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ABSTRACT

The simultaneous degradation of five organic contaminants: 1,4 dioxane, n-
nitrosodimethylamine, tris-2-chloroethyl phosphate, gemfibrozil, and 17p estradiol, was
investigated using a 1 L batch water-jacketed UV photoreactor utilizing titanium dioxide (TiO,)
nanoparticles (Degussa P-25) as a photocatalyst.

The primary objectives of this research were: (1) to experimentally assess the feasibility of
heterogeneous photocatalysis as a promising alternative for the degradation of organic
compounds in water; and (2) to model the chemical reactions by the application of two different
approaches based on adsorption — surface reactions (Langmuir-Hinshelwood) and its
simplification to a first order rate reaction. These objectives were motivated by the lack of
information regarding simultaneous degradation of organic compounds in different categories as
found in real aqueous matrices, and generation of specific intermediates that could eventually
represent a potential risk to the environment. Contaminants were chosen based on their
occurrence in water sources, their representativeness of individual sub-categories, and their
importance as part of the CCL3 as potential contaminants to be regulated. Contaminant
degradation was evaluated over time, and the TiO, concentration and solution pH were varied
under constant UV irradiation, oxygen delivery rate, mixing gradient, and temperature.

Specific accomplishments of this study were: (1) reaction kinetics data were obtained from the
UV/TiO; experiments and showed the potential that this UV/TiO, process has for effectively
removing different types of organic compounds from water; (2) a good fit was obtained between
photocatalytic reaction kinetics models and the contaminant data using pseudo first-order and
Langmuir-Hinshelwood (L-H) models; (3) results of the analytical methods developed in this
study were validated by measurements performed by a certified laboratory; (4) the reaction
kinetic parameters obtained in this study were normalized to electrical energy per order, reactor
volume and surface area of the photocatalyst in order to provide rate constants with wider
applicability for scale-up to more complex systems; and (5) degradation intermediates from the
oxidation process and from interaction among compounds were identified and possible pathways
for their formation suggested. This research has provided a better understanding of the
photocatalytic process for the removal of organic contaminants from complex aqueous matrices.
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Reaction rate constant (mgL 'min™")

Surface reaction rate constant

First-order reaction rate constant (min™')

First order rate constant normalized to energy per volume [m*(kw-h)"]

First order removal normalized to TiO, surface area of (min'm?)

First order removal constant normalized to TiO, surface area & energy
delivered (m® (kwh)'m?)

Surface area of TiO, (m?). The specific surface area of P-25 Degussa TiO, is 59
m?g’!

First order reaction rate (mgL'lmin'l)

Photocatalytic first order rate

Initial concentration of contaminant (mgL ™)

Final concentration of contaminant at time t (mgL'l)

Reaction/exposure time (min)

Adjusted concentration of contaminant (mgL'l) to determine kj, values
Equilibrium concentration of contaminant after 24 hrs adsorption (mgL™)

Mass of contaminant adsorbed/mass of TiO, ratio present at equilibrium (mgg™)
Maximum contaminant adsorption onto TiO, surface at equilibrium (mgg™)
Amount of contaminant (mg) adsorbed at different TiO, concentrations at
equilibrium

Mass of TiO, (g)

Titanium dioxide

Batch reactor

Continuous stirred tank reactor

Plug flow reactor

Ultraviolet light

Energy delivered (kW-h)

Power of the lamp used for performing the experiments in the UV range
(constant and equal to 4.6 W for this work)

Volume of a sample (ml)

Reactor volume (m”*)

Contaminant of emerging concern

N-nitrosodimethylamine

Tris-2-chloroethyl phosphate

Energy of photon (in eV) as a function of wavelength A (m)

6.626 x 10°*J s (Planck’s constant)

2.998 x 108 m s~ (speed of light)

Conversion factor for the energy from Joules to electron volts (eV).



I. INTRODUCTION

According to the United Nations, water scarcity issues are linked to most of the Millennium
Development Goals [1]; therefore, water pollution control is increasing in importance throughout
the world. Numerous studies show that a significant amount of organic pollutants derived from
municipal, agricultural, and industrial wastewater sources are now being detected in our waters.
These compounds are most commonly so-called Contaminant of Emerging Concern (CECs) and
are related to adverse health-effects and environmental impacts, even at very low concentrations
[2-6]. To minimize the impacts caused by their uncontrolled disposal, the development and
implementation of advanced technologies is needed because conventional treatment processes
like precipitation-coagulation, air stripping, and biological treatment have shown to be relatively
ineffective in removing them from contaminated waters as compared to advanced oxidation
processes (AOPs) [7, 8].

A growing interest in both academic and industrial communities on AOPs is evident by the
increased number of publications in peer-reviewed journals, an increasing number of patents, and
international conferences dedicated to environmental applications of AOPs. Over 5,700 articles
have been published in journals covered by the Science Citation Index between 2005 and 2011
dealing with processes such as heterogeneous photocatalysis, hydrogen peroxide (H»0,),
ozonation, photolysis, Fenton’s reactions, wet air oxidation, and ultrasound. Approximately 25%
of these publications are related to the photocatalytic process [9]. Figure I-1 illustrates the
increased activity of publications in the photocatalysis area.
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Figure I-1 Publications pertaining to photocatalysis from the top 12 (overall) publishing nations
[10].

Heterogeneous photocatalytic oxidation is a promising technique for the degradation of
chemicals encountered in our waters. This mechanism involves the acceleration of a

11



photoreaction in the presence of a solid semiconductor photocatalyst (i.e. TiO,, ZnO, ZnS, etc.)
[11]. The process of photocatalysis begins with an initiation step or excitation of the
photocatalyst by means of an irradiation source (i.e. UV lamp, sunlight) that enhances the
production of several highly reactive radical-species (i.e. hydroxyl radicals (OH")), which
produce redox reactions that contribute to the degradation of organic contaminants.

One of the earliest investigators who focused on the degradation of contaminants in water was
Carey (1976) [12]. He reported in his study on the photodechlorination of polychlorobiphenyls
(PCBs), that heterogeneous photocatalysis is a potential new method for the treatment of organic
pollutants in water. Since then, the evolution of the photocatalytic process for water purification
has evolved significantly [16-24].

Among the different photocatalysts available for photocatalysis, the use of titanium dioxide
combined with ultraviolet light (UV/TiO;) represents a promising technology within the wide
range of advanced oxidation processes. This technique has potentially relevant advantages over
many of the current AOPs such as high capability to degrade a wide variety of organic
contaminants from water, low production of toxic byproducts, availability, and low operational
costs [13-15]. The UV/TiO, process may be performed either in a slurry-type reactor (where the
TiO, particles are suspended in the water to be treated), or in a fixed-media type reactor (where
the catalyst particles are onto the surface of a stationary media). A major disadvantage of the
slurry technique is that it requires a supplementary solid/liquid separation step such as
decantation, filtration or centrifugation to remove the catalyst from the effluent. In spite of
immobilized catalysts might be a solution to the separation issue, the main drawback of using
this system is its restricted processing capacity due to possible mass transfer limitations [16].

In general terms, detailed kinetics analyses/design of complex photocatalytic reactors for water
treatment may be problematic, due to the high degree of difficulty scaling them up to full scale.
Simplified models are a good alternative to compare different reaction systems under similar
operating conditions and to provide estimated values for scaling-up purposes [17]. The overall
aim of this thesis was to investigate the kinetics of the photocatalytic degradation of five
compounds that include a nitrosamine (n-nitrosodimethylamine -NDMA-), a flame retardant
(tris-2-chloroethyl phosphate —TCEP-), an organic solvent (1,4 dioxane), a hormone (178
estradiol), and a pharmaceutical (gemfibrozil). This group of contaminants was evaluated by
using a bench scale UV/TiO,-slurry reactor. The selection of compounds was based on their
occurrence in water sources, their representativeness of individual sub-categories, and their
importance as part of the EPA contaminant candidate list 3 (CCL3) [18] and draft regulation of
the California Department of Public Health’s (CDPH’s) [19].

Rate constants with wider applicability for scale-up were also provided. The first-order rate
constants were normalized to power delivered in the UV range and TiO, surface area. The
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parameters obtained from these approaches may help designing pilot units to better
understanding of the photocatalytic process and the assessing of its efficacy treating
contaminated large water samples. In addition, intermediates produced from the photocatalytic
reactions on the TiO, surface were identified and pathways of their formation were also
suggested, which promote investigation regarding the photocatalytic reaction trends in complex
matrices with real samples, and the evaluation of toxicity of intermediates in future studies.

Consistent with the preceding discussion, the following specific aims and hypothesis were
defined to guide this research:

Specific aims:

* Assess the ability of the UV/TiO; technology to remove selected contaminants from
water.

* Evaluate that the adsorption—surface reaction Langmuir-Hinshelwood (L-H) approach
effectively describes the kinetics of photodegradation of the selected contaminant as well
as its simplification to a first order rate in experiments at low concentration levels of the
compounds.

* Determine additional parameters that may assist on the scale up of the bench scale
UV/TiO; reactor into a pilot scale system to remove contaminants using real water
samples.

* Identify and suggest pathways of formation of intermediates generated from the
interactions among partial derivatives of the selected compound.

Hypothesess:

* The pH of the water to be treated by UV/TiO, significantly influences the effectiveness
of the system, because this parameter is related to the adsorption behavior of compounds
onto the photocatalyst surface.

* The UV/TiO; technology is an AOP that follows either a first order rate law and/or the
L—H model at low contaminant concentration levels of pollutants.

* The effectiveness of the UV/TiO, technology to degrade contaminants in water strongly
depends on the amount of catalyst (surface area).

* Interactions among partially degraded compounds take place on the TiO, surface.
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II. FUNDAMENTALS OF THE UV/TiO, PHOTOCATALYTIC
REACTIONS IN AQUEOUS PHASE

A general background and definition of the heterogeneous photocatalytic process including
constituents, catalyst properties, mechanisms, and kinetics of degradation will be developed
through each section of this chapter based on fundamentals of the reduction and oxidation
mechanisms, which belongs to the category of advanced oxidation processes (AOPs) for water
treatment.

2.1. Fundamentals of Oxidation

Many chemical species have a natural tendency to either accept or donate electrons based on the
fact that a lower energy state (greater stability) is achieved as a consequence of the electron
exchange. The reactions that follow such pathways are called oxidation and reduction reactions
(redox reactions).

An oxidation half-reaction occurs when a chemical species loses electrons while at the same time
the chemical species increases its oxidation number, whereas a reduction half-reaction takes
place when a chemical species gain electrons resulting in a decrease in its oxidation number.

Oxidation of reduced inorganic and organic species is commonly utilized in the water treatment
field to control taste and odor, hydrogen sulfide, treat for color, iron and manganese removal,
and for disinfection processes. Some of the oxidants employed to achieve these purposes are
chlorine, oxygen (e.g. aeration processes), H,O,, potassium permanganate, chlorine dioxide,
iodine, UV light, ozone (O3), etc. [11].

2.1.1. Advanced Oxidation Processes (AOP)

Advanced oxidation is a process involving hydroxyl radicals (OH") used for the destruction of
organic pollutants in water [3]. OH’ radicals react at fast rates, with rate constants ranging from
10° to 10° M's'[11]. Itisa powerful, non-selective oxidant that is effective for the treatment of
many compounds in water due to its high oxidation strength. The hydroxyl radical’s oxidation
potential (2.80 V) is only surpassed by that of the fluorine molecule (Table II-1).
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Table II-1 Oxidation potentials of water treatment oxidants [20].

Ocxidation potential

Species Symbol (Volts)
Fluorine F, 3.00
Hydroxyl free radical OH’ 2.80
Ozone 0O; 2.07
Hydrogen peroxide H,0, 1.76
Permanganate ion MnQOy 1.68
Hypochlorous acid HOCI 1.49
Chlorine ClL, 1.36
Hypobromous acid HOBr 1.33
Hypoiodous HIO 0.99
Chlorine dioxide ClOs(aq) 0.95
Todine I, 0.54
Oxygen 0O, 0.40

Once generated, OH' can react in water by different pathways listed in Table I1-2.

Table II-2 Examples of OH' reaction pathways [21].

Mechanism Example Reaction
Hydrogen abstraction OH' + CHCl3 - CCl;3 + H,0
Addition OH" + CcHg — CgHg — OH
Electron transfer OH' + [Fe(CN)4]*™ = [Fe(CN)¢]3~ + OH™
Radical interaction OH + OH - H,0,

Some of the main advantages of using AOPs include the following: (i) they can achieve
complete mineralization of organic contaminants, (ii) they can achieve removal of recalcitrant
compounds, and (iii) they can be used as a pretreatment step for subsequent biological treatment
processes. A list of various AOPs is provided in Table II-3.

Table II-3 List of various known AOPs.
AOP Technologies

H,0,/UV light Os/Sonolysis

H,0,/04 Supercritical water oxidation
UV/TiO, 05/TiO,

0;/UV 0,/Ti0,/H,0,

03;/UV/H,0, Nonthermal plasma

0O; (8<pH<10) Electron beam irradiation
(Fe/H,0, or Fe/O3) Os/electron beam irradiation
Sonolysis Gamma radiation
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Some of the commercially available AOP technologies are: (i) ozone (O3) hydrogen peroxide
(H203) and (i1) UV light and H,O,.

Ozone (0O3) is a strong oxidant that has the capacity to react with organic contaminants and
ultimately degrade them. Ozone is able to oxidize organic pollutants directly or indirectly
through the formation of OH'. Nakada et al. [22] showed the removal efficiencies of 24
pharmaceutically active compounds during sand filtration and ozonation including two phenolic
antiseptics, thymol and triclosan. Ozonation exhibited good removal efficiencies, producing 91%
and 84% removal, respectively. From this study, it was also concluded that compounds with an
aromatic structure with electron donors like phenols were specifically susceptible to ozone
treatment.

H,0, is another powerful oxidant that can be used to degrade organic contaminants in aqueous
solution, and becomes very efficient when combined with other reagents or other energy sources
capable of dissociating this oxidant into OH" radicals.

Radiation may be also employed to enhance the production of OH’ radicals. Some
electromagnetic radiation examples are: y-radiation, electron-beam, ultrasonication and UV
radiation. In this category UV/H,0, and heterogeneous photocatalysis may be included as a
combined method using UV radiation.

Kim et al. [23] investigated the removal of 41 pharmaceuticals from wastewater using UV/H,0,
in a 10 m’day’ bench-scale experiment. Kim reported 90% removal effectiveness for the
majority of the pharmaceuticals investigated using a UV dose of 923 mJem™ in 5 minutes, which
is good, taking into account the recalcitrant nature of this compounds.

2.1.2. Heterogeneous Photocatalysis

A catalyst is defined as a substance that increases the speed of a chemical reaction without being
consumed as a reactant. A catalyst reduces the free activation energy of the overall reaction, and
is not part of the stoichiometric Equation representing the reaction [24]. Heterogeneous
photocatalysis produces an increase in the rate of a chemical reaction brought about by visible,
ultraviolet, or infrared radiation absorbed by a photocatalyst. This can be expressed as follows:

Reactants + Photocatalyst + hv — Products + Photocatalyst
(Equation II-1)

UV/TiO; is a heterogeneous photocatalytic AOP technology, which is based on the effect that a
semiconductor (Ti0,) has on the degradation of contaminants when activated by UV light. The
reaction mechanisms depend on the formation of a redox pair to generate OH" and other strong
oxidants (O,”, HOO", HOOH, HO", OH, H,0, h'yg, and so on). To carry out the photocatalytic
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process, there are two important elements to consider: (i) the semiconductor (photocatalyst), and
(i1) the light source (UV light in this case).

2.1.3. Photocatalysts/Semiconductors

Semiconductors are materials used in the contemporary age of crystal electronics; their electrical
properties are intermediate between those of metals (e.g. gold) and insulators (e.g. silicon oxide).
This is due to a special configuration of the energy levels of electrons in semiconductors [25]. In
other words, semiconductors can be also defined as a material which energy gap for electronic
excitations lies between zero and around 4 electron volts (eV). Materials with zero band-gap are
metals or semimetals, while those with an energy level gap (where no electronic states exist),
larger than 4 eV are more frequently known as insulators [26].

On figure II-1 each of the constituents of the electronic bands in solids are identified. It is
important to explain the meaning of each part that constitutes a semiconductor. In general terms
IUPAC [27] defines the valence band (VB) as “the highest energy continuum of energy levels in
a solid that is fully occupied by electrons at 0 K. VB is lower in energy than the conduction band
and is generally completely full in semiconductors”. When heated, electrons from the VB jump
out into the conduction band (CB) across the band gap making the material electrically
conductive generating holes and electrons in each band respectively.

CB
CB
> . > © > CB
5 B et S| o e}
2 ' T E Eg=0
A — — A Tl i g
e o le] G o e e o6
VB VB VB
Insulator Semiconductor Conductor

Figure II-1 Relative disposition of the CB and VB for an insulator, a semiconductor, and a
conductor.

Different semiconductors have been successfully used to remove organic contaminants from
water via advanced oxidation; some of them are: TiO,, ZnO, ZrO,, CdS, MnOS,, Fe,0s, and
WO; [28]. TiO, has been one of the most widely used photocatalysts for environmental
applications, especially for the treatment of organic contaminants in water due to its biological
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and chemically inertness, economically feasibility, resistance to chemical corrosion and photo
corrosion, and its ability to treat a wide range of organic contaminants [29].

When irradiated at appropriate conditions, electrons from the valence band (VB) jump to the
conduction band (CB) across the band gap making TiO, as well as other semiconductors
electrically conductive. The band gap energy (Eg) defines the minimum photon energy absorbed
by the photocatalyst. Figure II-2 illustrates the band gaps and the band levels (V vs. standard
hydrogen electrode (SHE) at pH 7) of some semiconductive materials. The lower edge of the
conduction band (red color) and upper edge of the valence band (blue color) are presented along
with the band gap in electron volts. The wider a band gap is, the more energy (short wavelength)
is needed to activate the transfer of electrons between bands. In terms of feasibility, TiO, forms
need less energy than ZnS to activate their photocatalytic behavior. However, in spite of CdS
requires less energy than the TiO, forms, its nanoparticles could be potentially toxic, making
TiO, the most widely photocatalyst used in environmental applications [29].
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Figure II-2 Band gap energy values of some photocatalysts.

2.1.4. UV Light

UV light is an electromagnetic radiation with a wavelength that falls between the range of
gamma rays and visible light (100 nm to 400 nm), and contains energies from 3 eV to 124 eV
respectively (Figure 11I-3). The energy of a photon (in eV) as a function of wavelength A (m) as
given by:

hv
E= - xX6.24x10~18

(Equation II-2)

Where, h = 6.626 x 107* J s (Planck’s constant), v = 2.998 x 10° m s (speed of light), 6.24 x
107"* = conversion factor for the energy from Joules to electron volts (V).
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For heterogeneous photocatalysis applied to water treatment, characteristics that affect the
overall effectiveness of the process include: wavelength, quantum yield, photon flux rate, and
UV irradiance.

