

3.1.1. Concrete Curing

The hydration reaction of cement has been studied extensively and can be summarized as

shown in Equation 4 and Equation 5. Equation 4 is the hydration of tricalcium silicate to

calcium silicate hydrate (CSH) and calcium hydroxide (CH). Equation 5 is the hydration of

dicalcium silicate to CSH and CH

Equation 4: TCS to CSH
2 Ca;Si0Os + 7 HyO ---> 3 Ca0-2510,-4H,0 + 3 Ca(OH), + 173.6kJ/mole
Equation 5: DCS to CSH

2 Ca,Si0y4 + 5 H,O ---> 3 Ca0-2510,-4H,0 + Ca(OH), + 58.6.6k]/mole
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Other hydration reactions occur, but do not contribute greatly to the long-term strength of

concrete.'®® The reactions outlined in Equation 4 and Equation 5 consume large amounts of

water and occur at the interface of the solid phase cement particles and liquid phase pore water.

The ratio of water to cement particles (W/C ratio) influences both the early and long-term

properties of the concrete. The stoichiometry of the hydration reactions suggests that a W/C

ratio of 0.42 by weight provides sufficient water to completely hydrate the cement particles. In

practice, other W/C ratios are used to meet regulatory and performance targets.

The amount of liquid water present in the mortar (the mixture of water, sand, and cement)

dictates several early-age concrete properties. Workability describes the rheology of the concrete

at an early age, before the mortar (sometimes referred to as cement paste) has taken an initial set,

and is principally determined by the W/C ratio or addition of chemical admixtures. Highly

workable concrete contains mortar with low viscosity, which allows the concrete mixture to

consolidate easily in any molds, forms, or placing equipment and also allows concrete workers to

bring a thin layer of mortar to the surface for finishing. The slump value of a concrete mix is used

as an estimator of workability, and is often prescribed by the end user of the concrete mixture.
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Highly workable concrete may be useful when filling a complex form with narrow spacing or for

a hand laid slab. However, this type of concrete would not be suitable for continuous paving or

curbing machinery.

By increasing the W/C ratio to improve workability, one can induce dramatic effects on the

later properties of the concrete product. Cement mortar consists of small particles of the

hydraulically active cementitious material, active fine material from the aggregates, inert fine

material from the aggregate, and any inert filler, surrounded by water in the pore space. As the

hydration reaction occurs and consumes water the pore space becomes a void. This void space

contributes nothing to the strength of the concrete and decreases the volumetric density and

therefor strength of the concrete. The volume of the hydration products is less than that of the

water initially present, so cement mortars shrink autogenously as hydration occurs, primarily at

early ages before the initial formation of a gel network. This leads to an internal stress that can

increase the percolation (interconnectedness) of the final concrete pore network. Further

shrinking occurs when water evaporates from hardened concrete near exposed surfaces, leading

to cracking, warping, or other mechanical damage.'** Percolated voids can fill with water or de-
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icing solutions and will substantially decrease the concrete’s resistance to freeze/thaw cycling.

Water reducing admixtures (plasticizers and superplasticizers) can be added to improve the

workability of the concrete slurry without increasing the W/C ratio. However, these admixtures

4,165

complicate mix design and may affect strength and scaling resistance at high concentrations.

Additionally, excess water not bound in pores will migrate to the concrete surfaces as “bleed

water” and can delay finishing operations and increase the likelihood of forming a percolated

network of surface pores.’

Finishing operations like trowelling and texturing should begin after bleeding is finished.

Finishing operations disrupt the channel network created by bleeding, decreasing the percolation

of the pore network and minimizing deleterious effects of porosity. Finishing can force bleed

water back into the mortar and cause an increase in the W/C ratio near the surface and a marked

loss in concrete durability. Determining the end of the bleeding period is challenging. Highly

evaporative conditions can cause the surface to appear dry even though substantial bleeding is

still occurring. Application of a membrane to this surface will halt evaporation and result in a

thin layer of water underneath the membrane. This leads to membrane separation, membrane
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pinhole formation, or crazing of the membrane. Once the surface is finished the concrete shape

is defined and will be ready for use after the concrete cures.

Simply adjusting the mass of water in relation to the mass of cementitious materials is not

enough to control the hydraulic environment of cement particles in the cement paste. Other

concrete components can affect the apparent W/C ratio in the concrete pore volume. Coarse and

fine aggregates physically adsorb water from the cement paste, swelling clays present in the

aggregate chemically adsorb water, and hydration (pozzolanic) reactions can occur with the

microfine fraction of the coarse or fine aggregate. These interactions will decrease the apparent

W/C ratio and can lead to internal dessication.!®® In addition to these internal sources of water

loss there is the added complication of evaporation. The hydraulic behavior of all of the concrete

components and evaporation must be taken into account when considering mix design. Drying

that occurs near an interface (between the cement paste and aggregate or at an atmospherically

exposed surface) causes the formation of moisture gradients. The surface tension of water in

pores causes large stress gradients in response to moisture gradients and can lead to cracking or

decreases in scaling resistance. This is particularly a problem in concretes used for paving or



75

sidewalks that have high surface area to volume ratios, and in concretes with a low W/C ratio

(0.4 or less).

3.2. CONTROL OF HYDRAULIC ENVIRONMENT VIA ORGANIC CURING COMPOUNDS

Membrane-forming curing compounds (MFCCs) are used to slow or halt the loss of

capillary water to the atmosphere. These compounds are typically hydrophobic membrane

forming polymers composed of a polymer fraction and a solvent or carrier fraction. MFCCs are

normally composed of an emulsion of wax or resin in water (for low VOC formulations) or a

solution of an organic membrane-forming compound in a suitable organic solvent. The most

widely used curing compounds are comprised of an emulsion of paraffin wax, poly-a-

methylstyrene resin, or mixed virgin and boiled linseed oil in water. Curing compounds used for

pavements in Wisconsin are required to include a white pigment to increase the albedo of the

pavement surface and thereby reflect heat from the exposed surface. Linseed oil or wax emulsions

are widely used due to their low cost, high availability, and considerable historical momentum in

the construction industry and among regulators. Recent studies performed for the Minnesota

DOT found that these legacy MFCCs are less effective than newer materials, especially in

challenging weather.'” A coating compound containing 100% polyalphamethylstyrene (PAMS)
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emulsion in water was found to be most effective at preventing evaporation and has been

specified for all pavements in Minnesota. Research performed for the Wisconsin DOT has

tound that PAMS based MFCCs may not be effective in concretes using large fractions of

supplemental cementitious materials like fly ash or slag.

These compounds form a physical membrane that prevents the evaporation of free water in

concrete. The effectiveness of these compounds depends on the integrity of the membrane, so

membrane application technique is important for proper performance. If the concrete material is

still producing bleed water, the membrane may contain pinholes or separate from the concrete

surface and fail to prevent evaporation.® Concrete surfaces used for roadways are typically

finished with an aggressive texture applied to provide adequate traction and decrease roadway

noise produced by tires.’® This increases the surface area and accelerates the rate of water

evaporation from the surface. These textures increase the difficulty of forming a continuous

membrane, and spraying rates must be adjusted for the actual surface area, which may be several

multiples of the simple geometric surface area.®? The increase in surface area must be considered

when applying any type of curing compound, and the sprayer should pass both parallel and
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perpendicular to the pavement texture to ensure that the MFCC coating is continuous. This

slows concrete finishing operations and increases the capital and marginal expense of pavement

operations.