Violet Visible Red
Cosmic Rays Gamma Rays X- Rays Ultraviolet Infrared Radio Waves
315
220 280
I —>

VDE——>¢—C —> B'e—— A —>

X-Rays €— Schumann Zone ———><— Short waves—><— Long waves—> yjolet /
(LA D —> .
Far Ultraviolet < Browning—>, Visible

0.1 100 200 300 400
NANOMETERS (Extended portion of UV)

Figure I1-3 Range of electromagnetic wave.

e Incident UV Wavelength (A): UV/TiO; photocatalysis requires A < 400 nm, i.e. near-UV
wavelengths (UV-A) for effective treatment. Figure II-4 shows the variations of the
reaction rate (r) as a function of incident wavelength, with a threshold corresponding to

its band-gap energy. In addition, it must be checked that the reactants do not absorb the
light to conserve the exclusive photoactivation of the photocatalyst by heterogeneous
photocatalytic regime (no homogeneous or photochemistry in the adsorbed phase). Only
3-5% of solar irradiation is in the UV spectrum. To successfully accomplish
photoactivation using sunlight, the TiO, surface is often treated by doping or coating
mechanisms to widen the range of absorbable wavelength [30].

>\
Figure I11-4 Wavelength vs. the rate of photoreaction [30].

19



* Quantum yield: Photocatalytic processes involve the initial absorption of photons by the

substrate to produce highly reactive electronically excited states [31]. In terms of
effectiveness , one of the most frequently utilized parameters to describe photochemical
activity is quantum yield [32], which is defined as the number of radicals produced on the
photocatalyst surface during the primary reaction processes per photon absorbed by the
photocatalyst [33].

* Irradiance/light intensity: Known as the radiant power of the wavelength incident on a
small surface, involving the relationship between the point under consideration and the
area of the element. The common units to express this characteristic are Wm ? [27]. Ollis
et al. [34] and Hoffmann et al. [35] assessed the effect of the irradiance on the
photocatalytic degradation rate and quantum effectiveness , and concluded that:

- Low irradiance: This case becomes irradiance dependent and the reaction rate obeys a

first order decay rate, while the photon flux as well as the quantum yield remains
constant.

- Intermediate irradiance: The reaction rate is directly related to the square root of the

irradiance. In this case, the rate transition from intermediate to low intensity depends
on the fixed catalytic configuration and mass transferred.

- High irradiance: This case ends in a growth in volumetric reaction rate until the mass

transfer limit is achieved. At this condition, the reaction rate increases volumetrically
below the mass transfer limit, and once it is achieved the reaction rate becomes
independent of the irradiance, therefore the reaction rate order is zero.

2.1.5. Mechanisms of the UV/TiO; Photocatalytic Process

Photocatalysis is a process that involves different steps and a large number of reactions in series
and in parallel. Figure II-5 depicts a general overview of the mechanisms involved in the
photocatalytic activity of TiO, as an AOP process, from the UV light irradiation to the
generation of OH’ radicals and other strong oxidant agents that facilitate the degradation of
contaminants in water. The primary mechanisms identified in the UV/TiO, process are (1)
charge carrier generation, (2) charge transport, (3) charge trapping, (4) charge recombination,
and (5) overall TiO, surface mechanisms that occur among the other steps.
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Figure II-5 Mechanisms of the heterogeneous photocatalysis process.

Charge Carrier Generation: TiO, molecule photoconductivity is initiated when exposed to
a source of light (photons) with an energy level higher than their band-gap energy level
(hv > Eg). In general, a light with a wavelength shorter than 387.5 nm gives the amount
of energy needed to exceed the band-gap of pure anatase TiO, and excite an electron to
move from the VB to the CB [36].

This transfer involves the formation of an electronic vacancy or positive hole (h+VB) at
the VB, and presence of an electron (e ¢g) at the CB. This can be expressed as follows:

TiO, + hv = ecg(rio,) + hye(Tio,)
(Equation II-3)

An important point to keep in mind during this step is the instability of the
photogenerated electron-hole pairs, with a high possibility of recombination of the

photogenerated electron-hole pairs that occurs in a very short time and dissipate energy
as heat [37].

Charge transport: The photocatalytic activity of TiO, produces charge migration from the
lattice of the TiO, structure (where charge carrier generation is originated) to the bulk
surface (where the interactions with other compounds will be achieved). Charge
separation and thermalization mechanisms are critical components in charge transport.
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The dielectric constant is a key parameter for the charge separation step. The more
excitation energy applied to the TiO, semiconductor, the greater electron and hole
activation will take place. Therefore, charge thermalization depends on the photons’
energy, and is thought to be a first order mechanism that occurs very quickly (on the
order of picosecond timescale in the anatase phase [38]).

Charge trapping: A trap site is recognized as a location in the TiO, material where there
is greater charge carrier stability; such location is mostly placed at the surface of TiO,.

Other trap site locations may be particle interfaces, grain boundaries or in the bulk lattice.
In the aqueous phase, electrons can also be trapped at the surface of TiO, by any of the
hydroxyl groups previously formed. It has been shown that timescale is inversely related
to the presence of electron scavengers such as O, on the TiO, surface.

Structural parameters of TiO, such as the morphologies of the lattice surface and
interface are significant limiting factors that influence electron transport, and
consequently affect the trapping and de-trapping phenomena. The latter consists of the
conversion of a localized electron state to a free electron. Trapping mechanisms might be
favorable only if they allow photon activity to generate charge carriers, and permit charge
carriers to reach the electron transfer spots. Otherwise it could be disadvantageous for the
overall photocatalytic process.

Charge recombination: This stage corresponds to the end of the charge generation

mechanism, and it is considered an adverse outcome in a photocatalytic process because
it decreases the probability of keeping a favorable condition for the oxidation of
contaminants [39]. In other words, it can reduce the production of hydroxyl radicals.

The degree of crystallinity among the overall structural properties (surface forms, defects
and impurities) of TiO; plays an important role in the recombination mechanism, which
is more likely to be associated with non-irradiative energy release. The common ways to
quantify recombination of charge carriers related to non-irradiative actions are through
indirect measurements (i.e. photo-acoustic measurements, heat generation measurements,
etc.).

TiO, surface/interfacial mechanisms: There are two essential mechanisms that take place

on the surface and interfacial areas of the TiO, molecule and allow for the degradation of
contaminants. The first one is the generation of active species with high oxidation
potential as a consequence of the interaction between the charge carriers with adsorbed
oxygen and water molecules. And the other one is the adsorption of pollutants by the
semiconductor surface and direct attack by the trapped electrons and holes previously
produced. The combination of these two processes makes TiO, photocatalysis a powerful
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tool to treat organic pollutants in water as well as increase its already large number of
applications in other fields.

Generation of active species: One of the key mechanisms carried out during the

photocatalysis is the generation of active species such as hydroxyl radicals (OH") and
superoxide radicals (O,") considered as the most important ones due to their important
contribution to the overall effectiveness of the photocatalytic process over other high
active species like trapped electrons, hydrogen peroxide (H,0,), and single oxygen (O3)

that are also produced but in a minor scale. The holes mediate the oxidation of organic
compounds by the formation of hydroxyl radicals, and the electrons mediate reduction
and oxidation reactions by the formation of superoxide radicals [40].

Hydroxyl radical (OH-): This high reactive form of the hydroxide ion is one of the
most important species generated through the photocatalytic process, and is
considered to be the main responsible oxidant in the degradation of organic
compounds. It is produced when adsorbed water is oxidized by the electron hole
Equation 1I-4

h{g + H,O(adsorbed) -» OH® + H*
(Equation II-4)

Another pathway to generate this radical is by the reaction between positive holes and
hydroxide ion (Equation II-5)

h{g + OH™ (surface) - OH"
(Equation II-5)

Studies have shown that in the range of pH between 10.6 and 12.3 the formation of
OH’ can occur at a higher standard electrode potential than in the formation of H,Os.
Some authors have also concluded that the generation of OH' in photocatalysis should
only obey the pathway portrayed in Equation. 1I-6, instead of those represented by
Equation II-4 and Equation II-5. It also has shown in recent studies that the influence
of OH" in photo oxidation is not always predominant [38].

H,0, + H* + ecg = OH + H,0
(Equation II-6)

Superoxide radical (O,7): This radical predominately acts as a reductant. In non-
alkaline solutions, CB electrons reduce the Tis" surface, responsible for adsorbing
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water, and the molecular oxygen attacks in acidic solutions, while in alkaline
solutions, the adsorbed O, captures a CB to generate O;".

For anatase thin film, the quantum yield of O, has been reported to be 0.8 in water
with a weak irradiation (1 pWem™) of UV light. Generally speaking, the formation of
O," in a photocatalytic process is suggested to follow either Equation II-7 or Equation
II-8.
ecg + 02 = O3
(Equation II-7)

HO; + h* - 03" + H*
(Equation II-8)

— Adsorption: Since the recombination rate of photogenerated electrons and holes
occurs very fast (on the order of picoseconds), the interfacial transfer of electrons is
only kinetically competitive when some relevant donor or acceptor is pre-adsorbed
prior to the photolysis. Hydroxyl groups or water molecules can act as traps for
photogenerated surface holes, forming OH’ radicals superficially linked, which may
act in charge transfer processes with specific functional groups that previously had
been adsorbed. The charge transfer between the oxide surface and the adsorbed
molecule will produce an alteration within the possible excited states that can be
detected. These spectral changes are associated with an offset or widening of the
absorption bands.

Table 1I-4 provides a time estimate for each mechanism in the UV/TiO; process. It is important
to note that these values may include a large range as they are obtained from different sources.

Table 1I-4 Primary processes and time domains in titania-catalyzed mineralization of organic

pollutants.
Mechanism Duration
Charge carrier generation
TiO, + hv > e~ + h?* fs (very fast)
Charge carrier trapping
h* + Ti'YOH - Ti'VOH"* 10 ns (fast)
e” + Ti'VOH - TioH!! 100 ps (dynamic equilibrium)
e” + TilV - Tilll 10 ns (deep trap)
Charge recombination
e~ + Ti'VOH** - Ti'VOH 100 ns (slow)
h* + Ti'"oH - Ti'VOH 10 ns (fast)

Interfacial charge transfer
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Mechanism Duration

Ti'YOH'* + compound 100 ns (slow)
- Ti'VOH
+ oxidized compound

Ti'"OH + 0, — Ti'VOH + 05~ ms (very slow)

In terms of quantity and quality, there are numerous parameters that affect the photocatalysis
process; and as a consequence, determine the overall performance of the process. Some
important parameters are: pH, temperature, type of reactor, photocatalyst (TiO,) morphology,
and light intensity (previously discussed).

pH: This parameter directly affects the surface charge of the photocatalyst. At low pH
values (3-5), the catalyst surface progressively increases its positive charge, becoming
more electrostatically attractive to negatively charged compounds, and consequently
bringing a favorable condition for the surface adsorption mechanism. In general terms,
pH affects the photocatalyst’s surface properties and the chemical form of the compound
to be degraded. This may be seen in changes in the reaction rates and the tendency for the
photocatalyst to aggregate. The more control on the solution pH, the better the treatment
effectiveness [41].

Temperature: The reaction rate of photocatalytic reactions is not appreciably altered
when the temperature of the system is modified. The optimum range of temperature
varies from 20°C to 80°C [42], where the activation energy in most of the photocatalytic
processes is stable. This is the typical range of temperature of reactions photo-chemically
initiated by photon adsorption. An increase of temperature above 80°C has been reported
to be counterproductive for the overall photocatalytic process [43].

Type of reactors: Characteristics such as geometry, optical properties, light distribution,
type (slurry, batch, plug) will play an important role over the overall performance of the
system. All bench-scale photocatalytic reactors are based on two well-identified reactor

types: (1) the complete-mixed slurry batch reactor where TiO; particles are suspended in
the aqueous solution, and (ii) the fixed media reactor where TiO, particles are attached
onto stationary surfaces within the reactor [44].

- Slurry Reactor: The main characteristic of this type of reactor is that catalyst particles
are suspended in water and completely mixed. Most bench scale studies have used
slurry-type reactors [45-49]. Figure I1-6 illustrates a typical bench-scale slurry reactor
configuration. The pros and cons of using a slurry reactor are listed in Table II-5 [34,
50, 51].
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Figure I1-6 Typical bench-scale slurry reactor. Adapted from Zhang (2009) [52].

Table I1-5 Pros and cons of using slurry photoreactors.

Pros Cons
High external mass transfer Requires post treatment separation
Adjustable photocatalytic surface area Considerable light scattering and attenuation

Uniform catalyst distribution
Low hydraulic loss through the reactor (for
flow-through reactors)

- Fixed-Media Reactor: As its name indicates, this type of reactor is defined by the
immobilization of catalyst on stationary media inside the reactor (Table II-6).
Oftentimes, the TiO, is coated on support materials within the reactor. Common
support materials are listed in Table II-7.

UV light

Surface media coated

with TiO, Outlet

Figure I1-7 Typical fixed-media reactor (annular type).
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Table I1-6 Pros and cons of using fixed-media photoreactors

Pros

Cons

Post treatment separation not required

Light not attenuated by particles in bulk

(does not pass through slurry)

Allows for continuous flow-through

system operation

Limited photocatalyst surface area

Limited treatment effectiveness due to mass
transfer limitations

Cannot quickly switch photocatalysts

Table II-7 Typical support materials used in TiO, photocatalysis in fixed-media reactors

TiO, support Ref
Activated Carbon [53]
Optical fiber cable [54, 55]
Fiber glass [56]
Glass [57]
Glass beads [58]
Glass wool [59]
Membranes [60]
Quartz sand [61]
Zeolites [53]
Silica gel [16, 62]
Stainless steel [63, 64]
Ceramic membranes [65]
Teflon [66]

TiO, morphology: The overall photocatalytic performance of TiO, has been suggested to
depend on some specific parameters such as crystallinity, phase, particle size, and surface

area [67]. TiO; exists in three main different crystalline modifications: the stable rutile,
and the metastable both brookite and anatase, which are common in natural and synthetic
examples; however, anatase exhibits the highest overall photocatalytic activity [68].

Titanium dioxide materials consist of crystalline and amorphous phases [69]. The
crystalline phase of TiO, is one of the most important factors influencing its
photocatalytic performance. Anatase and rutile TiO,, both with tetragonal structure, are
commonly used in photocatalytic reactions. Anatase TiO, is conventionally believed to
be more efficient photocatalyst than rutile TiO, due to its higher Fermi level, lower
capacity to adsorb oxygen and higher degree of hydroxylation [70]. However, some
authors has reported that both anatase and rutile have almost the same photocatalyst
activity [71], as well as others lean to support that rutile exhibits a higher one [72].

Typically, anatase TiO, exists as primary nanoparticles in the 6 nm to 104 nm size range
[73]. Surface area impacts the charge transport mechanism and consequently the overall
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photocatalytic effectiveness of UV/TiO, process [74]. This is attributed to the interfacial
characteristics, as well as the photon absorption on the particle due to stable surface sites
for electron trapping. Size might also influence the light absorptivity and scattering on the
Ti0O; surface also [38].

Figure II-8 illustrates the unit cell structures of rutile and anatase TiO, crystals. These
two crystalline structures are comprised of chains of TiOs octahedra, where each Ti™ ion
is enclosed by an octahedron of six O, ions. These structures vary in the degree of
distortion of each octahedron and by the assembly arrangement of the octahedral chains.
In rutile, the octahedron exhibits a slight orthorhombic distortion; in anatase, the
octahedron is considerably more distorted so that its symmetry is lesser than
orthorhombic.
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Figure II-8 Crystal structures of the two forms of titanium dioxide. (A) Rutile unit cell of titanium
dioxide. (B) Anatase unit cell [75].

The greater photocatalytic effectiveness of Degussa P25 over other forms of TiO,
photocatalyst is due to (1) a high degree of light absorption effectiveness is attributed to
the synergistic combination of anatase-rutile, (2) a longer lifespan of carrier electrons
attributed to the stable properties of rutile [76].
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2.2, Kinetic Modeling of the UV/TiO; Process

An approach to kinetic modeling using chemical reaction rates can be used to: (1) evaluate data
obtained from batch and pilot scale reactors, and (2) estimate performance of the UV/TiO,
process taking place in reactors. There are three general mathematical constructs that have been
used for modeling the UV/Ti0, photocatalytic system:

* Reaction rate model: This model describes the reaction carried out in the system using
kinetic parameters and empirical and semi-empirical data found in the literature for

UV/TiO, water treatment modeling.

* Radiation transport model: This model is capable of predicting the local volumetric rate
of energy absorption (LVREA) from elements such as catalyst concentration, optical
properties of the catalyst model light source, reactor geometry and other parameters.

* Material transport model: This model uses the standard radiation transport model, which

is coupled with additional information such as reactor geometry. The substrate
concentrations are specified to generate output variables such as the remaining
contaminant concentration in a solution.

The reaction rate model has the greatest utility for modeling the UV/TiO; treatment process and
is described below. It is a useful approach as it can model the treatment effectiveness and is
mathematically tractable.

2.2.1. Reaction Rate Model

The photocatalytic process is mainly given by the adsorption of a substrate (C) (e.g. organic
contaminant) on the catalyst surface (e.g TiO,). The rate of the photocatalytic process depends
on the amount of C adsorbed onto the catalyst surface and is represented by the adsorption-
desorption and surface reaction mechanisms as follows:

* Adsorption

k
[vl+C < Cads
(Equation II-9)

Where [v] is a vacant site in the surface of a catalyst, and the rate of adsorption (r,) is
given by:

r, = k,[v]C
(Equation I1-10)
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¢ Desorption

k,
Cads LI [o] +C
(Equation II-11)

Where [o] is an occupied site in the surface of a catalyst released, and the rate of
desorption (rq) is given by:

rq = kq[o]C
(Equation II-12)

When Equations I1-9 and II-11 reach the equilibrium condition, r, and rq are equal. The
total sites onto the photocatalyst surface is [v]+[o]. Therefore, combining Equations II-9
and II-11 and dividing them by [v] + [0] yields:

ka[VIC  kqlo]C
[v] +[o] ~ [v] + [o]

(Equation II-13)

Substituting the relationship between [0]/ [v] + [o] equals to 0, and [v] /[v] + [o] equals

to (1 - 0) the simplified equation is:

k,C(1 —06) =ky40C
(Equation I1-14)

Where 0 is defined as the fractional site covered by the substrate and depends on the
substrate concentration in the reactive environment. Rearranging Equation II-14, and
substituting the adsorption constant, also known as Langmuir constant Ky g=k,/kq yields:

K;xC
T 1+ K4C
(Equation II-15)
* Surface reaction

There are four scenarios in which the OH’ radical may attack a compound in a
photocatalytic reaction: (i) when both the contaminant and the OH" radical are bounded to
the photocatalyst surface, (ii) when the OH" radical is bounded to the photocatalyst
surface and the contaminant is in the bulk media, (iii) when the contaminant is bounded
to the photocatalyst surface and the OH' radical is in the bulk media and (iv) when both
reactants are in the bulk media.
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Assuming that the rate of oxidation is the limiting reaction-mechanism that takes place on
the occupied sites of the photocatalyst surface by both reactants (scenario 1), the reaction
may be expressed as:

k
OHz.ads + Cads S P
(Equation II-16)

Where P corresponds to an intermediate compound generated from the degradation of C
by the hydroxyl radical at a specific site. The second order rate (rs) expression, in which
ks is the surface reaction rate constant can be written as:

rs = —ks[OH"][C]
(Equation II-17)

The Langmuir-Hinshelwood (L—H) kinetic model has been widely accepted [28, 29, 58,
77-80] to describe the photocatalytic kinetics, in which the rate of oxidation at maximum
coverage of sites on the photocatalyst surface is related to the substrate concentration, and
may be expressed as:
r = k,0
(Equation II-18)
Substituting Equation I-18 into Equation II-15 yields:

PSS TR, C

(Equation II-19)

For low substrate concentrations (<10°M [81]) K uC<<1, therefore the L-H Equation
may be simplified to a pseudo-first-order kinetic law (Equation 1-20) with respect to
Equation II-19 is equal to:
r = kK zC
(Equation I1-20)
Where:

ktirst—order = KsKpp
(Equation II-21)

Substituting Equation II-21 into Equation I1-20

I = Kfirst—orderC
(Equation I1-22)
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While at high substrate concentrations (>5x10°M [81]) KyC>>1, the reaction rate is of
apparent zero order:
rg = kg
(Equation I1-23)

The values of K,4s (obtained from the adsorption isotherm) and those of Ky g (obtained from the
photocatalytic reaction) may differ from each other because the photocatalytic reaction is
influenced by several parameters such as reaction mechanisms, formation of intermediates,
oxygen concentration, irradiation, total number of adsorption sites, and overall properties of the
photocatalyst. Consequently, some assumptions have to be taken into account when using the L—
H model to describe the photocatalytic oxidation processes.

Some of the most important considerations taken into account when applying the L-H isotherm
model to describe the photocatalytic oxidation process are: (i) one single substrate molecule can
only occupy one surface site, (ii) the reaction is assumed to happen between adsorbed species,
(ii1) the coverage of adsorbed species on the photocatalyst surface is always in equilibrium with
the concentration of the species in the fluid phase, therefore the surface reaction is the controlling
step of the photocatalytic process, and (iv) the OH' radical are the predominant oxidizing agent
that reacts with the organic compounds.

The study of kinetics models and the interpretation of experimental data are very important for
reactor scale-up. Although some authors report that the L-H model could have some issues not
fully assimilated [82], the majority of the studies describe the behavior of the UV/TiO, process
using the L-H model as a useful approach to the heterogeneous reactions involved in the photo-
conversion of organic compounds [83-85].

Most published works report kinetic models for fixed media [86] and suspended media [87]
systems. These models are exclusively empirical and do not allow any further explanations to the
phenomena involved into the system. They generate estimated information about the behavior of
process influenced by the different species to be degraded. The majority of published research
look at photocatalytic degradation using a single model compound (i.e. 4-chlorophenol, organic
dyes, and so on) [40] with the exception of a few studies [40, 78, 88].

2.3. Organic Contaminants in Water

The concern for organic contaminants in water has increased in recent years because a broad
range of persistent organic pollutants have been identified in many waters, and are reported to be
a danger to humans and aquatic life [8§9-93]. In this thesis, the UV/TiO, degradation of five
different contaminants, which include an oxidation byproduct, a flame retardant, an organic
solvent, a hormone, and a pharmaceutical, was evaluated through use of a bench scale UV/Ti0,-
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slurry reactor. A brief description of each contaminant and treatment methods applied by others
for their removal in water are discussed in section 5.1.1.

2.3.1. 1.4 dioxane

1,4 dioxane is classified as cyclic ether that has four carbon and two oxygen atoms resulting in
two ether functional groups. Because the oxygen atoms are facing each other to form
symmetrical ether bonds, this structure makes the 1,4 dioxane molecule highly stable and
relatively resistant to reaction with acids, oxides and oxidizing agents [94]. In addition, 1,4
dioxane is highly soluble in water due to the polarity acquired by the molecule when forms a
dimer with two intermolecular hydrogen bonds, and consequently, the two remaining oxygen
atoms will be accessible for interaction with the molecule of water [95].

Figure I1-9 1,4 dioxane structure [96].

1,4 dioxane is industrially produced from the reaction of ethylene glycol with sulfuric acid
heating at 160°C, and also occurs as a reaction byproduct in several industrial processes to
produce plastics and soaps. This compound has a wide number of commercial applications being
its use as stabilizer for chlorinated solvents and solvent for natural and synthetic resins among
the top ones [94]. The U.S. Environmental Protection Agency (USEPA) has classified this
compound as a probable human carcinogen [97] among other health hazard effects that require
more investigation. According to Fetter [98] 1,4 dioxane is classified as a compound that exhibits
a high mobility, which makes its control and treatment very complicated.

This compound has been broadly used in many applications including: electrical, agricultural
and biochemical reactants, adhesives, sealants, cosmetics, pharmaceuticals, rubber chemicals,
surface coatings, and also as a stabilizer in chlorinated solvents. It has been also found to cause
deleterious effects in humans and animals, including cancer, mutagenesis, and teratogenesis.[99].
This compound has low volatility, is resistant to biodegradation in water [100], and has been
found to be inefficiently degraded by direct UV photolysis due to weak absorbance of UV light
[101]. Figure II-10 shows the photocatalytic degradation pathway of the oxidation of 1,4 dioxane
by UV/TiO, suggested by Maurino [102]. In addition to the dioxane derivatives shown in figure
II-10, another intermediates have been reported by Stefan and Bolton such as: 2-hydroxy-1,4-
dioxane, which suggest that the degradation pathway may start with a hydroxylation of the
parent compound, and methoxyacetic acid [103].
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Figure I1-10. Photocatalytic degradation pathway of 1,4 dioxane using UV/TiO, suggested by
Maurino and colleagues [102].

2.3.2. N-nitrosodimethylamine (NDMA)

N-nitrosodimethylamine (NDMA) is a polar and hydrophilic compound that belongs to the
nitrosamine group, characterized by the N-N=O structure, which compounds are mainly formed
from secondary amines [104]. In drinking water its formation is mainly attributed to a couple of
pathways [105] (1) the dichloramine-oxygen pathway during chloramination and (2) free
chlorine-nitrate during chlorination in waters with high presence of nitrates.

O=—=N
N——=CH

H;C
Figure 1I-11 NDMA structure [96].
The U.S. Environmental Protection Agency (USEPA) has classified this compound as a probable

human carcinogen in group B2 [97] and established a cleanup level of 0.7 ngL™" for NDMA in
groundwater [106], there is evidence of the genotoxicity of this compound [107], and it is also

34



categorized as a recalcitrant organic compound in aqueous phase [108]. In addition, due to its
slow rate of degradation in water, NDMA can remain in potable water distribution systems
[109]. Suggested pathways and intermediates of the NDMA oxidation by means of ozonation are
shown in Figure II-12. Main products of the NDMA degradation are methylamine, ammonia and
dimethylamine [110, 111]
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Figure I1-12. Suggested pathways of NDMA using ozonation by Lv and colleagues [110].

2.3.3. Tris (2-chloroethyl) phosphate (TCEP)

Tris (2-chloroethyl) phosphate (TCEP) is a halogenated phosphate ester, that is widely used as
flame retardant and plasticizer especially used in flexible foams for the automotive, furniture and
construction industry. This compound exhibits a recalcitrant nature and has been regularly
detected in different water bodies around the world [112-114] because its good solubility in
water 7 g L' [115]. Sigma Aldrich [116] gives a code N to this compound, which means that
this compound is hazardous for the environment.

This compound is difficult to remove through conventional treatment methods such as
coagulation, sand filtration and chlorination, and represents a health risk as it has been found to
be neurotoxic, mutagenic, and carcinogenic [117]. In addition, it has been found to be somewhat
resistant to oxidative processes [112], including advanced oxidation, and it has been regularly
detected in different water bodies around the world [112-114]. TCEP concentration values have
been reported in several water sources. For example, concentrations of TCEP of 23 ng L™ were
found in water samples taken from the Danube River at Nussdorf [118]. A maximum
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concentration level of 640 ng L™ was found in the influent in the Ruhr/Rhine area, while in other
study a level of 7 ngL™' was detected in the Tiber River.
C
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~

H2 C'-CHZ

Figure 11-13 TCEP structure [96].

Organophosphorous esters such as TCEP can be degraded by nucleophilic substitution reactions
at the central phosphorous atom [119]. In the suggested pathway shown on figure II-14, the
degradation of TCEP base-catalyzed hydrolysis favors P-O cleavage to end up with phosphoric
acid. From the breaking bonds O—R of the TCEP molecule, another moiety is generated (2-
chloroethanol), which is finally transformed into glycolic acid and other minor byproducts (not
shown) that were described in the degradation pathway of 1,4 dioxane such as formic and acetic
acids. This pathway was suggested by Ruan and collaborators [120].
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Figure I1-14. Suggested pathways of TCEP using UV/H,0O; by Ruan and collaborators [120].
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2.3.4. Gemfibrozil

Gemfibrozil is a non-biodegradable pharmaceutical mainly used to reduce cholesterol and
triglycerides (fatty acids) in human blood. Gemfibrozil solubility in water is 5 mgL™ [121]. This
compound is a widely-used pharmaceutical that has been found in the environment in many
studies [122, 123]. Studies of its occurrence have reported that it is a highly-persistent compound
in water bodies [124]. Daughton [125] reported its presence at ngL™' levels in Brazilian sewage
treatment works (STWs) and there is evidence that could potentially affect reproductive systems
in aquatic live [126, 127]. It may be treated with variable effectiveness using various treatment
technologies such as AOPs.
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There is a lack of information about detailed degradation pathways of gemfibrozil. Murai et al
[128] suggested that degradation of this pharmaceutical is favored by the ethereal oxygen (C-O-
C) cleavage, which leads to the formation of the p-xylenol moiety. Yukardai and colleagues
[128] also support this fact and found that 2,2-dimethyl-5-oxopentanoic acid was also formed as
an intermediate of that cleavage by means of UV/TiO, photocatalysis..

2.3.5. 17 estradiol

17B estradiol is a hormone that constitutes the most potent form of mammalian estrogenic steroid
[129]. There are several reports of environmental occurrence for this compound found in
wastewater, drinking water, ground water, and soils [130]. Studies have shown that alterations of
this hormone in individuals (females) prone to migraines could cause headaches [131] and can
cause negative effects on the endocrine systems of humans and wildlife even at low
concentration levels [132]. The exposure to this compound negatively impacts the reproductive
function in wildlife [92].

H Hz
Figure I1-16 17p estradiol structure [96].

There is little information about detailed degradation pathways of 17 estradiol. Ohko and
colleagues [133] suggested estrogenic species formed in the photocatalytic oxidation of the
hormone. Some of their main findings were testosterone species, 2-hydroxyestradiol, estrone,
and 17B-dihydroxy-1,4-estradien-one.
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III. EXPERIMENTAL MATERIAL AND METHODS

3.1.Chemicals and Reagents

Titanium (IV) oxide nanopowder (Aeroxide P25, > 99.5%) was used as a photocatalyst in this
work. The following chemicals were used as received: 1,4 dioxane (Sigma-Aldrich, 99.8%), n-
nitrosodimethyl-amine (Sigma-Aldrich, 98%), tris (2-chloroethyl) phosphate (Sigma-Aldrich,
97%), gemfibrozil (Sigma-Aldrich, 98%), and 17 estradiol (Sigma-Aldrich, >98%). All
reagents used for chromatographic analyses were HPLC grade: methylene chloride (Fisher
Scientific, 99.9%) as solid phase extraction eluent, chlorobenzene (Sigma-Aldrich, 99.9%) as
internal standard, and purified water was prepared using a Thermo Scientific Barnstead
Nanopure Life Science UV/UF system with TOC analyzer, which produced effluent with TOC <
5ugL™.

3.2. Bench Scale Batch Reactor

Photocatalytic experiments were performed in a 1 L water-jacketed batch photoreactor (Ace
Glass, Vineland, NJ, USA), provided with a double-walled quartz immersion well with
removable inner cooling tube, and a medium pressure, mercury-vapor lamp of 100 watt with
approximately 40-48% of the radiated energy in the ultraviolet portion of the spectrum
(Appendix R). A refrigerated bath circulator unit (NESLAB™, RTE-111) was employed to keep
the temperature of the water in the reactor constant at 20+2 °C (Figure III-1). During
experiments a Fisher Scientific magnetic stirrer was set up to 700 rpm to assure the complete mix
of the aqueous samples in the unit, and a constant rate flow of 3 f'min” of pure oxygen was
supplied.
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Figure I11-1 Photocatalytic reactor scheme.
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3.3.  Sample Preparation

A solution containing all compounds together, each at ~2 mgL™', was selected based on the
detection limit of the GC instruments and was prepared in a glass carboy each week and mixed
with a predetermined mass of TiO; to obtain varying catalyst concentrations: 0.5, 1.0, 1.5, 2.0, or
2.5 gL, The solution pH for each sample was adjusted to 3.0, 5.0, 7.0 or 9.0. The sample was
then transferred to the photoreactor to be subjected to UV for predetermined reaction times (for
detailed protocols see Appendix B). As a general note, triplicates tests were performed for each
result obtained.

3.4. Adsorption Experiments

Adsorption equilibrium and adsorption rate experiments were performed to determine the
adsorption capacities and rates for each contaminant on TiO,. To determine the adsorption
equilibrium capacities, ~3 mgL™" solutions were prepared for each of the five compounds
selected. The adsorption experiments were conducted in 1 L foil-wrapped bottles at 20+2 °C.
Adsorption was evaluated with TiO, concentrations of 1, 3, 7 and 10 gL'l. The bottles were
capped and constantly agitated for 24 h.

The adsorption rate experiments were performed for the same conditions, as for the equilibrium
experiments. The samples were collected at 0, 5, 10, 15, 20, 25 and 30 minutes using constant
TiO, concentration of 1.5 gL™.

Samples were centrifuged at 4500 rpm for 45 minutes for solid-liquid separation (MARATHON
21000R, Fisher Scientific Inc., Pittsburgh, PA, USA), and then passed through a 0.45 um
nominal pore size filters (47 mm diameter, GVS Maine, nitrocellulose mixed esters, Fisher
Scientific, Pittsburg, PA). The filtered sample was then collected for SPE loading for TCEP,
gemfibrozil, and 17f estradiol analysis. Syringe filters with 0.45 um pore size (25 mm diameter,
mixed cellulose esters (MCE), Fisher Scientific, Pittsburg, PA) were employed to prepare the
samples for GC-SPME-FID analysis to detect NDMA and 1,4 dioxane (a detailed protocol is
shown in Appendix B).

3.5. Analytical Methods

For detection of 1,4 dioxane and NDMA, a GC-SPME-FID headspace technique was employed
using an Agilent 6890N gas chromatograph (Agilent Technologies, Palo Alto, CA, USA),
equipped with CTC-PAL autosampler and a flame ionization detector (FID). 10 mL samples
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were transferred to 20 mL vials for headspace analysis. The GC column was a Restek RTX-5
capillary column, 30 m x 320 pm x 0.5 pm nominal, with split-less injection (290 °C). A
carboxen/polydimethylsiloxane solid-phase micro extraction (SPME) fiber (23-gauge, 85 um)
(Supelco, Inc., Bellefonte, PA) was used. The oven temperature was held at 32 °C for 4 min,
ramped to 50 °C at 3 °Cmin”', and then ramped to 290 °C at 8 °Cmin’', with a hold time of 3 min
at 290 °C for a total run time of 43 min. The FID detector heater was set to 300 °C.The SPME
incubation temperature was 80 °C, and extraction time was 1800 s.

For detection of TCEP, gemfibrozil and 17p estradiol, samples were collected from the
photoreactor, then centrifuged and filtered as previously described in section 3.4. Then the
samples were then passed through a SUPELCO, Supelclean™ ENVI-18 SPE cartridge (57063,
bed wt. 500 mg, volume 3 mL, Supelco, Inc., Bellefonte, PA) at a flow rate of 3 mL min”', and
then extracted into 1.5 mL vials with DCM. GC analysis was carried out using an Agilent 6890
gas chromatograph equipped with Agilent 7863 automatic sampler (Agilent Technologies, Palo
Alto, CA, USA) equipped with FID. The sample was injected into a Restek RTX-5 capillary
column 30 m x 250 pm x 0.25 um nominal film thickness after splitless injection (1 pL, 290 °C).
The temperature program was as follows: 32 °C for 4 min with a hold time of 4 min, ramped to
50 °C at 3 °Cmin™', and finally ramped to 290 °C at 8 °Cmin” with a hold time of 3 min for a
total run time of 43 min. The FID heater was set to 300 °C. The method detection limit (MDL)
for each compound were determined using the Environmental Protection Agency (EPA) MDL 40
CFR Part 136. Appendix B, revision 1.11 [134], and the results were as follows: (a) 1,4 dioxane:
45 pgL'; (b) NDMA: 51 pgL™; (c) TCEP: 29 pgL™; (d) gemfibrozil; 80 pgL™, and (e) 178
estradiol: 52 pgL™.

For oxidation byproducts identification, GC-MS analyses were carried out using an Agilent
7890A gas chromatograph, mass spectrometer 5975C VL MSD with Triple Axis Detector
(Agilent Technologies, Palo Alto, CA). Separation was carried out in a 19091S-433UI (HP-
SMSUI — ultra inert), 325 °C, 30 m x 250 um x 0.25 pm nominal film thickness column. Helium
was the carrier gas at 1.6 mLmin™'. Splitless injection mode (2 pL, 290 °C) was used. The
temperature program was set as follows: 32 °C for 4 min with a hold time of 4 min, ramped to 50
°C at 3 °Cmin”", and finally ramped to 290 °C at 8 °Cmin™' with a hold time of 3 min for a total
run time of 42 min. Electron ion mass spectra was monitored from 30 m/z to 400 m/z, 2.4 minute
solvent delay. The ion source and quadrupole temperatures were set at 230 and 150 °C,
respectively. The instrument was operated in Electron Impact Ionization (EI) mode.