Organic curing compounds on roadways are exposed to solar radiation and other

environmental factors that will decrease the lifespan of the membrane. For Ordinary Portland

Cements the curing period is typically completed before the membrane loses functionality.

However, the loss of the membrane precludes the possibility of providing potentially beneficial

long-term sealing of the concrete surface. Sealing can prevent chloride ingress, carbonation

reactions, and causes a decrease of surface porosity. Concrete mixes that utilize a different

cement or cement mixes, or those which rely on slower pozzolanic reactions for strength, require

longer curing times and may not be adequately cured before the MFCC coating is degraded to

the point of losing effectiveness. For pavement operations that require white-pigmented MFCCs

the white pigment is often powdered titanium dioxide.!’ Titanium dioxide possesses the well

documented ability to photocatalytically oxidize organic compounds and may hasten the

destruction of the organic membrane. Although these reactions decrease the lifespan of the
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membrane they may potentially treat vehicle-sourced VOCs and NOy (Volatile Organic Carbon

and mixtures of nitrogen oxide compounds).'®’

3.2.1. Control of Hydraulic Environment via Inorganic Curing Compounds

Sol-gel derived inorganic membranes are applied as low-viscosity stable suspensions of

nanoscale particles of ceramic materials in some carrier, typically water. The stability of the sol

suspension is a function of the charge on the surface of the individual particles and the ionic

strength of the carrier. The charged surface of the particles forms an electric double layer in

solution, thereby preventing interaction between individual particles and subsequent

agglomeration or settling. If the double layer thickness decreases past a critical threshold, the sol

will form a gel, a semi-solid network of connected particles with a high degree of water

entrapped in this matrix. There are several methods by which the sol suspension can be made to

form a gel. Removal of the carrier fluid by evaporation or some other method (osmosis, chemical

reaction, adsorption) to below a critical concentration of particles forces the particles into close

proximity despite their surface charge. Alternatively, changing the pH of the sol to near the

isoelectric point of the particle decreases the surface charge and collapses the double layer.
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Another possibility is increasing the ionic strength of the solution, as the double layer thickness

decreases as ionic strength decreases as seen in Equation 6.7

Equation 6: Debye screening length for determining approximate double layer thickness and suspension stability

Where k! is the Debye screening length, 7; and z; are the concentration and valency of the

ith ion species (in units of number density m=), T is the thermodynamic temperature, kp is the

Boltzmann constant, ¢ is the natural number, € is the dielectric constant of the solvent, and & is

the permittivity of free space. Once the ionic strength increases enough to decrease the double

layer thickness past a critical threshold the particles are then free to interact and form a gel

network.

The particulate nature of sols imbues the membrane with unique properties. The membranes

tormed are porous or mesoporous thin layers (nanometer to micron thickness) of metal oxide or

other ceramic particles. The porosity of the membrane is due to the packing of the particles.

Packing density, particle size, particle size distribution, and particle shape control porosity, pore

size, and pore size distribution of the resulting membrane. The particle size, size distribution,
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chemical nature of the particles, and the shape of the particles in the suspension can be

controlled by choosing the proper precursor chemicals, solution chemistry, reaction environment,

coating environment, and temperature. Engineering of the pore space can be accomplished by

controlling these parameters and affords the researcher the ability to change the behavior of the

coating.’”! Additional control of the membrane properties is possible by introducing a sintering

step, where high temperature or ultraviolet radiation are used to increase the density and

hardness of the membrane, which may increase the pore size and decrease the total pore

volume.'? For concrete applications only UV sintering is realistic, as temperatures sufficient to

markedly affect the properties of the membrane would destroy the concrete substrate.

Membranes with small pores and a small pore volume can block the passage of water by

primarily physical action, and the evaporation rate should be less influenced by the

hydrophobicity of the membrane surface. Considering a spherical particle with a narrow particle

size distribution, minimum porosity will occur when the particles are hexagonally close packed.’®?

This will result in a material with a percolated network of pores and a void fraction of 0.26.

Preparation of this membrane would involve precise deposition of equally sized particles, which
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is most likely to occur when particle deposition is quite slow and pore area minimization is

thermodynamically favorable. Random packing, as would occur with rapid particle deposition of

equally sized particles, will result in increased porosity of a less percolated nature. If the particle

size distribution is less tightly controlled, the degree of porosity and pore size distribution can be

controlled to a greater degree. An example is a bimodal particle size distribution with very small

particles filling the pore space between larger particles. Pore structure can also be controlled by

changing the shape of the particles, as would be the case for coatings prepared with nanorods,

nanowires, dendritic particles, or other exotic shapes. For instance, a superhydrophobic

membrane composed of vertical nanorods might exhibit the self-cleaning “lotus flower” effect,

173

and prove resistant to water migration even with a very high porosity.

In addition to controlling the physical properties of the coating it is possible to control the

chemical nature of the membrane surface and the pore space. Every material has an associated

chemical potential in bulk, and these potentials are often quite different for different physical

phases. At an interface, thermodynamic equilibrium dictates that the chemical potential is equal,

which occurs at a level somewhere intermediate to the potential of the two bulk materials.
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Typically, the effects of a chemical potential mismatch occur within a few angstroms to several

nanometers of the interface and extend farther into the more mobile phase. All interfaces have an

energy associated with equalization of the chemical potential of the two materials. As water is a

polar molecule, this energy is small for materials with high surface energies and larger for

materials with low surface energies (i.e. those solids like Teflon in which the primary cohesive

force is due to van Der Waals interactions). It is possible to control the surface charge and

therefore surface energy of metal oxide coatings by changing the pH. A pH near the isoelectric

point of the material minimizes the surface charge and maximizes the hydrophobicity of the

surface, while a surface pH far from the isoelectric point will maximize wetting. Just as there is a

potential (analogous to voltage) associated with the interface of a surface, there is a potential field

on the walls of a pore. Pore diameters of the same size domain as the interfacial gradient will

have a potential extending across the entire pore diameter. If this potential is similar in sign to

the potential of an ion the pore will exclude that ion from the pore space and prevent

transmission across the membrane. This is the basis for nanofiltration,'* but in the context of

concrete curing may allow highly porous hydrophobic membranes to prevent the transmission of
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molecules with a large dipole, such as water vapor. Likewise, hydrophilic pores may strongly

interact with water molecules and prevent flux of water across the membrane, decreasing the rate

of evaporation by tightly binding water in the pore.

Metal oxide membranes are ceramic materials and are typically as hard or harder than the

material on which they are supported. They are not degraded by environmental processes and are

stable across a wide range of solution pH and chemistry. They are also strongly bonded to their

substrate and can self-harden or harden under ultraviolet exposure. The long environmental life

and strong bonding of these materials mean that the beneficial properties of the membrane last

much longer than the initial curing period, and may impart beneficial characteristics to the

pavement long after traditional MFCCs have degraded. Additionally, the beneficial

characteristics of the nanoparticles may extend some distance into the concrete material if the

diffusion velocity of the particles in the pore water exceeds the migration rate of bleed water to

the surface.