An additional set of experiments was conducted at reaction conditions found optimal for this
process (pH = 5.0, TiO; slurry concentration = 1.5 gL', and UV lamp nominal power = 100W).
Extended reaction times of 18, 22, 24, and 26 minutes, and low concentration levels of the
compounds were also measured in order to validate the results obtained from the GC
instruments. These samples were analyzed by an external laboratory (Weck Laboratories, Inc.,
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CA) using the following analytical methods: EPA 8270M for 1,4 dioxane, EPA 521 for NDMA,
EPA 1694M-APCI for TCEP, EPA 1694M-ESI for gemfibrozil, and EPA 1694M-ESI+ for 173
estradiol; the detection limits were 0.04 pgL™, 0.28 ngL™, 0.34 ngL', 0.08 ngL ™" and 0.31 ngL"’
respectively.

3.6. Langmuir Hinshelwood Parameters

3.6.1. Langmuir Adsorption Constant, K; (Lmg™)

The amount of each compound adsorbed onto TiO, surface was calculated by using the
following expression:
_ (CO - Ce)v
Ge="m
(Equation III-1)
where q. is the equilibrium adsorption capacity of the contaminant absorbed on unit mass of
Ti0, (mgg_l); Co and C. are the initial and equilibrium concentrations of the desired contaminant
to evaluate. K; was obtained from the equilibrium adsorption data by fitting the data to the
linearized Langmuir isotherm. This involves plotting the reciprocal of qe (equilibrium mass of
contaminant adsorbed divided by the mass of TiO, adsorbent) versus the reciprocal of the
equilibrium concentration (mgL™") (measured at 24 hr of contact) for each compound. The
reciprocal of the trend line y-axis intercept corresponds to the maximum adsorption capacity
(dmax) of the TiO, for that specific contaminant, and the reciprocal of the slope of the trend line is
equal to the product of qma.x and K. Therefore the value of K; was determined from the trend-
line intercept and slope (Equation I1I-2 and Equation I11-3).

1
Omax = y
intercept
(Equation III-2)
K = 1
" (qmax) (slope)

(Equation III-3)

3.6.2. Reaction Rate Constant = kyy (mgL 'min™)

For a batch reactor using the L-H kinetic model, the governing equation for concentration can be
expressed as:
dC K.C
a - ey K.C
(Equation II1-4)
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Rearranging:
1+K.C
(LG o,

(Equation III-5)
Integrating:
CO C0 0
! f ac + ! dC = f dt
kiwKo) C o kyy
C C t
(Equation III-6)
Solving for Cy at to= 0 and C at t yields:
C
| (C_o) + K. (C—Cy) .
kKL

(Equation III-7)

In order to determine a unique value of ki for each compound were determined by non-linear
regression to Equation III-7, the values of the adjusted final concentration (C*) in Equation III-8,
were corrected until reaching the corresponding value of t (min) for its respective initial
concentration. Experimental values of C and C* are relatively similar between them. kpp is
calculated as by Excel using the solver application.
C .
In (C_o) + KL (C* = Cp)
— =t
kiuKy,

(Equation III-8)
3.7. First-order Reaction Rate Constant (min™)

The constant k(min™")is obtained by plotting the natural logarithm of the concentration of each
compound measured at different times during the UV/TiO, operation versus its related time at
specific conditions of pH, TiO; concentration and UV irradiation power (In(C) vs t).

dc

= ke

(Equation II1-9)

C = Coe—(k)(t)
(Equation II11-10)
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3.8. Effectiveness of the System

For a first order reaction under steady conditions, simulation of the effectiveness of the
photocatalytic unit was carried out in two types of reactors: (i) plug flow reactor PFR and (ii)
continuous stirred tank reactor CSTR.

3.8.1. PFR

Also known as a tubular reactor. In this type of system it is assumed that there is no mixing of
the medium along the long axis of the reactor. The conversion “Xppr” can be written as Equation
I-11.

CO_C)

Xprn =
PFR ( Co

(Equation III-11)
3.8.2. CSTR

This unit consists of well-stirred batch-reactor tank from which the partially reacted material
passes continuously. The conversion “Xcstr” can be written as Equation I11-12.

1
X =1—-|——7
CSTR [1 + (kt)]
(Equation II1-12)

Where t is the equivalent to the hydraulic retention time (HRT).
3.9. Normalization of First-order Kinetic Rates

First-order kinetic constants were normalized to other design parameters such as energy
delivered by the UV lamp (kWeh), volume of the reactor chamber (m’), and surface area of the
photocatalyst (m?).

3.9.1. Energy Normalized to Energy Delivered per Volume (k’) - KW-h m™

This parameter is given by Equation III-13

C = Coe~ W)
(Equation II1-13)
Where:
E4 = energy delivered (kWeh) = Pxt,
P = Net power of the lamp in the UV range (constant and equal to 4.6 W),
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t = exposure time (min).
For example the energy delivered at t = 5 min will be:

1 kW h
X5 minXx — = 3.83x107*kW - h

Eq = 46 WX 000w 60 min

If the volume of the water sample is 0.5 L, the energy delivered per unit of volume (V), E will

be:

Eq 3.83x107*kW-h 1000L kW - h
= X = 0.767

v 0.5L 1m3 ' m3

3.9.2. First Order Removal Normalized to TiO, Surface Area of (k’’) - min"'m™

This parameter is given by the Equation III-14.

C= Coe—(k”)(thA)
(Equation II1-14)

According to the reported TiO, particle diameter (listed in Appendix C), and assuming that TiO,
particles are spherical, the specific surface area of TiO; is 59 m’g™'. Therefore, the value of the
total surface area depends on the concentration of the TiO, in each sample. For example, in a
volume of 500 mL the surface area corresponding to a concentration of 0.1 gL' of TiO, is 2.95

m* (0.5 Lx0.1Ex59 m?z)

3.9.3. First Order Removal Constant Normalized to TiO, Surface Area & Energy
Delivered (k°’) - m® (kW-h)'m™
This parameter is given by the Equation III-15.

L PXOEA)
C = Coe \

(Equation III-15)
The £’ values were determined by conducting a regression analysis of &k’ values for different

surface areas of TiO,. The slope of the resulting line provides the value of &’’’ given in m’
(kW+h)'m™.

3.10. Adsorption Rates

An analysis of adsorption rates was performed at initial concentrations of 3 mgL™ for all the
compounds over 30 minutes in darkness. Appendix P shows results for each adsorbed
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contaminant concentration (q;) vs. adsorption time (q; is defined as the mass of contaminant
adsorbed divided by the mass of adsorbent, TiO, in this case). TiO, achieved its maximum
adsorption capacity at different times depending on the contaminant selected. The maximum
adsorption values obtained from these experiments correspond to the adsorption values given at
24 hours for each compound, which were employed to determine Ky values.

In an adsorption process, the rate of adsorption (dg/dt) is proportional to the difference between
the amount adsorbed at time (t), and the adsorption capacity of adsorbent (qe - qy):

dq
a = kads(qe - qt)

(Equation ITI-16)

Integrating Equation III-16 fromt=0to t=t, and q; = 0 to q; = qs, yields to:

ln(qe - qt) = ln(qe) - kadst
(Equation ITI-17)

where q. is the mass of contaminant adsorbed at equilibrium divided by mass of TiO,, and q; is
the mass of compound adsorbed at time t divided by mass of TiO», and kugs (min™) is the first-
order adsorption rate constant. The plots of In(qe-q;) vs. time are shown in appendix Q to obtain
kads~

3.11. Identification of intermediates

Some intermediates of the photocatalytic oxidation of the selected compounds were identified by
GC/MS analysis by comparison with standards and by interpretation of identified fragment ions.
Byproducts were identified from two sources: (i) direct degradation of each compound
individually and (ii) random interactions among partially degraded intermediates of the parent
compounds. Experiments to identify byproducts were undertaken by subjecting a prepared
sample to UV/Ti0, oxidation at two different reaction times, 2 min and 26 min. The operational
conditions to perform the experiments were the same as those used for assessing the kinetics of
the degradation reactions. The samples consisted of solutions containing the five compounds at
an initial concentration of ~2 mgL ™.
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IV. RESULTS

This chapter presents findings of the laboratory study to determine the ability of the UV/TiO,
process for removing five organic contaminants listed as follows: 1,4 dioxane, NDMA, TCEP,
gemfibrozil, and 17 estradiol. Degradation of each contaminant was measured at different
reaction times using GC-SPME-FID and SPE-GC-FID analyses under variable conditions of pH,
and catalyst concentration to determine optimum operational parameters of the photocatalytic
process. The kinetics constants were evaluated from two approaches, the L-H model and the first
order rate.

4.1.Experimental Controls

Blank experiments were carried out to confirm there was no presence of any different compound
out of the photodegradation process in the samples. pH, temperature and TiO, surface area were
identified as primary variables that must be maintained at favorable conditions to maximize the
extent of degradation. Tests were therefore conducted to identify experimental conditions that
meet this requirement. To verify that there was no hydrolysis of the compounds, samples were
taken directly from the stock solution (Co = ~2 mgL ") without being subjected to any treatment
to be analyzed at different pH values (3, 5, 7, and 9), and no degradation was observed. To check
there was no presence of any other compounds different to the parent ones, analyses of the
samples at 1.5 gL' for 24 hours of contact time and pH 5 were also performed. A reduction of
the concentration of the selected compounds was observed due to the adsorption on the
photocatalyst surface, but no intermediates were detected.

4.2.Assessment of the Degradation Effectiveness of UV/TiO,

The effectiveness of the UV/TiO, process was determined initially by identifying operational
parameters that affect the speed of oxidation reaction. Once the parameters were set at the
optimal conditions, rate constants were calculated from two different approaches (L-H and first
order) to finally get them compared to other advanced oxidation alternatives.

4.2.1. Factors Influencing the Photocatalytic Degradation

The pH of the sample and TiO, concentration (surface area) were varied in order to determine
the effect on degradation rate and extent. Other parameters, such as initial concentration of the
contaminants, UV radiant flux, UV wavelength, and type of photocatalyst, remained constant.
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Effect of pH

A series of experiments were conducted with solution pH varied from 3 to 9. The TiO, slurry
concentration was fixed at a concentration of 0.1 gL™' while the pH of the samples were adjusted
with 0.01 N and 0.1 N solutions of hydrochloric acid (HCI) and sodium hydroxide (NaOH). First
order degradation rate constants were found from the concentration versus time data, and are
listed in Table IV-1. The greatest degradation rate constants for all compounds studied was
found to be at pH 5.0 as shown in Figure IV-1. As it can be seen from table V-1, the highest
degradation rate was found to be at pH 5.

©-1,4 dioxane —NDMA HTCEP aGemfibrozil 17 p estradiol

0.6

0.5

0.4

kﬁrst-order (min 1)
0.2 0.3
P)

& <
-
S
8 —
o
=
3 5 7 9
pH

Figure I'V-1 Variation of first order degradation rate constants with variation in solution pH, %
(min™) (TiO, concentration = 0.1 gL'l, initial contaminant concentration = ~2 mgL™).

Table IV-1 Variation of first order degradation rate constants with variation in solution pH,
k (min'l) (TiO; concentration = 0.1 gL'l, initial contaminant concentration = ~2 mgL'l).

pH 3 5 7 9

1,4 dioxane 0.150 0.270 0.180 0.160
NDMA 0.210 0.290 0.210 0.190
TCEP 0.019 0.033 0.028 0.028
Gemfibrozil 0.360 0.530 0.370 0.330
17B estradiol 0.310 0.370 0.320 0.290

Effect of Temperature

Although temperature is not reported to dramatically affect photo-catalytic reactions [42, 43] all
experiments were conducted at a controlled temperature of 20+2°C by means of a chilled water-
cooling system.
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Effect of TiO; Slurry Concentration

The effect of different concentrations of TiO, on the photocatalytic degradation of the five
different contaminants was also observed (See Appendix F). The increase in TiO; slurry
concentration in water samples results in greater surface area and more active sites available for
the oxidation of compounds. However, at some point an increased slurry concentration will
decrease the ability of the UV radiation to reach the TiO, surface because a portion of the UV
light is attenuated [135] and/or scattered [136] by the TiO, particles. Therefore, a range from 0.1
to 2.5 gL' of TiO, concentrations was evaluated to determine the impact on degradation kinetics.
First order degradation rate constants were found from the concentration versus time data, and
are as shown in Figure IV-2 and Table IV-2.

o-Dioxane —NDMA -ETCEP *ESTRA A-GEM
Concentration of TiO, (mgL')

0.6 0.8 1.0

kﬂrst-order (ml n.l)
0.4

<&
<&

B———E//’E/E\S\B

0 20 40 60 80
Surface area of TiO, (m2L1)

0.2

0.0

Figure I'V-2 Variation of first order degradation rate constants with variation of TiO;
concentration, k (min™") (Solution pH = 5.0, initial contaminant concentration = ~2 mgL'l).
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Table IV-2 Variation of first order degradation rate constants with variation of TiO, concentration,
k (min™) (Solution pH = 5.0, initial contaminant concentration = ~2 mgL'l).

TiO, (gL™) 0.1 0.5 1.0 1.5 2.0 2.5
TiO, SA (m?) 295 1475 29.50 | 44.25 | 59.00 73.75
1,4 Dioxane 0270 0280  0.300 | 0.400 | 0.320  0.280
NDMA 0290 0290 0.320 | 0.430 | 0370  0.290
TCEP 0.033  0.040 0.070 | 0.150 | 0.100  0.050
Gemfibrozil 0.530  0.740  0.790 | 0.840 | 0.780  0.760
17B estradiol 0370 0340 0.380 | 0.490 | 0.450  0.370

Note that the degradation rate constants were greatest at TiO, concentration of 1.5 gL
(corresponding to approximately 44.25 m* of TiO, surface area) An average 36 % increase in the
removal rate constants for 1,4 dioxane, NDMA, gemfibrozil and 17§ estradiol was obtained
compared with results found using 0.1 gL' TiO, concentration (2.95 m°surface area). Under the
same conditions, TCEP’s reaction rate increased 78 %.

4.2.2. Kinetics of UV/TiO; Photodegradation of contaminants

The kinetics of degradation of the five selected compounds were evaluated for pH 5.0 and 1.5
gL'1 of TiO,; the C/C, results are shown in Figure IV-3. The final concentration of all the
compounds decreased to below method detection limits after 10 minutes of reaction time, except
for TCEP, which remained above the detection limit after 15 minutes of reaction time.
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Figure IV-3 Degradation of the five contaminants by UV/TiO, oxidation (Solution pH = 5.0, TiO; =
1.5 gL'l, initial contaminant concentration = ~2 mgL'l).
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4.2.3. Kinetic Approaches

Modeling of the kinetics of degradation of the contaminants in the UV/TiO; batch reactor was
approached using the Langmuir-Hinshelwood (L-H) and the pseudo-first order models. The
modeling results were assessed to determine the goodness of fit of each approach to the
experimental data.

4.2.3.1.Langmuir-Hinshelwood Approach.

The L-H kinetic model has been widely utilized to describe the kinetics of the photocatalytic
process [28, 29, 58, 77-80]. The rate of oxidation with maximum coverage of sites on the
photocatalyst surface is controlled by the reaction rate of the adsorbed molecules and is given by
Equation IV-1.

dc Ky.C

dt ~ "M1+K.C
(Equation IV-1)

Where, K; = Langmuir adsorption constant (Lmg") and &,z = Langmuir-Hinshelwood reaction

rate constant (mgL 'min™") (See Appendix G and Appendix H). The parameters of the L-H
Equation were determined by determining the values of these constants.

e FEquilibrium experiments

In order to determine the K; parameter several experiments were performed at dark conditions
for each compound separately. Figures in Table IV-3 to Table IV-7 illustrate the parameters
needed to plot equilibrium adsorption data in linearized Langmuir isotherm forms (Figure [V-4
to Figure IV-8). From the tables, x, is the amount of compound (mg) that remains in the sample
after adsorption using different amounts TiO; for 24 hours. For m=0 g of TiO,, the amount of
compound (xo) in the sample is simply equal to the initial concentration of the sample (C)
multiply by the total volume (V) of the sample treated. Therefore, the difference (xo-xn)
corresponds to the adsorbed mass of compound by the photocatalyst at specific concentration
values of TiO,. The ratio of (xo-x,)/m represents the equilibrium adsorption capacity of a specific
concentration of TiO,, and by means of plotting 1/qe vs. 1/C. the value of Ky is obtained.
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Accordingly, table IV-3 and Figure IV-4 show adsorption data to obtain K and the plotting of
the equilibrium adsorption data in linearized Langmuir isotherm form for 1,4 dioxane.

Table IV-3 1,4 dioxane adsorption data to obtain K, parameter.

TiO A\ TiO 1/C. n X, = -
i _12 i0,[m] C. (mgL'l) 3 X Xp -X qe= (Xo 1/q.
(gL”) (mL) (2 (Lmg™) (mg) (mg) Xp )/m
0.0 510 0.0000 3.04 1.55040 0
2.0 510 1.0200 2.65 0.3774 1.35150 0.19890 0.20 5.13
4.0 510 2.0400 2.33 0.4292 1.18830 0.36210 0.18 5.63
7.0 510 3.5700 2.01 0.4975 1.02510 0.52530 0.15 6.80
10.0 510 5.1000 1.68 0.5952 0.85680 0.69360 0.14 7.35
[e0)
) y = 10.628x + 1.1815
L R2 = 0.95338 (o]
-]
5~
g 0
=
(=]
[
L'
)
o (o]
g
L]
n
0.35 0.40 0.45 0.50 0.55 0.60

1/C, (Lmg?)

Figure IV-4 1,4 dioxane linearized data - Langmuir isotherm.

As shown in the figure above,

1

1
Qmax = = = 0.85 mg of 1,4 dioxane per gram of TiO
A Yintercept 1.1815 ’

Therefore, for 1,4 dioxane:

1 1
- (9max) (slope) - (0.85 mgg~1)(10.628 gL.1)

KL =0.111 Lmg™?!
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Table IV-4 and Figure IV-5 show adsorption data to obtain Ky and the plotting of the
equilibrium adsorption data in linearized Langmuir isotherm form for NDMA,

Table IV-4 NDMA adsorption data to obtain K; parameter.

Ti(-)12 A\ TiO;[m] C. (mgL'l) I/C: Xp Xo X, qe=x/m 1/q.
(gL”) (mL) (g) (Lmg") (mg) (mg)
0.0 510 0.0000 3.04 1.55040
2.0 510 1.0200 2.51 0.3984 1.28010 0.27030 0.2650 4.55
4.0 510 2.0400 2.24 0.4464 1.14240 0.40800 0.2000 4.83
7.0 510 3.5700 1.95 0.5128 0.99450 0.55590 0.1557 5.32
10.0 510 5.1000 1.82 0.5495 0.92820 0.62220 0.1220 5.90
o
© y = 8.5771x + 1.0595 @)
R = 0.95764

1/q. (g of TiO,/mg of NDMA)
5.0

Q Gmax = 0.94 mg/g
K, =0.12 Lmg*
[=)
ﬂ:
0.35 0.40 0.45 0.50 0.55 0.60

1/C. (Lmg?)
Figure IV-5 NDMA linearized data - Langmuir isotherm.
As shown in the figure above:

1
q = =
max Yintercept 1.0595

= 0.94 mg of NDMA per gram of TiO,

Therefore, for NDMA:

1 1

K= (9max) (slope) - (0.94 mgg~1)(8.5771 gL 1)

= 0.123 Lmg™!

Table IV-5 and Figure IV-6 show adsorption data to obtain Ky and the plotting of the
equilibrium adsorption data in linearized Langmuir isotherm form for TCEP,
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Table IV-5 TCEP adsorption data to obtain K, parameter

TiO, A\ TiO;[m] 1 1/C. Xp Xo -X,
i C. (mgL™) 8 ~X/m 1/q.
@)  (mL) ® & (Lmg") | (mg) (mg) 1 4
0.0 510 0 3.05 1.55550
2.0 510 1.02 2.90 0.3448 1.47900 0.07650 0.0750 13.3
4.0 510 2.04 2.76 0.3623 1.40760 0.14790 0.0725 13.7
7.0 510 3.57 2.57 0.3891 1.31070 0.24480 0.0685 14.5
10.0 510 5.1 2.41 0.4149 1.22910 0.32640 0.0640 15.6
9
~ y = 32.511x + 2.0511
o R2 = (0.99092
w
O n
'— i
Y
[]
=]
£
=Xt
9 i
=
Y
(]
®
] Omax = 0.49 mg/g
R K_=0.063 Lmg*
[ |
N
0.33 0.36 0.39 0.42

1/Ce (Lmg?)

Figure IV-6 TCEP linearized data - Langmuir isotherm.

As shown in the figure above:

q == ==
max Yintercept 2.0511

1

Therefore for TCEP:

Ky

1

= 0.49 mg of TCEP per gram of TiO,

1
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Table IV-6 and Figure IV-7 show adsorption data to obtain Ky and the plotting of the
equilibrium adsorption data in linearized Langmuir isotherm form for gemfibrozil,

Table IV-6 Gemfibrozil adsorption data to obtain K; parameter

Ti \Y% Ti 1/C. n -X,
1(_)12 i0,[m] C. (mgL'l) /C g X Xp -X qe=x/m 1/q.
(gL”) (mL) (2) (Lmg™) (mg) (mg)
0.0 510 0 3.10 1.58100
2.0 510 1.02 2.19 0.4566 1.11690 0.46410 0.4550 2.20
4.0 510 2.04 1.70 0.5882 0.86700 0.71400 0.3500 2.86
7.0 510 3.57 1.11 0.9009 0.56610 1.01490 0.2843 3.52
10.0 510 5.1 091 1.0989 0.46410 1.11690 0.2190 4.57
o
(o]
’z" y = 3.3964x + 0.6995
(u; R2 =0.96576
« ©
Qo <
=]
E
Q
[
S
® 3
o
- Omax = 1.43 mg/g
K, = 0.206 Lmg!
o
o
0.40 0.60 0.80 1.00 1.20

1/C. (Lmg?)
Figure IV-7 Gemfibrozil linearized data - Langmuir isotherm.
As shown in the figure above:

1
q = =
max Yintercept 0.6995

= 1.43 mg of 1,4 dioxane per gram of TiO,

Therefore, for gemfibrozil:

1 1

K= (9max) (slope) - (1.43 mgg~1)(3.3964 gL. 1)

= 0.206 Lmg™!
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And finally table IV-7 and Figure IV-8 show adsorption data to obtain Ky, and the plotting of the
equilibrium adsorption data in linearized Langmuir isotherm form for for 17f estradiol,

Table IV-7 17 estradiol adsorption data to obtain K; parameter.

Ti(-)12 \Y% TiO;[m] C. (mgL'l) I/C: Xp Xg -Xp qe=x/m 1/q.
(gL”) (mL) (8) (Lmg™) (mg) (mg)

0.0 510 0 2.90 1.47900

2.0 510 1.02 2.20 0.4545 1.12200  0.35700 0.3500 | 2.86
4.0 510 2.04 1.80 0.5556 0.91800  0.56100 0.2750 | 3.64
7.0 510 3.57 1.40 0.7143 0.71400  0.76500 0.2143 | 4.67
10.0 510 5.1 1.05 0.9524 | 0.53550  0.94350 0.1850 | 5.41

6.0

y = 5.061x + 0.7546
R2 = 0.9574

5.0

o

1/q. (g of TiO,/ mg of EST)
4.0

Q
M (e} Omax = 1.325mg/g
K, = 0.149 Lmg!
Qe
o
0.40 0.50 0.60 0.70 0.80 0.90 1.00
1/C. (Lmg?)

Figure IV-8 17p estradiol linearized data - Langmuir isotherm.

As shown in the figure above:

1
q = ==
max Yintercept 0.7546

= 1.325 mg of 17 estradiol per gram of TiO,

Therefore, for 17p estradiol:

1 1

K= (9max) (slope) - (1.325 mgg~1)(5.061 gL 1)

= 0.149 Lmg™!

The two appendices G and H show the extent of equilibrium adsorption of the five contaminants
on the TiO, surfaces in the UV/TiO, reactor. The results are represented as fraction of
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contaminant remaining in aqueous solution after 24 hours contact time. These data were
obtained for adsorption only — the UV lamp was not activated, therefore contaminant mass did
not decrease via chemical oxidation. A summary of the data obtained is shown in table IV-8.

Table IV-8 Values of (max, K1 and kpy for CECs

. qmax KL

Contaminant 1 1
(mgg’) (Lmg)

1,4 dioxane 0.850 0.111

NDMA 0.940 0.124

TCEP 0.490 0.063

Gemfibrozil 1.430 0.206

17p estradiol 1.325 0.149

e Finding the Surface Adsorption Rate

Figures in table IV-9 shows the solution of the L-H equation as a function of time (column 6)
that is calculated from known values of Cy and Ky, while varying values of kry until calculated
values of column 6 converged to the t values in column 3. Values of C are simultaneously
observed (column 4) for each row to adjust to the same kry value. Values in columns 1, 2 and 3
were obtained from the experiments, corresponding to initial concentration, and final

concentration at the given times.
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Table I'V-9 Solver used to calculate &y y

1,4 dioxane
1 2 3 4 5 6
Co C . C* ki In (g—o) + KL(C* = Cyp)
4 4. | t(min) » A . - =t
(mgL™) | (mgL™) (mgL™) (mgL'min™) ke Ky,
1.95 1.20 1 1.318460712 4.152 0.999999383
1.95 0.86 2 0.873185738 4.152 2.000000344
1.95 0.58 3 0.569274083 4.152 2.999999570
1.95 0.25 5 0.234723778 4.152 4.999999450
NDMA
2.86 1.63 1 1.934078554 4.093 0.999999975
2.86 0.97 2 1.266799382 4.093 1.999999803
2.86 0.68 3 0.808586897 4.093 2.999999132
2.86 0.41 4 0.506270377 4.093 3.999999808
2.86 0.35 5 0.312753447 4.093 4.999999943
TCEP
1.96 1.17 5 1.003061822 2.315 5.000000073
1.96 0.49 10 0.498877754 2.315 10.000000275
1.96 0.22 15 0.244243555 2.315 14.999999678
Gemfibrozil
1.13 0.4 5 0.505911331 4.526 0.999999716
1.13 0.18 10 0.211626822 4.526 2.000000717
1.13 0.09 15 0.085511738 4.526 3.000000406
17 estradiol
1.86 0.71 1 1.15172207 3.923 1.000000069
1.86 0.66 2 0.687652385 3.923 2.000000477
1.86 0.35 3 0.399918978 3.923 2.999999991
1.86 0.23 5 0.228579877 3.923 3.999999957

- Column 1, 2 and 3 = values obtained from the experiments, corresponding to initial concentration, and
final concentration at a given times.

- The solution of the L-H Equation as a function of time (column 6) is calculated from known values of
Cy and K, while varying values of &y until calculated values of column 6 converged to the t values in
column 3.

- Values of C” are simultaneously observed (column 4) for each row to adjust to the same ki value

Next, the degradation trends were plotted with the data obtained from the experiments as shown
on Figure 1V-9, by substituting the respective values of kg and Ky in the L-H equation
(Equation III-1) for each compound
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Figure IV-9 L-H model predictions for the UV/TiO; degradation of five selected compounds.
(Solution pH = 5.0, TiO, = 1.5 gL, initial contaminant concentration = ~2 mgL™).

A summary of L-H constants obtained for each contaminant is given in Table IV-10.

Table IV-10 Values for the L-H Kinetic parameters, K, and &y, found for the contaminants studied
in this work

. kin K.
Contaminant 4 . 1
(mgL "'min™) (L mg™)
1,4 dioxane 4.152 0.111
NDMA 4.093 0.124
TCEP 2.315 0.063
Gemfibrozil 4.526 0.206
17f estradiol 3.923 0.149

4.2.3.2.Pseudo-First Order Kinetic Modeling Approach

Figure IV-10 shows the data for the UV/TiO, degradation of contaminants with the first order
reaction rate equation fit (Equation II-9) (refer to Appendix I). Regression curves for each
contaminant are provided on figure IV-10 for the first order approach. Good linear correlations
of the experimental data to the pseudo-first order rate equation were obtained for each
contaminant: 0.95 for 1,4 dioxane; 0.99 for NDMA; 0.98 for TCEP; 0.99 for gemfibrozil, and
0.95 for 17 estradiol.
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Figure IV-10 Pseudo-first order rate model predictions for the UV/TiO, degradation of five selected
compounds (Solution pH = 5.0, TiO, = 1.5 gL, initial contaminant concentration = ~2 mgL™).

4.3.Additional Parameters to be used as Criterion to Move from Bench Scale Reactor to
Pilot Scale System

The purpose of normalizing first order rate constants units to volume, power, and surface area of
the catalyst is to provide information about retention time, UV power, and catalyst dose to be
used in the design of large-scale units.

4.3.1. Normalization of Pseudo-first-order Kinetic Rates

Table IV-11 shows a summary of the rate constants normalized to different operational
parameters. For the calculation of these constants (k’, £’ and k’”’), equations I1I-13, I1I-14 and
III-15 from the previous chapter were employed. £’ indicates the volume of sample treated per
energy delivered by the power of light source emitted in the UV range; k£’ shows a first-order
degradation approach in terms of surface area of the photocatalyst; and k’’" represents the
relationship of volume treated by energy delivered in the UV range and surface area of the
photocatalyst, which is a partial combination of the first two constants.
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Table IV-11 Normalized pseudo-first order kinetics constants £’, k’’, and k’’’. (Conditions: pH 5,
1.5 gL' of TiO,).

k’ k'! k!"
Contaminant 3 .1 . 12 3 -1 -2
(m’(kW-h)™) (min"m™) [m” (kW-h)”" m™]
1,4 dioxane 2.69 0.0024 0.0161
NDMA 3.00 0.0033 0.0209
TCEP 0.92 0.0028 0.0182
Gemfibrozil 5.73 0.0063 0.0402
17p estradiol 3.57 0.0038 0.0255

4.4.Extended Time Reactor Experiments

An additional set of experiments were conducted at conditions found optimal for this process
(pH = 5.0, TiO; slurry concentration = 1.5 gL', and UV lamp nominal power = 100W) but with
extended reaction times of 18, 22, 24, and 26 minutes. These extended reaction time samples
were shipped to an external laboratory (Weck Laboratories, Inc., CA) for low concentration
analyses. The concentrations obtained for each compound at the extended reaction times are
shown in Table IV-12.

Table I'V-12 Final concentrations of contaminants after extended UV/TiO; oxidation reaction times.

Contaminant/ 1,4 dioxane NDMA TCEP Gemfibrozil 17 estradiol
Time (min) (ngL™) (ngL™) (ngL™) (ngL™) (ngL™)
18 6.80 83 170 1.50 12.5
22 4.60 38 160 1.20 10.5
24 1.95 40 155 0.96 9.60
26 1.45 12.5 67 0.49 8.55

The first order degradation rate constants were determined using the combined data; the data
previously presented plus the new data obtained from these extended time experiments. The
predicted concentrations using these first-order rate constants are shown in Appendix N. The
Langmuir-Hinshelwood and first order rate constants were also found from the combined data,
and the predicted concentrations are also shown in Appendix M for each compound. Note that
there is very little difference in the predictions using the first-order rate model and the Langmuir-
Hinshelwood model.

4.5.Adsorption Rate Experiments

The compounds reached equilibrium concentrations at different times: NDMA and gemfibrozil
at 15 minutes, 1,4 dioxane and 17§ estradiol at 20 minutes, and TCEP at 25 minutes. These data
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were fit to a first order rate model [137] to calculate first order adsorption rate constants kugs
(min™). The first order adsorption rate constants are shown in Table IV-13.

Table IV-13 Pseudo-first order adsorption rate constants on TiO; surface, using 1.5 gL'1 of TiO,
and initial contaminant concentrations = ~ 3 mgL'l.

Contaminant (nllciafls'l)
1,4 dioxane 0.096
NDMA 0.120
TCEP 0.075
Gemfibrozil 0.136
17p estradiol 0.127

4.6.I1dentification of Intermediates as Result of the Photocatalytic Degradation of Selected
Compounds

Experiments to identify intermediates were undertaken by subjecting a prepared sample to
UV/TiO; oxidation at two different reaction times, 2 min and 26 min. The operational conditions
to perform the experiments were the same as those used for assessing the kinetics of the
degradation reactions. The samples analyzed consisted of solutions initially containing the five
compounds at 2 mgL™ separately and then all five together.

At 2 minutes, specific compounds were identified using GC/MS. The 2 minutes reaction time
leads to the formation of fourteen identified intermediates. These intermediate compounds were
not detected in control experiments. The compounds were identified by interpretation of
identified fragment ions and by comparison with standards. Conversely, at 26 minutes no
byproducts were detected, indicating that any byproducts formed were fully destroyed by the
oxidation process.

The compounds identified as intermediates of the degradation process were hypothesized to
come from two sources: (i) direct degradation of each individual compound and (ii) random
interactions among partially degraded intermediates of the parent compounds. A wide variety of
byproducts are expected from oxidative degradation of organics in real water samples because of
the presence of a number of chemical species that are potentially prone to react. Intermediates
generated from individual oxidation of parent compounds were identified and listed in table IV-
14 and showed in figure IV-11.
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Table IV-4 List of intermediates generated from the partial degradation of individual parent
compounds separately.

Contaminant Oxidation byproducts
(parent compound)

- 2-hydroxyethyl formate

1,4 dioxane - Ethylene glycol
- Formic acid
- Dimethylamine
NDMA - Methylamine
- Ammonium

- Phosphoric acid

TCEP . .
- 2-chloroacetic acid
- 2,5-dimethylphenol
- 2-hydroxy-4-methylbenzaldehyde
Gemfibrozil - 4-methylsalicylate
emfibrozi
- 4-methyl-2-oxopent-4-enoate
- Acetaldehyde
- Pyruvic acid
- 4-hydroxyestradiol
. - Estrone
17 estradiol .
- Testosterone species
- 6-methyloctan-2-one
I
H
o/\o/\/OH /N\ c HO_T_OH
/ 2-hydroxyethyl formate Dimelhylamine I Phggphg:ca‘id
i Ho NHz CI/\/O\Fl' O\/\CI
Q m]‘w /N\Nyo Methylamine H/ o
1,4 dioxa : " B n-nitrosodimethylamine I|i~-2-ch]m‘ne§1 y1 phosphate C'\)}\
4 dioxane NH, S lyl phospl oH
Ho” X o Ammonium 2-chloroacetic acid

Formic acid

/(ji i
OH \©/v°
2.5-dimethylphenol 2-hydroxy-4-methylbenzaldehyde

o
Q o Estrone
\ (o8
o on| —> ‘
/ OH -

Gemfibrozil 4-methylsalicylate

ik ! N
OH 17(E estradiol
o
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o Acetaldehyde °

Pyruvic acid

4-hydroxyestradiol

Figure IV-11. Intermediates generated from the partial degradation of individual parent
compounds separately.
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4.6.1. Suggested Pathways of Individual Degradation of Contaminants

Intermediates as part of the sole degradation pathway of their respective parent compounds such
as 1,4 dioxane, NDMA and TCEP have been amply described elsewhere and previously
suggested by others [103, 110, 133]. Intermediates formed from random interactions among
partial degradation compounds or other fragments, will be discussed in this work. Because
gemfibrozil’s and 17 estradiol’s intermediates are lesser known than the other compounds’
byproducts as reported in the literature, and the majority of random interactions among
compounds derivatives comes from the gemfibrozil structure, this study also contributes with the
generation of gemfibrozil’s intermediates as an important step in the explanation of derivatives
from this parent compound. Byproducts detected in this work are shown within boxes.

Gemfibrozil’s molecule has two main forms: one composed by a carboxyl group (protonated
form) (A), and the other by an acetate ion (deprotonated form) (A’). At pH 5, the form (A’)
(79.30%) prevails over the (A) (20.70%) [138]. As shown on figure IV-12, the suggested
pathway initiates with the attack of the hydroxyl radical at the oxygen of the aromatic-aliphatic
ether linkage, which exhibits the highest electronegativity of the molecule (11.41) [138],
separating the molecule into two different moieties: 2,5-dimethylphenol (B) and 2,2-dimethyl-5-
oxopentanoate (N) [139]. Then, the two molecules initiate their own degradation pathways
independently. Two degradation paths are proposed for the phenolic compound.

In the first one, hydroxylation is available on position 6 [140] transforming the phenol into 3,6-
dimethylcatechol (C). The hydroxyl radical attack breaks the 5-6 bond transforming the
molecule to 3-methyl-2-oxopent-4-enoate (D) [141], then is converted into 4-hydroxy-2-
oxopentanoate (E) by hydrolysis of the C3—-C4 bond [142] to finally get degraded to
acetaldehyde (F) and pyruvic acid (G).

In the second pathway of the 2,5-dimethylphenol (B), the presence of oxygen favors the
hydroxylation of this molecule either in the methyl groups at positions 1 or 4 to form 4-
(hydroxymethyl)benzene-1,3-diol (H) [143], which is transformed into 2-hydroxy-4-
methylbenzaldehyde (I) [144]. The aldehyde is then transformed into 4-methylsalicylate by
hydration (J) [145], and this into 4-methylcatechol (K) [146] by transformation of the acetyl into
—OH group. Following the same transformation route of the previous catechol derivative to 2-
oxopent-4-enoate derivative [141], 4-methyl-2-oxopent-4-enoate (L) is formed to finally degrade
to pyruvic acid (G) and acetone (M).