3.2.2. Additional modification of cement properties via nanoparticulate application
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There have been numerous nanoparticle sols developed from a variety of ceramic materials.

These materials may improve the performance of concrete via pathways other than evaporative

control. Metal oxide thin films have been used in photocatalysis for the treatment of volatile

organic compounds (VOCs) or other environmentally troubling anthropogenic emissions

(nitrogen oxides, ozone).!*’ They are self-cleaning under exposure to sunlight. They have been

used for corrosion control or as anti-fouling coatings.'”” The high hardness of ceramic

membranes is used in cutting tools to increase blade life and decrease wear. They have been used

for ion exclusion in nanofiltration processes. They can also be engineered to have a high albedo

and decrease the “heat island” effect associated with large paved surfaces.

Extremely high performance (>15000 psi compressive strength) concretes can be

manufactured by adding silica fume (high surface area/small particle size silica particles) to the

cement fraction.'”® Silica fume consists of sub-micron amorphous silica particles and provides

additional strength at an early age by improving the packing of particles in the mortar, especially

near aggregate particles.””” The very small particles fill the space between cement particles and

improve density by decreasing the pore space. In addition, it provides long term strength gain by
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chemical (pozzolanic) reactions with calcium hydroxide in the pore space.'”® Typical pavements

do not require the high compressive strength of silica fume modified concrete but may benefit

from the increase in density provided by small silica particles near the exposed surface. Sol-gel

derived nanoparticle of silica are much smaller than those in silica fume (2-3x10” m as opposed

to 2-10x107 m) and have a proportionally greater surface area. At the relevant pH of cement

pore water (10.5 to 13) silica is soluble, but the dissolution process is kinetically limited for large

particles.’” Silica can react with CaOH to form CSH paste, decreasing the CaOH concentration

and decreasing the pore volume of the concrete. Increasing the surface area of the silica particles

will improve the dissolution kinetics and increase the rate of formation of CSH paste in the pore

space. If the IMFCC contains a significant amount of silica nanoparticles and is applied while

the material is producing bleed water or has not achieved initial set then the CSH gel at the

surface will be denser and have lower porosity. This may impart beneficial properties to the near

surface, including decreased water infiltration, decreased percolation of the pore network,

decreased susceptibility to chloride penetration, and improved wear resistance.
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One potential benefit of these materials is preventing the ingress of chloride ion or

potentially harmful alkali species. Nanofiltration is a potential technology for desalination of

mildly brackish waters that relies on the overlapping surface potential in the pore space of a

ceramic thin film. A nanoscale pore with a positive surface charge will exclude positively charged

ions from traversing the pore. The opposite is true for negatively charged surfaces. If an ionic

compound is in solution the principle of solution electro-neutrality requires that the positive and

negative charges cancel completely. Therefore, excluding a positive ion from traversing a

membrane necessitates that the negative ion also not traverse the pore. There has been research

efforts focused on understanding this effect and using it to exclude moderate concentrations of

ions for water purification.'” If IMFCC:s reject chloride ions they may serve to prevent chloride

ion associated concrete failure, reducing the corrosion of reinforcing bars and to mitigate surface

scaling. By preventing the ingress of chloride, IMFCCs might also exclude alkali metal ions

associated with alkali silica reactions (ASR) or other alkali-aggregate reactions (AAR).

It is possible to prepare mixed metal oxide sols that allow for simultaneous evaporative

control and modification of the concrete surface to control pollution. Much research has been
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devoted to the use of photoactive titania for oxidation of VOCs, NO;, inorganic carbon, and

organic dyes. Photocatalytic reactions can also de-activate bacteria, bacterial spores, or viruses.

When a particle of titania is illuminated with a photon of sufficient energy (3.2 eV or more) an

electron is promoted from the valence band to the conduction band and an electron/hole pair is

created. If the hole interacts with a compatible molecule then a short lived radical species is

tormed. These species are strongly oxidative and will degrade environmental contaminates

including VOCs, NO,, SO, carbon black particulates, and biological molecules. These oxidative

reactions are what differentiates self-cleaning glass and justifies the price increase to drive their

sales. It is also the basis for several air cleaning products for the home, commercial spaces, and

industrial applications. Several research groups and corporate interests are currently investigating

the use of these properties, but largely only in the context of adding nanoparticles to the cement

paste or applying thin layers of mortar impregnated with titania particles.’>® These methods

are inefficient uses of expensive nanoparticles, which increases material cost or requires

additional construction effort. Applying the active material directly to the surface ensures that

the majority of the particles are exposed, illuminated, and active.
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3.3. EXPERIMENTAL STUDY

Concrete specimens were prepared from three cement types and two aggregate sources and

cured using membrane forming curing compounds as evaporative control. The specimens were

tested for scaling resistance, resistance to chloride ion penetration, and resistance to damage from

carbonation reactions. The effectiveness of the curing compounds at preventing evaporation was

also tested. An example weighted decision matrix is provided to aid curing compound

specification by design engineers.

Concrete used as pavement in continental climate patterns will be exposed to freezing and

thawing conditions. During winter months deicers may be used to lower the freezing point of

water on the surface to keep the pavement surface free from ice.’®! The high ionic strength of the

deicer solution on the surface, the expansive nature of ice formation, and chemical reactivity

between the deicer solution and concrete components can lead to substantial internal tensile

stresses and result in spalling type failure of the finished mortar layer. In addition to the obvious

pavement deterioration, scaling impacts aesthetics, ease of cleaning and snow removal, surface

traction, and traffic noise.'$21%
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Scaling resistance testing was performed on specimens prepared from several concrete blends,

several coarse aggregate mineralogies, and treated with several MFCC formulations including a

novel mixed metal oxide nanoparticulate hydrophilic membrane to quantify suitability for use in

mid-latitude environments with annual freeze/thaw events. This testing was supplemented with

chloride ion penetration analysis, and carbonation depth analysis. An example weighted decision

matrix was populated with these data to systematize curing compound selection.

3.3.1. Materials, Sample Preparation, and Testing Methods

3.3.1.1. Concrete Materials

The concrete prepared for this study consisted of a cementitious binder, a coarse aggregate

fraction, and a fine aggregate fraction. The cementitious materials were either Type (I) OPC or a

blend of 30% (w/w) Grade 100 ground granulated blast slag or Class C fly ash (FA) in OPC.

The total cementitious material content was 470.0lbs/yd® (278.8 kg/m?) and the coarse

aggregate/fine aggregate/cementitious material mass ratio was 3.3:2.2:1. The coarse aggregate

fraction was graded stone with a maximum diameter of 1lin. (25.4mm), either crushed limestone

or predominantly igneous gravel. A single source of fine aggregate was used. A water-to-
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cementitious material (w/cm) ratio of 0.40 was used for OPC and GGBS concretes but was

reduced to 0.37 for FA-cement blends to meet slump requirements. Low range water reducing

admixture (LRWRA) was added as needed to meet the slump requirement of 31 in. Air

entraining agent (a common synthetic polymer type) was added as needed to entrain 6+1% air.