On the other hand, the suggested pathway for gemfibrozil’s other moiety starts at (N). The
degradation of the hydrogen of the first carbon is substituted by an —OH group, which at pH 5
switches to acetate ion [147], followed by thiolytic cleavage [148] of the acetate ion and other
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substitutions and oxidation steps towards the formation of 2-carboxy-2,2-dimethylacetate (P)
[149], and finally by the previous described steps be transformed into isobutyric acid (Q) and
formic acid (R).

7
17 18 H4C. CH

X/\><”/ e o i
3 5 10 HsC s HyC SHa _ Isobutyric acid
7 (20.70%) ol 2 o M0 o 2 5 0 OHe> 9
: NS AN - f 5 4 > OHe
1 3 —
e
#'s A o o OH o o
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Figure I'V-12. Suggested pathways of the degradation of gemfibrozil.

For the 17f estradiol, the identified pathway shown on Figure IV-13 starts with the
hydroxylation of the benzene ring right next to the position of the existing OH— group forming a
catechol moiety that transforms the 17§ estradiol (A) into 4-hydroxyestradiol (B) [150], which
was identified in this study. Next step is the breakage of the benzene ring at the bond confined by
the two —OH groups (C), followed by a rearrangements of the carbon bonds of the 2-oxidoprop-
2-enoate moiety [151] to form 2-oxopropanoate moiety (D) [152]. Then, similar steps described
for 3,6-dimethylcatechol’s degradation were applied to suggest degradation at step (E) for the
17B estradiol’s, in addition the —OH group of the cyclopentane molecule was converted to
double C=0 bond.

In step (F) the acetate group is also separated from the cyclohexanone moiety [153]. Then at the
ketone group position, the cyclopentane is converted to a cyclic ester (G) [154]. The ester group
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of the previous step is after transformed into an alcohol plus a carboxylate breaking the oxan-
2one moiety, and transforming the remaining cyclohexane moiety into a hemiacetal (H), then in
step (I) the acetate group is separated. In step (J) the cyclohexane moiety is broken at the -OH
group position to get transformed into an acetyl group single bonded to a 2-oxopropanoate
moiety, which is then transformed into 2-oxepanone (K) following the same degradation
pathway to step (G), to then break the cycloheptanol moiety and produces a long chain molecule
(L) that is fragmented until 6-methyloctanone (M) to finally get degraded into minor byproducts
such as pyruvic acid and acetone.

19 B
(A) 21 oH (®)

(M)

o
o o oHe @ @ OH o OHe o
T —_— N o o MVCH
: o s e e HaC °

\O o NS [ o
S ° 0
o 6-methyloctan-2-one

Figure I'V-13. Suggested pathway of the degradation of 17p estradiol.

4.6.2. Random Interactions Among Partially Degraded Intermediates of the Parent
Compounds

The majority of the intermediates found originated from gemfibrozil’s 1,4 xylene moiety:
acetophenone, 2,5-dimethylcyclohexane-1,4-dione, 2,3-dimethylphenol, 1-phenylethan-1-one,
limonene, 2,6-dimethylphenol, 2-hydroxy-5-methylbenzaldehyde, and 3-methoxy-benzaldehyde.
It is suggested that interactions between the intermediates from the degradation of NDMA and
gemfibrozil might have produced 3,5-dimethylphenyl N-methylcarbamate and N-(4,6-
dimethoxypyrimidin-2-yl)-2-methylpropanamide. Also, reactions between the byproducts from
NDMA and 178 estradiol degradation suggested the generation of 1-methylpyrrolidin-2-one and
2-methyl-4,5-dihydro-1H-imidazole respectively. In addition to (5Z)-4-methyl-5-(2-
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oxopropylidene)-2,5-dihydrofuran-2-one, there were other intermediates identified including:
testosterone, estrone and 2-hydroxyestradiol (not shown in Figure IV-14). The presence of these
intermediates is consistent with Zhao’s findings [155], where it was shown that the attack of
reactive species mostly started at 17f estradiol’s aromatic ring moiety, leading to the formation
of similar estrogenic intermediates by modifying the structure of the parent compound at early
stages of the heterogeneous photo-fenton reaction . (2-chloroethoxy)ethene was identified may
have been produced from the interaction of intermediate compounds from 1,4 dioxane and TCEP
partial degradations. Conversely, at 26 minutes no byproducts were detected, indicating that any
byproducts formed were fully destroyed by the oxidation process.

N-(4,6-dimethoxypyrimidin-2-y|)-2-methylpropanamide

5 -dimethylcyclohexa-2,5-diene-1,4-dione 2,3- dlmethylphenol

C\NH
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©)k al
o
He \ | | /
— P
‘/—\ \/\%}/ / |
(0]
Cl | W,
O — N / L GEMFIBROZIL \ — cl
\ HyC CH, X

3,5-dimethylphenyl N-methylcarbamate

Hyf

N — CH,
0
/ NDMA OH =
HSC HyC CH, o
cHy 3-methoxy- benzaldehyde
Limonene HC
2,6-dimethylphenol 2-hydroxy-5-methylbenzaldehyde
H,C N
CH, (2- chloroethoxy)ethene
N
o
g CHy °
1-methylpyrrolidin-2-one >
HN N
(6]
1,4 DIOXANE
2-methyl-4,5-dihydro-1H-imidazole
17 8 ESTRADIOL (52)-4-methyl-5-(2-oxopropylidene)-2,5-dihydrofuran-2-one

Figure IV-14. Identified intermediates and suggested formation dependence of selected compounds
in the simultaneous UV/TiO, oxidation of 1,4 dioxane, 17p estradiol, gemfibrozil, NDMA and
TCEP.
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V. DISCUSSION OF RESULTS

As presented in the previous section, all five contaminants of interest were successfully reduced
in concentration at different chemical reaction rates. The discussion below will first focus on
how well the photocatalytic results fit into either the L-H model or the first order approach, then
a comparison of first-order rate constants for each contaminant obtained in this work with rate
constants and treatment performance assessments presented by others. This will be followed by a
discussion on the applicability of reaction rate constants presented in this study for design scale-
up. The concluding portions of this section will address contaminant to TiO, adsorption
measurements and byproduct formation.

5.1.Assessment of the Effectiveness of UV/TiO;

According to the results previously shown in the last chapter, minor differences were found on
the trends of degradation rates of the selected contaminants by the two studied approaches (L-H
and first order). A comparison of the results obtained from the two models studied is shown in
Table V-1. As noticed, there was a small difference (column 6) between using either the L-H or
the first order model. Consequently, in terms of simplicity, first order model describes very well
the photocatalytic degradation process of the selected compounds.

Table V-1 Comparison between first order kinetics and the product of k;yXxKj .

1 2 3 4 5 6
Contaminant (mfn'l) (Lln?é'l) (mglf' %:;in'l) (k(L;Il;l_{()L) % Difference
1,4 dioxane 0.404 0.111 4.152 0.461 -14.11%
NDMA 0.429 0.124 4.093 0.508 -18.41%
TCEP 0.149 0.063 2.315 0.146 +2.01%
Gemfibrozil 0.839 0.206 4.526 0.932 -11.08%
17p estradiol 0.489 0.149 3.912 0.583 -19.22%

Column 2 = First Order reaction constant value found through regression analysis of In C vs t
Column 3 = Langmuir adsorption constant found as described in Appendix H
Column 4 = Langmuir-Hinshelwood reaction rate constant found as described in Appendix I

5.1.1 Effectiveness of UV/TiO, Oxidation Based on Rate Constants

As shown in Figure IV-3, it is apparent that a relatively even competition for active sites on the
Ti0, surface between gemfibrozil and 17f estradiol is observed at early stages of the process (up
to 1 min). However, the presence of a deprotonated carboxyl group in gemfibrozil’s structure is
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expected to enhance its adsorption strength on the photocatalyst surface [156]. This trend is
observed in Figure IV-3 for reaction times greater than 1 min. As the solution pH is greater than
gemfibrozil’s pKa (4.42 [60]), gemfibrozil is expected to have a greater affinity for the positively
charged TiO, surface (Pzc = 6.25) [157], and may be oxidized by direct interaction with
photogenerated holes of the photocatalyst surface [158]. Conversely, 17 estradiol’s pKa (10.33)
[136-138] indicates a protonated state of the molecule at the same pH condition, giving the
hormone lower affinity for the TiO, surface than the gemfibrozil.

The relatively rapid degradation of gemfibrozil and 17f estradiol when compared with the other
compounds may be also explained by comparing their solubilities. It has been found that
compounds with lower solubilities have greater adsorption rates to catalyst surfaces [159].
Gemfibrozil and 17p estradiol have low aqueous solubilities; 10.9 mgL™' [160] and 5 mgL ™" [161]
respectively. However, the other compounds have greater solubilities: 1,4 dioxane is 213 gL
[94], NDMA is 4 gL' [162], and TCEP is 7 gL' [163]. The compounds with lower aqueous
solubilities are expected to have greater affinity for the TiO, surface, and are more readily
oxidized.

Moreover, 1,4 dioxane does not contain functional groups capable of dissociation [94, 164], and
its relative stable nature [94] can affect its propensity for oxidation when competing with NDMA
for TiO, actives sites. The NDMA'’s pKa of 3.52 [138] provides for a negative charge at pH 5.0,
and the N-NO bond is capable of acting as a donor of an NO [165] to the positive holes on the
TiO, surface, while the four C—O bonds in the 1,4 dioxane act as hydrogen bond acceptors
available for dipolar attractions [94]. Finally, TCEP does not have ionizable functional groups,
however the high pKa (14.86) [136-138] of its leaving group 2-chloroethanol [166] and higher
dipole moment (1.79 D) as compared to 1,4 dioxane (0.04 D) [138] makes this molecule more
difficult to remove at the conditions evaluated. This agrees with these results, which showed
TCEP with the slowest degradation rate of the contaminants evaluated in this work. It is
important to point out that the kinetic rates and degradation effectiveness reported in the
literature are based on different operational conditions of each work, which makes comparisons
among them being difficult, however some relevant information based on the removal of the
selected contaminants of this study from others is detailed as follows.

5.1.1.1. 1,4 dioxane

As mentioned in previous chapters, conventional water and wastewater treatment processes
including precipitation-coagulation, air stripping, and conventional biological treatment have
shown to be relatively ineffective in removing 1,4-dioxane in water due to its recalcitrant
behavior and high solubility [167, 168]. Studies regarding direct UV photolysis or ozonation
(alone) have reported to produce low removal efficiencies of 1,4 dioxane [168, 169]. Other
AOPs such as H,0,/03, UV/H,0,, and UV/TiO; have been reported to attain significant removal

68



of this compound [103, 170, 171]. Table V-2 summarizes results of treatability studies from this
research and referenced studies.

Table V-2 Results of 1,4 dioxane - Treatability studies.

Technology Initial Operation % Reaction rate
conc. time (min) removal constant

Batch O; [172] 1 mgL™" 0.03 (min™")
Batch Os/H,0, [172] 1 mgL™" 2.2 (min™)
03/H,0, [173] 14 pgL™! 9 86.0% --
Batch UV/TiO, (1500W) [102] 35 mgL™ 10 94.5% 0.29 (min™")
}[312‘1;:? UV /H,O, with ferrioxalate 450 mgL'l 30 99.8% 3
Batch UV/H,0, (1 kW) [103] 88 mgL™! 5 90.0% 0.52 (min™")
Batch UV photolysis (1 kW) [103] 88 mgL™! 5 2.0% 0.0038 (min™)
Batch UV/TiO, (this work) 2 mgL” 25 97.8% 0.4 min™

The first order reaction rate constant for the removal of 1,4-dioxane found in this research at pH
5, with TiO, concentration of 1.5 gL'l, was 0.4 min™". This value is very close to the rate constant
reported by Maurino et al. [102] (0.29 min™) for UV/TiO,, and comparable to the value reported
by Stefan and Bolton [103] (0.52 min™") for UV/H,0,, and it is two orders of magnitude greater
than the rate constant found by Stefan and Bolton [103] for UV photolysis of 1,4-dioxane.

Now, regarding effectiveness of the photocatalytic process evaluated in this work, by using the
0.4 min"' rate constant found in this research, a removal percentage in a batch reactor was
predicted of 86.5% for a 5 min reaction time, and 98.2% for a 10 min reaction time. The
predicted removal percentage using a CSTR was of 66.7% for a 5 min residence time, and of
80.0% for a 10 min residence time.

5.1.1.2.NDMA

NDMA is a stable compound in aqueous solution and exhibits resistance to treatment by air
stripping and adsorption technologies as well as by biodegradation [175, 176]. However, it is
reported to be susceptible to chemical oxidation [177] and UV photolysis [178-181]. Moreover,
most of the AOPs reported to degrade NDMA make use of oxidants such as ClO, and O3 [182]
and H,0,/0O; [111], while other studies have reported a combination of reverse osmosis and UV
treatment [183] as effective methods of degradation. The treatment effectiveness of various
chemical oxidation technologies reported in the literature is shown in Table V-3.
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Table V-3 Results of NDMA - Treatability studies.

Technolo Initial Operation % Reaction rate
gy conc. time (min) removal constant
Batch UV/TiO, (16W) [184] 30 mgL" 100 99.0% --
CSTR CIO, [182] 0.46 gL 5 63.0% --
CSTR O; [182] 0.46 gL 5 90.0% --
Semi-batch Rayox® UV photolysis 1 .
74 mgL .99 32
(1 kW medium pressure) [185] me 70 99.9% 0.32 min
Batch UV photolysis (pulsed UV 1 .
2. . .99 .
irradiation 5 kW) [186] 8 uel = 97.9% 12.2 min
Batch UV/TiO, (this work) 2 mgL™ 23 97.5% 0.42 min™

The reaction rate constant for the removal of NDMA with UV/TiO, found in this work (at pH 5,
TiO,=1.5 gL'l) was 0.42 min™' as listed in Table IV-3. This is similar to the rate constant found
by Stefan and Bolton [185] (0.32 min™") for UV photolysis of NDMA in water using a 1 kW
lamp. Using the rate constant determined in this work, the predicted removal percentage using a
batch reactor was found to be 88% for a 5 min reaction time, and 98.6% for a 10 min reaction
time. The predicted removal percentage using a CSTR was found to be 68% for a 5 min reaction
time, and 81% for a 10 min reaction time.

5.1.1.3.TCEP

TCEP has been found to be somewhat resistant to oxidative processes [20], including advanced
oxidation [186, 187], and has been found to be recalcitrant and persistent in the environment. It
has been regularly detected in different water bodies around the world [112-114]. Processes
such as ozone oxidation have been found by others to be relatively ineffective for treating TCEP
in water [188, 189]. Snyder and colleagues [189] reported low TCEP removal rates in bench
scale experiments using O3/H,O, and O;. Benotti and collaborators [190] reported better removal
rates using UV/TiO, plus H,0O,, and UV photolysis. Recent research from WPI has found that
other AOPs are able to degrade TCEP in water, albeit at lower reaction rates than typically
encountered for most other contaminants in water [187, 191]. Findings regarding TCEP
treatability by AOPs reported in the literature are shown in Table V-4.
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Table V-4 Results of TCEP - Treatability studies.

Technology Initial Operation % Reaction rate
conc. time (min) removal constant
CSTR 03/H,0, [189] 0.34 pgL™”! 24 9.0% -
PFR UV/H,0, (2.3kW) [190] 3.1 gl i i 0.35 m3(kW-?)'l,
0.42 min
PFR  (2.3kW) Photocatalytic Lgl i i 0.063 m3(kW-?)'1,
reactor membrane [190] 0.085 min
Batch CI, [192] 100 ngL™! 1440 10.0% --
PFR RO-UV [193] 284 ngL”! 60 91.9% -
Batch O3/H,0, [187] 2 mgL” 0.0477 min™
Batch H,O,/Fe” [191] 2 mgL” 0.0052 min™
3221}; UV/TIO; (100 W) (this g 30 98.6% 0.15 min’!

For this compound, the first order reaction rate constant for the removal of TCEP with the
UV/TiO, process in the batch reactor found in this work (pH 5, TiO, = 1.5 gL™") was 0.15 min™
as shown in Table V-4. This is somewhat faster (higher first-order rate constant) than the
constant reported by Nguyen [191] and Votruba [187], where they found rate constants of 0.0477
min™ and 0.0052 min™', respectively. It is suspected that the UV/TiO, system employed in this
work produced hydroxyl radicals at a higher rate than in the systems used by both Nguyen and
Votruba. The reaction rate constants for the oxidation of TCEP using the UV/TiO; process is
lower than the rate constants for the other contaminants evaluated in this work. This is
consistent with other treatability results reported by others, [190] and [193].

Using the rate constant found in this research, the predicted removal percentage using a mixed
batch reactor is 53% for a 5 min reaction time, and 78% for a 10 min reaction time. The
predicted removal percentage using a CSTR is 43% for a 5 min reaction time, and 60% for a 10
min reaction time.

5.1.1.4.Gemfibrozil

Gemfibrozil is a widely-used pharmaceutical that has been found in the environment in many
studies [122, 123] and has been degraded with effectiveness using AOPs [194]. It may be treated
with variable effectiveness using various treatment technologies as shown in Table V-5.
Adsorption to granular activated carbon has been reported to be relatively ineffective (8%
removal as reported by Snyder [195], and removal in a membrane bioreactor was found to be
46% [195]. However, the use of O3 was also reported achieving a removal of 99% [189], and
Molinari [196] found 98.5% destruction with UV/TiO,.
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Table V-5 Results of Gemfibrozil - Treatability studies.

Technology Initial Operation % Reaction rate
conc. time (min) removal constant

CSTR O; [189] 0.36 pgL” 24 99.0% --
PFR  (23kW) Photocatalytic . gl i i 0.80 m3(kW'?)'l,
reactor membrane [190] 0.89 min
CSTR UV/TiO, (125W) [196] 10 mgL" 30 98.5% --
Batch Cl, [192] 100 ngL 1440 98.0% -
PFR RO-UV [195] 2.74 pgL™! 120 99.9%
3221}; UVITIO; (100 W) (this ) o 12 96.0% 0.84 min""

The first order reaction rate constant found in this study for the removal of gemfibrozil with the
UV/TiO;, process in the batch reactor (pH 5, TiO, = 1.5 gL™") was 0.84 min™'. This is similar to
Kim and colleagues who found 1.12 min™ [197], and values found in Molinari’s work [196],
2.15 min”'. Using the first order rate constant obtained in this work, the predicted removal
percent using a batch reactor was found to be 98.5% for a 5 min reaction time, and 99.98% for a
10 min reaction time. The predicted removal percentage using a CSTR is 81% for a 5 min
reaction time, and 89.4% for a 10 min reaction time.