The crushed limestone coarse aggregate had an aspect ratio of approximately 2:1 length to

diameter. The gravel aggregate contained several mineral types including granite, basalt and a

minor fraction of dolomite with an aspect ratio of approximately 1:1 length to diameter. The fine

aggregate was graded sand from a single source. All water used in mixing was municipally treated

drinking water at 13°C (55°F). A total of 6 mix types were prepared and multiple samples of each

mix were treated with 5 curing compounds for a total of 30 treatments.

Table 6 shows the concrete mix designs and properties. Forms were non-absorbent cylinders

treated with form release agent.



Table 6 Fresh concrete properties and compressive strength

Coarse Avg. 28 Day Comp.
SCM Aggregate  |[w/cm  [Slump Strength

Mix  [Type Type Ratio  [Inches (% Air [PSI

1 None Limestone  [0.40 2.44 5.2% |4590
2 Fly Ash  |Limestone  [0.37 2.50 5.1% |5218
3 Slag Limestone  |0.40 2.19 5.3% |5447
4 None Gravel 0.40 2.15 5.3% |4707
5 Fly Ash  |Gravel 0.37 2.63 5.8% |5097
6 Slag Gravel 0.40 2.65 6.0% 4948

3.3.1.2. Curing Compounds

The physical and chemical properties of the tested MFCCs are presented in Table 7. Wax

(Wax), linseed oil (Lin), and poly-a-methylstyrene (PAMS) were emulsions of membrane

forming organic compounds and white pigment in water. Pigmentation was specified by the

DOT to increase the reflectivity of the surface, prevent thermal gradients arising from solar
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forcing, and aid in uniform application. The manufacturer stated that these emulsions are prone

to separation during long-term storage and should be used within the specified shelf life.

Clear chlorinated rubber epoxy (CR), and clear acrylic (Acryl) MFCCs were solutions of

membrane forming organic compounds in mixed organic solvents. These MFCCs were designed

to form a membrane on the surface and also penetrate the pore network of the concrete to

harden and seal it to prevent the ingress of air, water, or deicer solution. The organic solvent
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evaporates and enters the atmosphere as VOCs. The compounds were solutions instead of

emulsions and not expected to separate.

Organic solvents in the solvent based MFCCs introduced several important safety

considerations to the application process. The low flash point reported in the MSDS for these

compounds (<5°F (-15°C)) suggested that ignition is a concern under all realistic application

conditions. All potential ignition sources were isolated from flammable vapors in the spraying

area. Additionally, acute or extended exposure to organic vapors results in mental and

physiological effects (e.g. central nervous system depression, respiratory disorders, or cancer).

Spraying operations were performed outdoors to ensure vapor concentrations below flammable

or explosive levels and to limit personnel exposure. A respirator approved for organic vapors and

other appropriate personal protective equipment was used to further limit exposure.



Table 7: Membrane Forming Curing Compound Properties
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Name Solid Phase Carrier Solid Color Specific Membrane | Odor Recommended
Fraction gravity description | intensity | Application
Rate
Wax Paraffin Water 15-25% | Brilliant 0.97-1.03 | Not None 200ft*/gal
white reported
Lin Linseed oil Water 40-50% Yellowish 0.97-1.03 | 67% reflect. | Medium | 200ft*/gal
white
PAMS | Poly-a- Water 52.5% Brilliant 0.97-1.03 | 68% reflect. | Low 200ft%/gal
methylstyrene white
CR Chlorinated Mixed xylenes 29% Yellowish 0.97 Semi-gloss High 300ft*/gal
rubber Ethylbenzene clear
Unspecified epoxy
Acryl Acrylic monomer | Mixed xylenes 25% Colorless 0.91 Gloss High 300ft*/gal
Methacrylic Arom. distillates clear
monomer Trimethylbenzene
Cumene
Nano Nanoparticulate Water <1% Colorless 1.0 Not None 200ft*/gal
mixed metal clear Detectable

oxides

3.3.1.3. Specimen Preparation

All concrete used in this study was prepared with a rotary drum concrete mixer in 2.5 ft*

batches as per ASTM C192 methodology. Slump and air content were determined following test

protocols ASTM C-143 and ASTM C-231 for each batch. Four 4 in. diameter by 8 in.

cylindrical specimens were prepared for 28 day strength testing for each of the concrete mixes.

Three replicate ASTM C672 specimens (12 in. diameter by 3 in. cylinders) and 4 replicate
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AASHTO T259 specimens (8 in. diameter by 3.5 in. cylinders) were prepared for each concrete

mix and each curing compound. Molds were filled manually in two lifts. Each lift was compacted

with a steel tamping rod and consolidated by striking the form several times with a rubber mallet.

After the second lift any excess material was struck from the form with a wooden strike off

board. Mortar was floated to the surface with a wooden board utilizing the minimum amount of

work required to cover all coarse aggregate particles. The specimens were then allowed to rest

and bleed in the mold. A bleed period of two hours was specified as a standard that falls in the

range of field construction practices. This period of time was insufficient to allow the complete

evaporation of bleed water on the surface of some concrete blends prior to finishing emphasizing

that different mixes will exhibit bleeding in different ways. The surface was finished with three

sawing motion passes of a wooden board and textured with a medium stiffness brush before

treatment with MFCC.

The order in which the specimens were treated with MFCC was randomized to minimize

systematic artifacts. All MFCCs were applied to the surface using pressurized hand-held sprayers

with nozzles chosen to provide smooth, even coverage. MFCC was applied gravimetrically by
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placing the specimens on an electronic balance and masking the balance pan to prevent overspray

from affecting the mass reading. MFCCs were applied with the nozzle of a hand-held sprayer

perpendicular to the concrete surface. The aerosol spray pattern was swept across the surface in

alternating directions until the desired mass of curing compound was applied. The mass applied

resulted in a coverage rate of 204+13f{t*/gallon (5.01+0.32m?%L) for all compounds.

ASTM C672 and AASHTO T259 specimens were left exposed to laboratory air at 45+5%

relative humidity (RH) and 23+2°C (73°F). After 24 hours the specimens were removed from the

form and the sides and bottoms were sealed with a low-viscosity, low-modulus epoxy to limit

evaporation to only the MFCC treated surface. After a 28 day curing period in the laboratory,

the specimens were transferred to a chamber maintaining 50+5% RH and 23+2°C for 14 days.

This second period allows wet cured specimens adequate time to dry and develop pore humidity

similar to curing compound treated specimens. The specimens were fitted with a confining rim

dam to contain a % in. (6mm) pond of 4% (w/w) NaCl solution.

Compressive strength specimens were demolded after 24 hours and held in a chamber

maintaining 25+2°C and 100% RH until testing. At 28 days, the specimens were capped with
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sulfur capping compound. ASTM C156 specimens were prepared by filling cylindrical forms, 6

in. diameter and 1 in. depth, with OPC mortar. Mortar mix design, mixing, and form filling

technique were performed in accordance with the test method. Specimens were allowed to bleed

for two hours before curing compound was applied.

3.3.2. Test Methods

3.3.2.1. Early Age and Compressive Strength

The early age properties (slump, percent entrained air, unit weight) were measured using test

protocols ASTM C-143 and ASTM C-231 and the appropriate equipment. Strength cylinders

were tested to failure for compressive strength.