5.1.1.5. 17 estradiol

Finally, the hormone 17f estradiol is a contaminant commonly found in domestic wastewater
[91, 132] due to limited treatment in conventional wastewater treatment plants. It has been found
in natural waters due to anthropogenic activity [130, 196]. It is amenable to various treatment
processes including chemical oxidation (e.g. ozonation) and adsorption. For 17f estradiol
treatment, Snyder and colleagues found a removal effectiveness higher than 99% using
ozonation [189]. Coleman and Bistan also achieved high removal efficiencies using UV/TiOs.
Nevertheless, Coleman [198] showed a 98% of removal for this compound in 3.5 h by
photocatalysis using TiO,, and in a different study developed by Bistan [132] using UV/TiO, a
100% removal of the hormone was achieved after 30 minutes.
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Table V-6 Results of 17p Estradiol - Treatability studies.

Technology Initial Operation % Reaction rate
conc. time (min) removal constant

CSTR 05 [189] 0.35 pgL™” 24 99.0% --
PFR  (2.3kW) Photocatalytic nel” i i 12 m’® (kW-}})‘l,
reactor membrane [190] 2.01 min
CSTR UV/TiO; (150W) [132] 0.3 mgL" 240 99.9%
Batch Cl, (3.8 mgL™) [192] 100 ngL™ 1440 98.0% --
Batch UV/TiO, (this work) 2 mg/L 21 97.4% 0.49 min™'

In this study, the first order reaction rate constant for the removal of 17 estradiol by UV/TiO,
process (pH 5, TiO; = 1.5 gL™") was found to be 0.49 min™. This is similar to the rate constant
found in Snyder’s work using ozonation [189]. Using the first order rate constant obtained in this
work, the predicted removal percent using a batch reactor is calculated to be 91.4% for a 5 min
reaction time, and 99.2% for a 10 min reaction time. On the other hand, the predicted removal
percentage using a CSTR is 71% for a 5 min reaction time, and 83% for a 10 min reaction time.

5.2.Assessment of Scaling-Up Parameters

Using the first-order rate constants obtained from data collected in this work, predictions for
treatment in CSTR and PFR reactors were made and are shown in Figure V-1 for 5 minutes
reaction time, and Figure V-2 for 10 minutes reaction time.

As expected, a PFR (which is the same as a batch reactor in terms of percent removal
capabilities) will out-perform a CSTR based on mass-balance equations while assuming an ideal
hydraulic condition. Also, as expected, the degree of removal is shown to be related to time of
reaction — which is the primary variable used in the simplified first-order model (based on
contaminant present — C, and process time — t).

The first-order kinetic model is the most common model applied to treatment systems. It has

been found to follow the data obtained in this work, yet can only be applied when conditions are
identical (i.e., same TiO; concentration and UV power/reactor volume).
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Figure V-1 CSTR and PFR predictions from collected data using the first order rate model for 5

minutes reaction time.
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Figure V-2 CSTR and PFR predictions from collected data using the first order rate model for 10

minutes reaction time.

To provide rate constants with wider applicability for scale-up, the first-order rate constants were
normalized to UV power delivered divided by the reactor volume, then normalized to the TiO,
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surface area, and finally normalized to UV power/reactor volume and TiO, surface area together.
This approach allows scale-up to systems utilizing alternate UV power, and alternate TiO,
concentrations (surface area is proportional to TiO, concentration). These rate constants, k', k*’,
and £*”’, were listed in Table IV-10.

The first-order rate constants normalized to UV power/reactor volume are: 2.63 m*(kW+h)" for
1,4 dioxane, 2.79 m’(kW-h)' for NDMA, 0.97 m’(kW-h)' for TCEP, 5.47 m*(kW-h)' for
gemfibrozil, and 3.19 m*(kW+h)" for 17p estradiol. These rate constants are comparable to those
reported by Benotti ef al. [190] for a similar UV/TiO, system. Multiplying these rate constants
by the UV power delivered divided by the reactor volume; they can be used in first-order rate
equations to predict performance for scaled-up reactors.

The first order rate constants normalized to TiO» surface area, £’°, are: 0.0024 min'm? for 1,4-
dioxane, 0.0033 min'm? for NDMA, 0.0028 min''m? for TCEP, 0.0063 min'-m? for
gemfibrozil, and 0.0038 min"-m™ for 17B estradiol. The use of this rate constant allows for
prediction of reactor performance for varying concentrations of TiO, concentrations up to and
including 1.5 gL', above which light attenuation limits treatment effectiveness.

Normalizing the first-order rate constant to both power/reactor volume and TiO, surface area
allows the greatest utility for predicting treatment performance with scale-up under variable UV
power, reactor volume, and TiO, concentration. The first-order rate constants normalized to
power/volume and TiO, surface area, k’**, were found to be: 0.0161 m’-(kW-h)"-m™? for 1,4-
dioxane, 0.0209 m’-(kW-h)'m? for NDMA, 0.0182 m’(kW-h)"'m™> for TCEP, 0.0402
m’+(kW+h)"-m™ for gemfibrozil, and 0.0255 m’-(kW-h)"m™ for 17 estradiol.

5.3.Extended Time Experiments

As previously mentioned, extended time experiments were carried out to validate the GC
analytical methods developed for the purpose of this study, and verify that degradations trends
were sustained over time even at the ngL™' range. First order rate constants calculated from the
combined data set show ready degradation of all five contaminants. The results from the
combined data set are comparable to the previous results over a limited (shorter) reaction time.
It should be expected that there would be some difference in reaction rate constants when data is
analyzed over a greater time range. The changes in reaction rate constants over the larger time
range for the combined data set are minimal.

Figures in Table V-7 summarize first order reaction rate constants (min™') and first order rate
constants normalized to volume and energy delivered (m’(kW+h)™) using the combined, updated
data. These results show that the general trend for the kinetics found in the initial experiments in
our laboratory at early times (from O to 10 min) did not significantly vary along the
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photocatalytic process even at late times (from 18 to 26 min). The percentages of difference of
the data obtained at early vs. extended times are also listed in table V-7.

Table V-7 First order degradation rate constants for UV/TiO; oxidation, and % of difference with
early times kinetics at 1.5 gL™' of TiO,, pH 5.0, and 100W UV power using the combined data

Contaminant k 1 , k’ ) % Difference
(min™) (m’(kW-h)™) w/early times
17 estradiol 0.53 3.46 - 8%
NDMA 0.50 3.24 -16 %
TCEP 0.12 0.80 +20 %
Gemfibrozil 0.61 4.00 +27%
1,4 dioxane 0.29 1.89 +28%

5.4.Adsorption Rate Experiments

Adsorption of the selected contaminants to titanium dioxide follows a first order rate model
(Appendix Q). As can be observed from these results, gemfibrozil has the greatest adsorption
kinetic constant (0.136 min'l), which confirms that its affinity to the TiO, surface enhances its
degradation in the photocatalytic process as has been shown in this work, while for TCEP the
constant obtained was the lowest one (0.074 min"). The results found in this work for the
degradation rate of contaminants subjected to UV/TiO, oxidation, support the hypothesis that
photocatalysis is a surface dependent mechanism. The compounds reached equilibrium
concentrations at different times: NDMA and gemfibrozil at 15 minutes, 1,4 dioxane and 17
estradiol at 20 minutes, and TCEP at 25 minutes.

The variation in the values of adsorption constants for each contaminant may be explained by
analyzing the relationship between the pH of water and the contaminant pKa values. The
experiments were performed at pH of 5, which is below the TiO, point of zero charge (6.25). At
pH 5 adsorbent surface of the TiO; is positively charged attracting negatively charged molecules.
Contaminants such as gemfibrozil (pKa=4.39), 17B estradiol (pKa=3.75), and NDMA
(pKa=3.52) with pKa values lower than the pH of the water, are deprotonated and negatively
charged; therefore will be prone to get attracted to the TiO, surface. Conversely, TCEP and 1,4
dioxane both do not have ionic species on their structures, therefore be subject to increase
columbic repulsion to the TiO, surface.

5.5.Formation of Oxidation Intermediates

According to GC/MS results, it was noticed that most of the intermediates detected were
composed by 2,5-dimethylphenol (p-xylenol), a gemfibrozil’s moiety. This behavior suggests
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that individual gemfibrozil’s pathway might have started with a heterolytic cleavage at the ether
oxygen position dividing the molecule into two main moieties: p-xylenol (detected in this work)
and 2,2-dimethyl-5-oxopentanoate (at pH 5), which is consistent with Yurdakal and
collaborators’ work [199]. Four derivatives that are suggested to come directly from p-xylenol
structure were well identified: 2,3-dimethylphenol, 2,6-dimethylphenol, 2-hydroxy-5-
methylbenzaldehyde, and 2,5-dimethylcyclohexa-2,5-diene-1,4-dione.

Transformation of the p-xylenol molecule to m-xylenol and o-xylenol isomers is suggested. This
pathway can undergo by alkyl shift mechanism based on electrophilic aromatic substitution due
to the hydroxyl radical attack [200, 201] (Figure V-3). Photocatalytic isomerization of organic
compounds has been previously study by Kodama and Yagi [202], as well as xylene’s
isomerization over Friedel-Crafts catalysts [203].

¢

— |
Chr+
H

W"a%

Ha CH,
CHa
OH OH
Ht HsC OH
—_—
< | >
H+
¢ CHy ~ CHa

p-xylenol o-xylenol

Figure V-3 Suggested alkyl shift mechanism to the formation of 2,3-dimethylphenol and 2,6-
dimethylphenol

Suggested mechanism of formation of 3-hydroxy-4-methylbenzaldehyde and 5-hydroxymethyl-
2-methylphenol is favored by the attack of hydroxyl radicals that can abstract the hydrogen from
any of the two methyl-groups of the p-xylenol to convert into a methyl radical and water. Then,
the reaction of the radical formed with oxygen produces a peroxyl radical form that combined to
the same molecule leads to produce a tetraoxide group bonding the two molecules. Finally the
molecule is break down into 3-hydroxy-4-methylbenzaldehyde and 2-hydroxy-4-methylbenzyl
alcohol as shown on figure V-4. Similar facts were suggested by Ryas and colleagues [204].
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Figure V-4 Suggested pathway formation of 3-hydroxy-4-methylbenzaldehyde and 2-hydr0xy-4-
methylbenzyl alcohol

The suggested formation of 2,5-dimethyl-1,4-benzonquinone corresponds to a well know process
of oxidation of phenols to benzonquinones. The process starts with the hydroxylation at the C4
of the benzene ring of the p-xylenol moiety as shown on figure V-5. Then, a continuous
protonation-deprotonation mechanism is suggested until the formation of the benzoquinone
structure occurs as detected in the analysis. Similar results were obtained by Terzian and Serpone
[205] and Huang and Qiang [206].
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Figure V-5 Suggested pathway formation of 2,5-dimethyl-1,4-benzonquinone

Finally, another intermediate of the gemfibrozil’s molecule is the 3-methoxybenzaldehyde
(Figure V-6), which is suggested to be formed from partial hydroalkylation of the 1,4-xylene to
form 3-methylphenol and methane. Then, hydroxylation of the methyl group in the para position
by the hydroxyl radical 3-(hydroxymethyl)phenol and subsequent oxidation of the —OH group
come up with an aldehyde derivative. The final stage in the formation of 3-
methoxybenzaldehyde is the alkylation with a methyl group by nucleophilic substitution of
phenol at the alcohol group in the benzene ring.
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Figure V-6 Suggested pathway of 3-methoxybenzaldehyde’s formation.

5.5.1 Intermediates Formation by Random Interactions Among Compounds

Several intermediates from the random reaction among different products were also identified.
Different mechanisms were suggested to come up with the synthesis of these compounds that
took place at the catalyst surface by the influence of favorable conditions on their formations. A
wide variety of different derivatives were identified: carbamates, imidazoles, pyrrolidines,
propanamides, acetophenone, furans, long chain hydrocarbons, and so on. Possible pathways of
formation for some of these compounds are suggested.

Figure V-7 suggests a heterolytic scission of the gemfibrozil to form the p-xylenol molecule,
which may be attacked by an electron of the conduction band of the TiO, at the —OH group
[207], and then a thermal hydrodealkylation of the 1,4-xylene might have lead to the formation
of benzene. Judging by what was found by GC/MS, parallel to this reaction the also detected
chloroacetic acid [208], a possible byproduct of the chlorination (produced by TCEP) and acetic
acid (a 1,4-dioxane’s minor intermediate), could have reacted with benzene to produce
acetophenone following the Friedel-Crafts (F-C) acylation mechanism, a similar mechanism
studied by Afzal Pasha and colleagues [209].

79



S !
-ES TCEP
g gemfibrozill
5 CHy CHg
=
5 OH
o
€ 42
< +ey, — + 2H,—» © + 2CH,
CH, T|O2

CHg

p-xylenol p-xylene benzene | Chloroacetic acid | acetophenone

Figure V-7 Suggested pathway of acetophenone’s formation.

On the other hand, as carbamic acids are compounds derived from the attachment of an acid
group to an amine [210], the formation of methylcarbamic acid is suggested via hydrochloric
hydrolysis of the R-N=0 structure of the NDMA [211]. Then, a suggested o-acylation of the 2,6
dimethylphenol and the unestable methylcarbamic acid takes place to form 3,5-dimethylphenyl-
N-methylcarbamate as illustrate on figure V-8.
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Figure V-8 Suggested pathway formation of methylcarbamic acid and 3,5-dimethylphenyl-N-
methylcarbamate.

Finally, compounds like N-(4,6-dimetthoxypyrimidin-2-yl)-2-methylpropanamide were also
detected. The suggested pathway for this pyrimidine derivative involves several intermediates as
dimethyl malonate (a malonic acid derivative [103]), guanidine (nitrosamide) and isobutyric acid
(a suggested product of gemfibrozil’s pentanoate moiety) that also comes from 1,4 dioxane,
NDMA and gemfibrozil respectively. This pathway starts with a protonation of one of the
carbonyl oxygen of the ester derivative by the double bonded amino group of the unstable
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guanimide, and then a proton transfer from the amino group takes place to link the two
molecules. Consequently, the ring closure of the carbinolamine forms a diol structure followed
by two successive eliminations and proton transfers to end with 2-amino-4,6-

dimethoxypirimidine [212], which finally interacts with the carboxylic acid to form the
pyrimidine derivative.
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Figure V-9 Suggested pathway formation of N-(4,6-dimethoxypyrimidin-2-yl)-2-
methylpropanamide.

A
3159 USBAXG Topssios ®

As explained above, several oxidation byproducts were identified in this work, but not enough to
construct a more detailed degradation pathway for all the compounds of the studied matrix.
However, the formation pathways suggested, although with some similarities, are reported for

the first time contributing to findings published by others and expanding the knowledge in the
water treatment field by AOP technologies.
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VI. CONCLUSIONS AND RECOMMENDATIONS

This dissertation assessed the effectiveness of using the slurry UV/TiO, process in the
simultaneous degradation of five different compounds (1,4 dioxane, NDMA, TCEP, gemfibrozil,
and 17 estradiol) from water. Also, experiments to identify intermediates of the UV/TiO,
oxidation of these five contaminants were conducted. At 26 min reaction time, no byproducts
were found indicating successful mineralization. However, at 2 min reaction time, many
byproducts were identified, many of which had not been previously reported in the literature.

On the basis of the results obtained in this work, TiO, photocatalysis (using Degussa P25) has
shown to be a good alternative for photocatalytic degradation of contaminants. The results show
that both the first order rate and the L-H models described the degradation of the five compounds
well. In addition, rate data for the adsorption of the five contaminants to TiO, was obtained.
The adsorption rate data showed significant time (up to 25 minutes for TCEP) required to reach
adsorption equilibrium under these conditions. Accordingly, major outcomes of this dissertation
are:

1. The effects of pH and TiO, surface area on the UV/TiO; process were systematically
evaluated, and the most favorable conditions were found to be at solution pH of 5.0 and
slurry TiO, concentration of 1.5 gL™.

2. According to the results obtained, it could be concluded that the general trend of the
kinetics found in the initial experiments at early times (from 0 to 10 min in the pugL™
range) using GC-SPME-FID and SPE-GC-FID analytical techniques did not significantly
vary along the photocatalytic process even at late times (from 18 to 26 min in the ngL™
range). The extended-time analyses were conducted in an external laboratory using EPA
detection methods, which would validate the data previously obtained in the high
concentration range.

3. Both the L-H and pseudo-first order modeling approaches provided a good fit to the
degradation experimental data. While some minor variations were observed, both models
were successfully applied to the UV/TiO, oxidation data. Therefore, to simplify
calculations and for a scale up analysis the first order rate is recommended to describe the
photocatalytic process.

4. After 5 minutes of UV/TiO, process reactions, significant degradation of the
contaminants was observed: 77% for 1,4 dioxane, 92% for NDMA, 95% for gemfibrozil
and 93% for 17 estradiol. Degradation of 45% for TCEP was also observed. Compounds
with lower aqueous solubilities (gemfibrozil and 17f estradiol) were more rapidly
degraded in comparison with those more soluble in water. However, gemfibrozil’s
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degradation intermediates were prone to react with other compounds (such as NDMA’s
intermediates) to produce other categories of byproducts like pyrimidine intermediates
and a secondary amine. TCEP exhibited the slowest degradation rate of all the
compounds in this matrix mostly due to its chemical nature and the operational
conditions of the experiments.

TCEP and dioxane exhibited a low degradation rate in comparison with the other
compounds of the matrix due to the lack of ionizable groups. Conversely, the presence of
carboxyl and hydroxyl groups in the gemfibrozil and 178 estradiol structures
respectively, their low solubilities, and pKa values below the Pzc of the TiO,, favored
their fast degradation rates.

The results indicated that gemfibrozil had the greatest affinity for the TiO, surface, with
70% of the gemfibrozil adsorbed (with 10 gL™' TiO,). Conversely, TCEP had the least
affinity for the TiO, surface with only 20% removed from aqueous solution due to
adsorption. This fact may lead to the conclusion that the level of affinity that a compound
has to the photocatalyst surface directly affects its speed of degradation. The Langmuir
adsorption constants, Ky, which are a measure of adsorption capacity, follow this trend as
well. TCEP has the lowest value Ki, 0.063 Lmg™, and gemfibrozil the highest, 0.206
Lmg"'. The other three contaminants were found to have intermediate values: 0.111
Lmg™' for 1,4-dioxane, 0.124 Lmg™' for NDMA, and 0.149 Lmg"' for 17 estradiol.

The normalized values of the first order rate constants to energy per volume as well as the
normalized values of photocatalyst surface area obtained in this study are useful tools to
the pre-design of higher scale prototypes by modeling desired removal efficiencies to
obtain design parameters such as volume, energy requirements, and amount of
photocatalyst.