3.3.2.2. ASTM C-672: Standard Test Method for Scaling Resistance of Concrete

Surfaces Exposed to Deicing Chemicals.

The reservoirs on the sample surfaces created by the dams were filled to approximately % in.

(6 mm) depth with 4% w/w NaCl solution. The specimens were placed in a temperature

controlled chamber programmed to provide -16°C (3°F) for 20 hours followed by 34°C (93°F)

tor four hours. The tops of the specimens were loosely covered with 6 mil polyethylene film to
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prevent evaporation. After every fifth freeze/thaw cycle the specimens were removed from the
environmental chamber and the deicer solution decanted over a #200 sieve. Any loosely adhering
material on the specimen surface was rinsed off with a gentle stream of water and collected in the
#200 sieve. The scaled material was dried at 50°C (122°F) in a laboratory oven and weighed with
a digital balance precise to 0.01 grams. When it was necessary to repair or reinstall the dam, care
was taken to ensure that no scaled material was lost and that the dam was reinstalled in the same
position. The mass of scaled material was averaged over the three specimens. No standard for an
acceptable quantitative mass loss in this test is specified for the USA, but values no greater than
500 g/m? (0.9221sb/yd?) are specified for Canadian roadways, and Sweden specifies a loss rate no
greater than 1000g/m? (1.841bs/yd?)."*!

3.3.2.3. AASHTO T-259 Modified: Method for Testing Resistance of Concrete to

Chloride Ion Penetration

The deicer reservoirs were filled with 4% (w/w) NaCl solution to %” depth. The specimens

were stored at 23+2°C and 50+5% RH and loosely covered with 6 mil polyethylene film to

prevent evaporation. Every 7 day the deicer solution was replaced to prevent changes in the
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solution concentration. After three months of deicer coverage, specimens were rinsed liberally

with fresh water and the top millimeter of the specimen surface was removed by grinding.

Pulverized powder samples were collected for each specimen from five locations on the surface by

drilling. Material was collected at a depth from 1 mm (0.04 in.) to 13 mm (0.5 in) at 5 widely

separated locations. A second sample of material was collected at a depth from 13 mm to 25

mm(1 in.) in the same 5 locations. The powdered samples were passed through a #16 sieve to

remove any large particles and stored in polypropylene centrifuge tubes until analyzed.

Powdered concrete from each depth region was digested with boiling nitric acid solution.

Any sulfur was removed by addition of a small volume of 30% H,O to the digesting solution. An

aliquot of the digesting solution was diluted and analyzed by ion chromatography. This method

is capable of quantitative analysis at sub-ppm resolution, is automated, and more rapid than

electrochemical methods.!?>1%

3.3.2.4. ASTM C-156: Standard Test Method for Water Loss from a Mortar Specimen

through Liquid Membrane-Forming Curing Compounds for Concrete
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Mortar specimens were prepared from OPC and the same fine aggregate as those used for

the concrete specimens. Curing compounds were sprayed onto the specimens at a coating rate of

200 ft¥/gallon. The specimens were weighed, coated with curing compound, reweighed, and

inserted into an environmental chamber at 100.0+0.5°F and 32+0.5% relative humidity. After 3

days, the specimens were reweighed and the mass loss was adjusted for evaporation of the

MFCC carrier phase.

3.3.2.5. Carbonation Depth

The resistance of the hydrated mortar to damage from carbonation reactions was tested using

an accelerated test procedure. The specimens prepared and tested during ASTM C156

experiments were placed in a 100% CO, atmosphere for 1 month. The specimens were then

broken and a 1% phenolphthalein solution was sprayed on the freshly broken surface.

Carbonation depth was measured as the distance from the exposed surface to the depth at which

the phenolphthalein solution turned pink due to high pH. This provides a qualitative

comparison of the resistance of the concrete mortar to carbonation. The 100% CO, atmosphere

used in this test was not humidified, and humidity is known to affect the rate of carbonation
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reactions.'” This shortcoming prevents direct comparison of carbonation results with other

research projects but provided rapid results.

3.3.3. Results

3.3.3.1. Curing Compound Application

High viscosity formulations required specific nozzle design and greater pressure to atomize

sufficiently to provide smooth coverage and an acceptable spray pattern. PAMS based MFCC

was the most difficult to atomize. Linseed oil and chlorinated rubber epoxy MFCCs were

moderately difficult to atomize. The clear acrylic and wax based MFCCs were easiest to spray.

The white color of the pigment in the emulsion type MFCCs aided application of the compound

in a homogenous and continuous layer.

In several of the samples treated with wax MEFCC the membrane exhibited crazing or a

network of cracks that formed as the material dried and the concrete set. No trend in the

formation of this crazing was found; its presence or absence was random with respect to cement

type or aggregate type. Crazing of this type has been reported after application of the compound

to still-bleeding concrete specimens.”’
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3.3.3.2. Deicer mediated freeze/thaw scaling tests

Mean values of and the standard error for the cumulative mass lost during repeated freezing

and thawing cycles are presented for each concrete blend. Standard error values are indicative of

the nature of the surface failure. High standard errors that revert to lower values correspond to

sample populations in which one sample lost a great deal of mass and the other samples failed

similarly at a later time.

3.3.3.2.1. OPC concrete with crushed limestone aggregate:

Specimens prepared from OPC with crushed limestone aggregate performed the best of all of

the mixes (Figure 19). PAMS and Wax coating showed a steep initial scaling loss and continued

to lose mass during the entire test. The CR and acrylic coatings had a rate of mass loss near zero

tor approximately half of the test. Thin sections of mortar over large aggregate particles near the

surface were the only regions damaged by spalling. The linseed treated specimens began to

rapidly lose mass near the end of the testing cycle but finished the test with large sections of

undamaged surface.
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Mix 1: OPC with crushed limestone coarse aggregate
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Figure 19: Cumulative mass lost to scaling for OPC concrete with crushed limestone aggregate. Note: Y axis scale is 1/10

that of the other figures in this section

3.3.3.2.2. 30% Fly Ash concrete with crushed limestone aggregate

Replacing 30% of the cementitious material with Class C Fly Ash resulted in mass losses

almost an order of magnitude greater than the comparable OPC specimens (Figure 20). Fly ash

greatly increased the slump value of the mix and necessitated the use of a lower w/cm ratio. This

concrete was still very plastic after two hours. The lower w/cm ratio may have made the

specimens more sensitive to surface evaporation. Concretes containing fly ash require longer

curing times; the fly ash fraction hydrates via slower pozzolanic reactions. If the OPC fraction of

the cementitious material consumes most of the free water, pozzolanic reactions will be limited

and the paste will not develop adequate strength and have high porosity.

198,199
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PAMS, CR, and acrylic MFCC treated specimens lost large amounts of finished surface

within the first 10 cycles. This represented complete surface failure to a depth of several

millimeters. Once the surface had failed the mass loss rate dramatically decreased. This suggests

that the curing compound did not adequately control the loss of water to evaporation during the

curing period or altered the surface structure of the specimens. Wax specimens performed well in

comparison to the other treatment types. Linseed oil treated specimens performed well for the

early portion of the test but continued to lose mass during the entire test.
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Figure 20: Scaling mass loss for 30% Fly Ash concrete with crushed limestone aggregate
3.3.3.2.3. 30% Slag concrete with crushed limestone aggregate

Specimens prepared with grade 100 ground-granulated blast furnace slag (slag cement) also

showed a dramatic decrease in resistance (Figure 21). Slag cement produced concrete that had
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distinctly gelled after 2 hours. This gelling decreased the bleed rate of the concrete and the

sample surface had lost the “shiny” appearance associated with bleed water after 2 hours. PAMS,

CR, ACR, and nanoparticle specimens had regions of an undamaged surface remaining at the

end of testing, while Wax and Linseed specimens failed to a depth of several millimeters across

the entire surface.
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Figure 21: Scaling mass loss for 30% slag concrete with crushed limestone aggregate
3.3.3.2.4. OPC Concrete with igneous gravel aggregate

With the exception of Linseed samples, the OPC specimens with igneous gravel aggregate

behaved similarly to the specimens prepared with crushed limestone (Figure 22). There was

some sandstone present in the coarse aggregate that failed under the test conditions. When
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aggregate particles failed near the surface, this resulted in a loss of the mortar cover over the

particle and eventual loss of the entire stone, leaving a negative impression in the mortar. The

mass of stone influenced the scaling mass and introduced flaws and stress into the surface. Wax

and Acrylic specimens finished testing with large areas of surface undamaged. CR specimens lost

an appreciable amount of surface early in testing but stabilized rapidly. PAMS specimens

performed well until beginning to lose large areas of surface cover after 50 freeze/thaw cycles.

These specimens lost cover completely to a depth of several millimeters.

1600

1400

1200

Mass Lost (g/m?)
=
[0 o
o o
& o

)]
o
o

N
o
S

200

Mix 4: OPC with gravel coarse aggregate

—o— PAMS
—a&— Linseed

Acrylic
—3— Chlor. Rubber

W \Wax

5 10 15 20 25 30 35 40 45 50 55 60
Cycles

Standard Deviation in Mass Lost

140

120

100

80

60

40

20

Mix 4: OPC with gravel coarse aggregate

; —3¢— Chlor. Rubber f

—o— PAMS
—&— Linseed
Acrylic

\ —— \Wax

|

\\

\NIA /

5

o A

10 15 20 25 30 35

Days

40 45 50 55

Figure 22: Scaling mass loss in OPC concrete with igneous gravel coarse aggregate

3.3.3.2.5. 30% Fly Ash Cement with igneous gravel aggregate
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Specimens prepared from concrete with fly ash and igneous gravel aggregate performed

similarly to those prepared with crushed limestone aggregate (Figure 23). Fly Ash dramatically

decreased the concrete’s resistance to scaling. CR and Linseed specimens lost large amounts of

finished surface within the first 10 days of testing. This represented complete surface failure, in

which the entire surface crumbled to a depth of several millimeters. PAMS specimens lost

surface cover by 30 freeze/thaw cycles. Wax and ACR specimens performed well in comparison

to the other treatment types. ACR appeared more effective when used on a 30% FA concrete

with gravel aggregate as opposed to crushed limestone aggregate.
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Figure 23: Scaling mass lost for 30% Fly Ash concrete with igneous gravel aggregate

3.3.3.2.6. Slag Cement with igneous gravel aggregate
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The performance of slag cement concretes with igneous gravel coarse aggregate was similar

to that of those prepared with the crushed limestone aggregate (Figure 24). Wax and Lin

specimens rapidly lost several millimeters of surface. CR and Acrylic specimens were moderately

resistant to scaling. PAMS specimens performed very poorly in relation to the crushed limestone

aggregate. The high standard deviation in the mass lost for PAMS treated specimens shows that

the failure occurred in single specimens at 25, 35, and 50 cycles.
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Figure 24: Scaling mass lost for 30% Slag concrete with igneous gravel aggregate
3.3.3.2.7. Observations by curing compound formulation

Linseed oil-based MFCC performed the worst of the five types tested for all concrete mix

designs. Wax specimens of OPC and fly ash lost little mass and were resistant to scaling;

specimens with slag cement performed poorly in relation. PAMS specimens lost little mass when
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the cement was OPC; binary blend samples were less resistant to scaling. Acrylic and CR

specimens performed well in relation to the emulsion type except in the specific case of

chlorinated rubber on fly ash concrete. Acrylic specimens lost little mass regardless of the cement

type or aggregate used.

3.3.3.2.8. Statistical Analysis of Scaling Behavior

A multi-factor analysis of variance (ANOVA) was performed at each sampling point to

determine the factors most important to scaling performance during the 60 cycle test. Aggregate

type was not correlated with scaling loss at any time. At 5 freeze/thaw cycles the coating type,

cement type, and interactions between cement type and aggregate were strongly correlated with

differences in performance at p=0.05, suggesting that the both concrete mix design and the

coating type must be chosen to minimize scaling. At the test midpoint, all effects were

significant except aggregate type. At 45 or more cycles interaction between the coating type and

the aggregate type were no longer significant. This analysis suggests that MFCC choice is

significant, but also that supplemental cementitious material type, interactions between SCM

and aggregate, and interactions between MFCC and cement type (e.g. avoiding wax MFCC on
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slag blends and avoiding chlorinated rubber MFCC on fly ash blends) are relevant to improving

scaling performance.

3.3.3.3. Chloride ion penetration

Chloride ion concentration at each depth is presented in Figure 25. Wax based MFCC

treated specimens generally had greater chloride ion penetrations when the coarse aggregate was

limestone. There was a slight decrease in chloride ion penetration in specimens prepared with

gravel coarse aggregate at both depth ranges. This may be due to the greater angularity and

aspect ratio of the limestone coarse aggregate. Aggregate particles with a large aspect ratio extend

turther into the bulk concrete, and provide a highly porous pathway for water transport along the

interfacial transition zone. Reactive microfine material on the aggregate can also affect the

aggregate-mortar bond and allowing bulk transport along decoupled interfaces.

At depths between 0.04 in. and 0.5 in. interactions between the coating applied and either
cement or aggregate types were not significant at P=0.05 (Table 8); MFCC choice can be
independent of concrete or aggregate choice at this depth. All treatments and interactions
correlated significantly between 0.5 in. and 1 in. depth, although only wax MFCC performed

significantly worse.
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Table 8: Probability that treatment factor was not significant for chloride ion concentration at each depth by multi-factor

ANOVA analysis
Variance Source 0.5in. | 1in.
Coating Type 2% 0%
Cement Type 0% 1%
Aggregate Type 0% 0%
CoatingxCement 44% 0%
CoatingxAggregate | 100% | 0%
CementxAggregate | 0% 0%
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Figure 25: Chloride ion concentration profile for each cement type and aggregate source

3.3.3.4. ASTM C156 and Carbonation Depth Results
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OPC mortar specimens were prepared with each curing compound type and the evaporative

control performance for each formulation was measured (Table 9). Samples that were untreated

were included as a reference point. Wax and Linseed were slightly effective at preventing

moisture loss. PAMS was the most effective of the emulsion formulations, decreasing

evaporation by 28%. CR and Acrylic specimens were much more resistant to evaporative loss.

Table 9: Evaporative mass loss during 3 day curing period in 37.8°C and 32% RH air and carbonation depth after 28 day

exposure to 100%CO; atmosphere

Coating Water Carbonation

Coating Rate Loss Rate  S.D. % Depth

Type ft¥/gal kg/m? kg/m? | Reduction mm

None NA 3.69 0.16 Reference 4.0
PAMS 200 2.65 0.14 28% 5.8

Wax 196 3.39 0.22 8% 5.0
Linseed 201 3.11 0.11 16% 8.2

Chlorinated 199 0.81 0.03 78%

Rubber 1.9
Acrylic 197 1.16 0.04 69% 2.1
IMFCC 198 435 0.09 -18% 4.5

Samples prepared from the emulsion type MFCCS were less resistant to carbonation damage

than those prepared with solvent type MFCCs at P=0.05. Linseed MFCC treated specimens

had greater carbonation depth than the untreated specimens. The protective behavior of the

solvent MFCC:s is likely due to the treatment penetrating the mortar pore structure, sealing it,



113

and excluding the CO, atmosphere from the pore structure of the specimen. IMFCC treated

specimens lost more mass to evaporation than MFCC or untreated specimens, but did not

exhibit dramatically different carbonation reaction rates.

3.3.3.5. Decision matrix from combined data

The numerous second order correlations among the treatments and performance outcomes
complicates the selection process for concrete designers. It is therefore useful to present the
conclusions of this study in the form of a weighted decision chart in which a design element
(curing compound) is rated against other design parameters by choosing numeric values for
performance in each design metric. An example is provided below, where the weight of scaling
damage is twice that of chloride penetration resistance (Table 10).

This decision table could be expanded to include carbonation resistance, cost, and aesthetic

properties as long as the additional performance metrics are given an appropriate numerical

ranking and criterion weight. Large numeric rankings for unacceptable performance could also

be replaced with go/no go rankings to exclude. As an example, scaling losses greater than

1000g/m? could exclude a coating even if it were effective at preventing carbonation and chloride

penetration with low cost.
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Table 10: General guidance for concrete engineers. Low magnitude represents improved performance. Note: the highlighted

section represents the scaling resistance of the Limestone/OPC system, which performed dramatically better and would rate as

excellent in comparison.

Coating Type
Aggregate Type|Cement Type[Property PAMS|Linseed|Acrylic|Cl. Ru.|Wax
Scaling 3 3 1 1 3
OPC
Chloride Res. 2 2 2 3 3
Scaling 4 5 3 5 2
Limestone 30% Fly Ash
Chloride Res. 2 2 1 2 3
Scaling 2 10 2 2 5
30% Slag
Chloride Res. 1 2 1 1 3
Scaling 2 10 1 2 1
OPC
Chloride Res. 1 1 2 1 2
Scaling 2 5 1 4 1
Gravel 30% Fly Ash
Chloride Res. 1 1 1 1 1
Scaling 4 5 2 2 5
30% Slag
Chloride Res. 1 2 2 1 2
Total 14 29 10 14 16
Weighted Average[2.1  |4.0 1.6 |21 2.6
Scaling Chloride ion penetration
Numeric Numeric
. , . . mg Cl .
Rating g/m Rating [||Rating 2 concrete Rating
Unacceptable[>1000 10 Poor >4 3
Poor 800<x<1000|5 Good |2<x<4 2
Fair 600<x<800 |4 Excellent]<2 1
Good 400<x<600 |3
Very Good [200<x<400 |2
Excellent <200 1
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3.3.4. Conclusions

Curing compounds are designed to support cementitious hydration reactions by preventing

evaporative loss of chemically available water from the near surface of exposed emplacements.

Proper curing can mitigate damage to concrete from surface scaling, carbonation reactions, and

chloride ion penetration by producing a denser and less porous CSH gel matrix. Deicer mediated

surface scaling is the most visible of these damage modalities and can occur in a single winter in

middle latitudes. Scaling destroys surface textures applied to a pavement for traction and noise

modification, changes the aesthetics of the concrete product, and increases the difficulty of

removing snow and debris. Linseed oil emulsion type curing compound was least effective at

producing durable specimens. Generally, solvent type MEFCCs designed to cure and seal the

concrete surface produced surfaces that were more resistant to damage associated with cold

weather than emulsion type MFCC:s. Interactions between curing compounds and cement paste

chemistry can lead to surfaces with poor scaling resistance.
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SECTION 3: A TECHNICAL NOTE ON PROTON TRANSFER

RESONANCE MASS SPECTROMETRY

1. OVERVIEW OF TECHNIQUE

Chemical Ionization Mass Spectrometry (CIMS) is an analytic technique capable of
detecting volatile organic contaminant species at extremely low concentration, in real time, with
little or no sample preparation requirement. This instrument generates gas phase ions that react
with and ionize any species of interest. The ions transfer charge to the target component,
producing a secondary ion that is detected by any of several mass spectrometer instrument types.
Ion transfer reactions are less likely to result in fragmentation of molecules of interest to the
researcher than other techniques, i.e. electron spray. This simplifies data analysis; the m/z signal
detected for the ionized compound is typically similar to that of the parent compound. Proton
Transfer Reaction mass spectrometry (PTR-MS) uses protonated water, H;O", as the reagent
ion, and typically results in the formation of secondary ions with 1 amu additional mass
compared to the parent compound (Equation 7). This is an equilibrium reaction with kinetics on
the order of 107 transfer reactions per second in a volume of 1cm?®. The readiness with which a
particle accepts an additional proton is the proton affinity of that component. When the proton

affinity of a component R is greater than that of water (691 k]/mole) the formation of RH" is
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thermodynamically favored and the reverse reaction is considered negligible. The proton is not

transferred at appreciable rates with compounds with proton affinities lower than that of water.

Equation 7: Proton Resonance Equilibrium Reaction
H;0* + R o H,0 + RH*

Kinetic analysis of Equation 7 with the assumption that the number density of H;O* ion
greatly exceeds that of all compounds with proton affinities greater than 697 kJ/mole (that of

H,O) results in the well-known relationship in Equation 8:2®

Equation 8: The number density of daughter ions produced by the PTR-MS instrument
[RH*] ~ [Hs0+]k[R]At

Where square brackets denote number density (cm™), k is the kinetic rate constant of the
proton transfer reaction, and At is the residence time of the ions in the drift tube. The
transmission efficiency T of a quadrupole-type mass spectrometer is dependent on the mass to
charge ratio of the ion detected. Rearranging Equation 8 to solve for the mixing ratio
concentration of R in PPB, (parts per billion, volume), correcting for the mass-dependent
transmission efficiency of the quadrupole mass spectrometer and conversion from number

density to volume mixing ratio results in Equation 9

Equation 9: Mixing ratio concentration of species R in PPB. as detected by the PTR-MS instrument

Hz T 10°
[R] — Mass of R " "
HZWater kAt N
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Where Hz denotes the signal detected at the m/z ratio of the compound of interest and N is
the number density of gas particles in the drift tube as calculated from the operating pressure and
temperature.

The high number of H3;O* ions generated by the glow discharge chamber results in detector
saturation when measuring at m/z=19. To approximate the actual intensity of the water signal
the smaller signal at m/z=21 (heavy water) is monitored and adjusted using the isotopic

distribution of the source water. Table 11 shows the elemental and molecular isotopic ratios of

water in VSMOW as well as the corrected values for Madison, WI1.2%!



Madison
VSMOW Water
[sotopic [Correction [Isotopic
[sotopelFraction |[Factor & (%o)|Fraction
1H 99.984% 99.986%
2H 0.016% -73.5%0 0.014%
160 [99.837% 99.763%
170 0.038% 0.038%
180 0.201% -8.95%0 0.199%
Water Isotopic Madison WI
Mass Fraction of | Isotopic
g/mol VSMOW | Fraction
18.011 9.97E-01 9.97E-01
19.015 3.72E-04 3.80E-04
19.017 3.11E-04 2.88E-04
20.015 2.00E-03 1.99E-03
20.021 1.16E-07 1.10E-07
20.023 2.60E-08 2.08E-08
21.021 6.23E-07 5.73E-07
Total at
20 2.000E-03 1.987E-03
AMU

Table 11: Correcting for fractionation in the elemental and molecular isotopic composition of water in Madison, WI
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With these factors determined it is possible to calculate a theoretical concentration for any

compound for which a proton reaction rate constant has been reported. These constants are

typically near 2 X 10 cm?/s, and can be estimated using several methods (e.g. ADO (Average
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Dipole Orientation)) with good agreement with the literature, but literature values vary by as
much as 50%. Several authors have recommended and published work using 2 x 1072 cm?/s as
the value of the kinetic rate constant for all compounds due to the large uncertainty in the values.
While this may result in concentrations that are adequately accurate in some instances, a simple

calibration performed using a certified source is preferred for work demanding high accuracy.

2. DESCRIPTION OF INSTRUMENT

In the CIMS instrument employed for this research, H;O* ions are generated by introducing
a flow of 18 SCCM USP air through the headspace of a small tank of deionized water. This
humid air enters a glow discharge chamber with approximately 600V of tension applied and
injected into a low pressure drift tube with the sampled gas. The drift tube pressure is controlled
by adjusting the flow rate of the sample gas entering the chamber with a needle valve, and
typically operates at 7.5 Torr with a sample gas flow rate of 118 SCCM. A 3.4kV constant
potential is applied along the length of this 10cm drift tube to accelerate the reagent and
secondary ions towards the detector and kinetically fragment most ion clusters that form. A
quadrupole mass filter is used to separate the produced ions by mass to charge ratio (m/z). The
ions that traverse the oscillating field in the quadrupole impact a current counting detector. The

output from the detector has units of events per second (Hz) and is directly proportional to the
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ratio of the number density concentration of ions in the drift tube to the parent ion signal

(m/z=19).

3. CALIBRATION AND TRANSMISSION EFFICIENCY
DETERMINATION

The CIMS instrument must be calibrated prior to use. When measuring the concentration of
only a few species it is easiest to simply perform several dilutions of a standard calibration
standard. A schematic of the apparatus used for calibration of the CIMS used in this research is
presented in Figure 26. The mass flow controllers used were capable of providing two stages of

accurate 500:1 dilution, allowing for calibration across several orders of magnitude.
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Figure 26: Calibration standard dilution and instrument background determination apparatus

Determining the concentration of an unknown species, or a species for which a calibration
standard is not available, requires determining the m/z dependent transmission of the quadrupole
mass spectrometer. This is most readily accomplished by sampling the headspace of vials
containing compounds with masses spanning the m/z range of interest. The high concentration
of the sampled gas will result in a measurable decrease in the signal at 21 amu, corresponding to
the water signal. The ratio of the decrease in water signal to the increase in the compound is the

relative transmission efficiency at the mass of that compound. The areas between points are
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interpolated using a variety of methods. There are several instances in the literature of cubic

splines being used, as they are relatively easily calculated and aesthetically pleasing, but there is

currently no rigorous justification for their use.20*2*
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SECTION 4: SUMMARY AND DIRECTION OF FUTURE WORK

Photoactive thin films possess unique properties that engender their use in sustainable
engineering and chemical production. This dissertation provides several examples and
experimental outcomes of their application, but significant work still remains to increase their
tunctionality and adoption outside of the lab. Commercial deployment and application will
require improvements in the following categories: decreasing the cost of precursor materials and
membrane application, improving catalyst performance, improving catalyst and membrane
durability, improving reactor design, and public outreach and education.

Membrane precursors are currently prepared using commercially prepared powders, milling
of large particles, sol-gel processing, plasma processing, flame processing, heterogeneous
chemical growth, and several other techniques. These precursors are applied to a substrate in a
variety of methods, including dip coating, spin coating, slip casting, physical or chemical
deposition, slurry processes, and in-situ modification of the substrate. After application, the
membrane often requires further processing, e.g. thermal annealing, doping, optical sintering,
dyeing, efc. Each step of this process affords opportunity to improve the membrane for a
particular application but requires significant investment in research and development, capital

equipment, processing time, energy, and materials. Deployment of thin film photocatalysts will
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require optimization of the entire embodied cost, which is an area largely unaddressed in the
available literature.

The complete lifecycle of the applied membrane should be considered when evaluating
suitability for a given function. Photoactive film performance should be understood in the
context of the application, high initial performance with poor longevity is only useful if the
economics of replacement are favorable. A lower cost material with poorer performance can
suffice if the usable lifespan is significantly greater. Making this determination requires an
understanding of membrane evolution and related performance changes. Membranes evolve
through several mechanisms, as examples membranes with high surface areas possess significant
excess energy, and will decrease surface area when conditions permit and environmental
contaminants and reaction intermediates that chemisorb to the surface without further reaction
can poison the catalyst and decrease reaction rates and conversion efficiency. Long term
performance of these materials, when evaluated at all in the literature, is typically on the order of
hours to several tens of hours. Real world applications will require understanding of membrane
behavior at much longer time scales.

When used as photocatalysts, effective deployment of these membranes requires complete
reactor design. Sufficient light of the correct energy must interact with the catalyst to maximize

conversion, but excess light only results in the generation of heat. Reactors with high conversion
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rates and volumetric efficiency require the correct balance of light, catalyst surface area, and
geometry. Lighting sources are constantly being improved with regards to intensity, efficiency,
and available spectrum or wavelength. Solid-state lighting in particular has dramatically
improved, with shorter wavelengths and higher intensities at lower cost being introduced at a
remarkable pace. Reactor design utilizing solid-state lighting is currently in its infancy and
promises to be a fruitful avenue of research.

Finally, adoption will only occur within the correct regulatory and commercial environment.
There is substantial momentum in the use of legacy or current technology that must be overcome
before these novel materials are widely deployed. Legislators and regulatory bodies must be
educated to the promise and limitations of photoactive membranes to provide pathways to the
consumer, consumers must be educated to the potential benefits, and both existing and
entrepreneurial ventures must overcome the engineering and economic barriers to production.
This work is already in progress for many applications and in many markets: as examples several
manufacturers offer self-cleaning glass, Japan is currently deploying concrete pavement coatings
for the removal of airborne contaminants associated with internal combustion, and companies
are developing coatings to treat and remove graffiti. Further work is required to identify potential

applications and develop new markets.
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