Compounds treated by UV/TiO, photocatalysis find a suitable environment for random
interactions among them making difficult the prediction of the intermediates and making
important to control reaction times to ensure total mineralization of treated compounds,
as otherwise partial degradations might occur and generate unexpected and even more
toxic intermediates.

Gemfibrozil’ s intermediates were much prone to react with other pollutants such as
NDMA'’s derivatives to produce other categories of byproducts like pyrimidine
derivatives and a secondary amine. TCEP exhibited the slowest degradation rate of all the
compounds of the matrix mostly due to its chemical nature and the operational conditions
of the experiments. In addition, the variation in the gemfibrozil’s p-xylenol moiety
suggests that there could be more than one possible pathway for the degradation of this
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compound and therefore, the formation of other byproducts might come up with along the
photocatalytic oxidation.
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VII. FUTURE WORK

The results obtained and conclusions drawn from this dissertation have established that TiO,
photocatalysis has shown to be a good alternative for photocatalytic degradation of
contaminants. The recommended next step would be the evaluation of a pilot unit of this system,
using real water samples. Also, as the UV/TiO, process is a surface-based process, the effect of
mass transfer, from dissolved to the adsorbed state, on the process should be further investigated
with a more complex matrix.

In addition, further studies may include the analysis and determination of possible degradation
pathways of these intermediates. This will contribute to the understanding of the UV/TiO,
photocatalytic degradation process applied to real water samples. In addition, the evaluation of a
scaled up UV/TiO; system, using real water samples would be the next step to determine the
feasibility of the photocatalytic process as an alternative for the degradation of emerging
contaminants in water.
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VIIIL.

APPENDICES

APPENDIX A: Information on Contaminants and Catalyst
Table Al: Information on Contaminants.

Compound 1,4 Dioxane | NDMA TCEP Gemfibrozil | 17f estradiol
CAS No. [121] 123-91-1 62-75-9 115-96-8 25812-30-0 50-28-2
Formula [121] C4H802 C2H6N20 C6H12CI3O4P C15H2203 C18H2402
MW (g mol ") [121] | 88.11 74.08 285.49 250.33 272.38
Pure phase [121] Liquid Liquid Liquid Powder Powder
PKa [213] -- 3.52 -- 4.39 3.75
Log Kow -0.27 [214] -0.57 [215] 1.44 [213] 4.77 [213] 4.01 [213]
Pure phase Density
(L H[121] 1.030 1.005 1.390 1.000 1.200
Melting point (°C)

12 <25 -55 12 180
[121] ?
Boiling point (°C)

101 153 192 362 395
[121] ? ?
Water 1 kgL' | 1 kgL' | 7.82 gL' 5 mgL" | 50 mgL”
solubility[121] (20°C) (24°C) (25°C) (25°C) '(25°C)
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APPENDIX B: Sample Preparation — Analytical Techniques
B.1. Experimental Procedure

Reactor Operation and sample preparation
5. In a glass carboy (20L capacity), 2L of purified water were added, and then the respective
amounts of the compounds listed in table B1 (stock solution A) was also added, and stirred
for 60 minutes. Then 2L of purified water were added and the solution was stirred for 240
more minutes. Finally 6L of purified water were added to complete 10L volume and the
mixture was stirred for 24h period (this solution was used with no longer a week from its
preparation each time, and was kept stirring at room temperature during that period).

Table B1. Preparation of sample stock solution (A).

Compound Amount
TCEP (uL) 14.5
Gemfibrozil (mg) 20.0

17B estradiol (mg) 20.0
Total volume of purified water (L) = 10.0
Stock Conc. per contaminant (mgL™")= | 2.0

6. 100 mL of the stock solution (A) prepared in step 1 was added to 250 mL beaker, then 20 and
19.5 pL. of NDMA and 1,4 dioxane respectively are added according to table 2 (stock
solution B), and stirred for 45 min.

Table B2. Preparation of sample stock solution (B).

Compound Amount
NDMA (uL) 20.0
Dioxane (uL) 19.5
Volume of purified water to add (mL) = 100
Stock Conc. per contaminant (mgL'l) = 1200.0

7. From the prepared stock solution in step 1, 504.9 mL of sample stock solution A were taken
and poured into a 600mL beaker and spiked with 5.1 mL of the preparation given in step 2.
Therefore, all the five compounds were at 2 mgL™".
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10.

11.

12.

13.

14.

15.

The desired slurry concentration of TiO, to be added was selected from table B3.

Table B3. Desired TiO, concentrations.
TiO; slurry concentration (gL™") [ 0.10 [0.50 |1.00 [1.50 [2.00 |[2.50
Amount of TiO; to add (mg) 51 255 510 765 1020 | 1275

510 mL of stock solution was measured prepared in step 3, the respective amount of TiO,
was added, and the mixture transferred to the reactor.

The stir bar was adjusted to 700 rpm; the oxygen supply valve adjusted to a rate of 3 f’h”',
and the UV lamp turned on for the desired exposure time (1, 2, 3, 4, 5, 10, 15, 30, 45 min).

The UV lamp was turned off once the desired reaction time was reached. Note: Every time a
sample is tested, the reactor was properly cleaned and dried (see cleaning section).

The total volume of 510 mL was transferred from the reactor to a 500 mL beaker, 10 mL of
sample was pipetted from the beaker using a 25 mm syringe filter to a 10 mL vial for GC-
SPME analysis, and the remain 500 mL was centrifuged using a Marathon 21000R centrifuge
for 60 minutes, then filtered with a glass vacuum filtration unit using 47 mm cellulose
membrane filter circles of 42 um pore size to separate the TiO, nanoparticles from the water
sample. The 500 mL filtered sample was collected in a 1000 mL filter flask and then
transferred into a 500 mL beaker ready for SPE loading procedure.

50 uL of internal standard, which consists of a solution of 0.05M chlorobenzene in MeCl
were added to the 1.5 mL vials filled out with the eluent collected from the SPE procedure to
then be analyzed by using GC-FID technique (see GC-FID analysis).

The 10 mL vials for GC-SPME-FID analysis were spiked with 50 uL of internal standard,
which consisted of a solution of 0.09M chlorobenzene in water. After this step the samples

were analyzed by using GC-FID technique (see GC-SPME-FID analysis).

Steps 1 to 8 were repeated every time a sample was prepared to analyze samples at different
times.
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Figure B1. Reactor assembly.

B.2. Solid Phase Extraction (SPE) and Filters

SPE cartridge: 57063 SUPELCO, Supelclean™ ENVI-18 SPE Tube, Bed wt. 500 mg,
volume 3 mL, pkg of 54 ea (Supelco, Inc., Bellefonte, PA). The bed capacity can be
estimated to be ~5% of the bed weight. So for 500 mg the bed capacity is 25mg [216].

Figure B2. SPE cartridges.
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B.3.

b)

Filters

For the adsorption constants experiments of NDMA and 1,4 Dioxane, 0.45 wm nominal
pore syringe filters (25 mm diameter, GVS Maine, nitrocellulose mixed esters, Fisher
Scientific, Pittsburg, PA) were employed. For the adsorption constants experiments and
before the SPE procedure of TCEP, gemfibrozil and 17 estradiol, 0.45 wm nominal pore
filters (45 mm diameter, GVS Maine, nitrocellulose mixed esters, Fisher Scientific,
Pittsburg, PA) were employed.

SPE Procedure

Sample pretreatment:

* Condition/Equilibration: For conditioning, the cartridge was filled with
approximately 3 mL methylene chloride, the vacuum turned on, and the solvent
pulled through, aspirating completely. This step was repeated one more time using the
same initial volume of solvent.

* For equilibration, the cartridge was filled with approximately 3 mL of purified water,
the vacuum turned on, and the water pulled through, this step was repeated without
allowing the cartridge to go dry in between washes or at the end.

Sample Load: A transfer tube from the sample bottle to a cartridge was attached and
then the vacuum turned on. The vacuum was adjusted so that the approximate flow rate
was 10 mL/min. After the entire 500 mL sample (from step 1) had passed through the
SPE cartridge, the reservoir and draw air through the cartridge was detached for 10
minutes at full vacuum. Then the vacuum was turned off and released. Immediately the
cartridge elution took place.

Elution: The extraction manifold top was lifted and a rack with a collection tube inserted
into the extraction tank to collect the extract as it is eluted from the cartridges. The
cartridge was filled with methylene chloride (3 mL) and pulled into the cartridge at low
vacuum to soak the sorbent. The vacuum was turned off and the system vented. The
sorbent was allowed to soak in methylene chloride for approximately 1 minute. A low
vacuum was applied and the methylene chloride pulled through the cartridge in a drop-
wise fashion into the collection tube. The eluate was evaporated to complete dryness
under a gentle nitrogen stream at room temperature using a RapidVap Labconco
Evaporator (Kansas City, MO), then reconstituted to a final volume of 1.5 mL in DCM
and finally stored in 1.5 mL glass vials in a refrigerator for analysis. Finally, the eluate
volume was transferred into a 1.5 mL vial to be analyzed using GC-FID instrument.
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B4.

B.S.

Figure B3. SPE assembly.

SPME procedure

Measure 4 g of NaCl and poured into each 10 mL vial.
Add 10 mL of the sample to analyze

Add 50 uL of IS in water prior to GC analysis.

GC-FID Analysis

Instrument #1 GC-SPME-FID (1,4 Dioxane and NDMA)
GC analyses were carried out using an Agilent 6890 gas chromatograph equipped with
Agilent 7863 automatic sampler and controlled by a computer running Agilent
Chemstation software (Agilent Technologies, Palo Alto, CA, USA), equipped with flame
ionization detector. (GC-FID).
* Configuration details:

o Injector

Volume =1.0to 2.0 u pL

o Inlet

Mode: Splitless

Gas: N,

Heater: 290 °C

Pressure: 8.91 psi

Total Flow: 45.6 mLmin'
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Purge flow to split vent 38.9 mLmin™' at 0.40 min

o Column:
Mode: constant pressure

Model No.Restek RTX-5Sil MS — Capillary 30.0m x 320 um x 0.5 pm nominal
350C max temp

Flow 2.2 mLmin’!
Vel : 35 cm/sec

o Oven configuration:

Oven ramp °C/min Next°C  Hold min Run Time
Initial 32 4.00 4.00
Ramp 1 3.00 50 0.00 10.00
Ramp 2 8.00 290 3.00 43.00

o FID Detector:
Heater: 300 °C

H2 flow: 40.0 mLmin™!
Air flow: 450 mLmin™
Makeup N,: 45 mLmin™

o Signals:
Signal 1: 50Hz -- 0.004 min

Signal 2: 20 Hz -- 0.01 min

Instrument #2 SPE-GC-FID (TCEP, gemfibrozil and 17 beta estradiol)

GC analyses were carried out using an Agilent 6890 gas chromatograph equipped with
Agilent 7863 automatic sampler and controlled by a computer running Agilent
Chemstation software (Agilent Technologies, Palo Alto, CA, USA), equipped with flame
ionization detector. (GC-FID).

* Configuration details:
o Injector
Volume =1.0to 2.0 u pL
o Inlet
Mode: Splitless

Gas: N,

Heater: 290 °C

Pressure: 15 psi

Total Flow: 4.7 mLmin™’

Purge flow to split vent 1.0 mLmin™' at 0.00 min

Gas saver: 20 mLmin™' at 2min
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o Column:
Mode: constant flow

Model No.Restek RTX®-5 — Capillary 30.0m x 250 pum x 0.25 pm nominal 350C
max temp

Pressure 15 psi
Flow 1.6 mLmin’!
Vel : 36 cmsec™!

o Oven configuration:

Oven ramp °C/min Next°C  Hold min Run Time
Initial 32 4.00 4.00
Ramp 1 3.00 50 0.00 10.00
Ramp 2 8.00 290 3.00 43.00

o FID Detector:
Heater: 300 °C

H2 flow: 40.0 mLmin™!
Air flow: 450 mLmin™
Makeup Na: 25 mLmin™

o Signals:
Signal 1: 20Hz -- 0.01 min

Signal 2: 50 Hz -- 0.004 min

Instrument #3 SPE-GC-MS

GC analyses were carried out using an Agilent 5975C gas chromatograph/mass selective
detector model controlled by a computer running Agilent Chemstation software (Agilent
Technologies, Palo Alto, CA, USA), equipped with mass spectrometer. (GC-MS).

Figure B.4. Syringe 10 pL Agilent.
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* Configuration details:
o Injector
Volume = 1.0 pL
o Inlet
Mode: Splitless

Gas: He

Heater: 290 °C

Pressure: 15 psi

Total Flow: 4.7 mLmin™’

Purge flow to split vent 1.0 mLmin™' at 0.00 min
Gas saver: 20 mLmin" @ 2min

o Column:
Mode: constant flow

HP-5MS capillary column (95% dimethyl-siloxane — 5% diphenyl) 30 m x 250
um x 0.25 pm nominal film thickness Pressure 15 psi

Flow 1.6 mLmin’!
Vel : 36 cmsec™!

o Oven configuration:

Oven ramp °C/min Next°C  Hold min Run Time
Initial 32 4.00 4.00
Ramp 1 3.00 50 0.00 10.00
Ramp 2 8.00 290 3.00 43.00

o MBS Electron ion mass spectra was monitored from 50 m/z to 400 m/z. The ion
source and quadrupole temperatures were set at 230 and 106 °C respectively.
The instrument worked in positive chemical ionization (PCI) mode.

B.6. Calibration curve
¢ Solvent MeCl (for SPE GC-FID and GC-MS)
a. A MeCl solution of the compounds listed in table B4 was prepared as follows:
b.

Table B4. Solution — calibration curve.

Compound Amount
TCEP 18 uL
Gemfibrozil 25 mg
17 beta estradiol 25 mg
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V of solvent (MeCl) = 16.0 mL

V solution = 16 mL
Stock Concentration = 1,563 mgL™'
Vial volume (1.5 mL) x 3 = 4.5 mL

c. The series dilution method was implemented to prepare three samples of 1.5 mL each at

the concentrations given in table BS.

Table BS. Series dilution method (MeCl as solvent).

Sample No. 1 2 3 4 5 6
Des. Conc. (mgL™") = 500 | 100 |50 10 |5 1

V of previous solution to add (mL) = | 4 2 5 3 5 3

V of MeCl (mL) = 8.5 8 5 12 5 12
Final V (mL) = 12.5 [ 10 10 15 10 |15
Volume to be tested (1.5mL) x 3= 8 5.5 5.5 10.5 | 5.5 | 105
Available vol next dilution (mL) = OK |OK |OK |OK |OK |OK

d. Each vial was spiked with 50 pL of the selected internal standard in MeCl to then be
analyzed by using GC-FID technique (see GC-FID analysis instrument #2). The
concentrations in MeCl measured on the GC-FID instrument #2 have an equivalent

concentration in water according to table B6.

Table B6. Conversion of concentrations from MeCl to water

Concentration Concentration
(MeCl) (water)
1,563 mgL™' 9,378 pgL™
500 mgL™ 3000 pgL"'
100 mgL™' 600 pgL™
50 mgL™"' 300 pgL™
10 mgL™ 60 ugL™
5 mgL" 30 ugL’!
1 mgL" 6 ngl”

* Solvent H,O (for GC-SPME-FID)

a. A HO solution of the compounds listed in table B7 was prepared as follows:
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Figure B.5 GC-SPME-FID instrument Figure B6. GC-FID instrument

Table B7. Solution — calibration curve.

Compound Amount
NDMA 20.0 uL
Dioxane 19.5 uL
V of H,0 = 1000 mL
V solution = 1000 mL
Stock Concentration = 20 mgL™"
Vial volume (10 mL) x 3 = 30 mL

b. The series dilution method was implemented to prepare three samples of 10 mL each at
the concentrations given in table B7.

Table B7. Series dilution method (H,O as solvent).

Sample No. 1 2 3 4 5 6
Des. Conc. (mgL™") = 10 |5 1 0.5 1025 |0.1
V of previous solution to add (mL) = | 250 | 250 | 100 | 250 |250 200
V of H20 (mL) = 250 | 250 |[400 |250 |250 |300
Final V (mL) = 500 | 500 |500 |500 |500 |500
Volume to be tested (10mL) x 3 = 470 | 470 |470 |470 | 470 470
Available vol next dilution (mL) = OK [OK |OK |OK |OK OK

c. Each vial was spiked with 50 pL of the selected internal standard in water to then be
analyzed by using GC-SPME-FID technique (see GC-SPME-FID analysis instrument #1)
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* Cleaning
The laboratory glassware must be clean and dried every time an experiment is performed as
follows.

* Three rinses with 7X cleaning solution

* Three rinses with 1.2 M HCL

* Three rinses with Acetone/Methylene chloride 50%-50%.
* Oven dry glassware 400°C for 6 hours.

* Dry and cover with parafilm until use.

* Labeling
Every container, beaker, volumetric flask among other glassware, SPE line tubing, etc. used was
labeled specifying the date and time (MM/DD/YY, HH:MM format), concentration, the volume
of the compounds analyzed, name of the solvent and its derivation.

The SPE line tubing was labeled by wrapping a tape around the hose indicating sample initial
conditions, and the other details specified in the label general form.

The vials were marked with the concentration of the compounds analyzed for the calibration
curves, while those that were obtained from the eluent were labeled with the number of the
sample point, initial concentration and date (MM/DD format).

B.7. Adsorption experiments/Sample preparation

In order to determine the kinetics of adsorption of the Titanium (IV) oxide nanopowder
(Aeroxide P25, > 99.5%) for each specific compound two procedures were developed at dark
conditions depending on the instrument used for their detection. It is important to point out that
the stock solution was prepared using only one single compound per experiment to avoid that
two or more contaminants were competing for adsorption sites on the TiO, surface.

TiO; adsorption constants for TCEP, gemfibrozil, and 178 estradiol (SPE-GC-FID).

a. In a glass carboy (20L capacity), 2L of purified water were added, and then the respective
amounts of the compounds listed in table 8, 9 and 10 were also added separately at
different carboys and stirred for 60 minutes. Then another 2L of purified water were
added to each one, and the solution was stirred for 240 more minutes. Finally, 6L of
purified water were added to complete 10L volume into each carboy, and the mixture was
stirred for 24h period.
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Table B8. Preparation of sample stock solution TCEP.

Compound Amount
TCEP (uL) 21.75
Total volume of purified water (L) = 10.0

Stock Conc. per contaminant (mgL™")= | 3.0

Table B9. Preparation of sample stock solution gemfibrozil.

Compound Amount
Gemfibrozil (mg) 30.0
Total volume of purified water (L) = 10.0

Stock Conc. per contaminant (mgL™")= | 3.0

Table B10. Preparation of sample stock solution 17 estradiol.

Compound Amount
17 beta estradiol (mg) 30.0
Total volume of purified water (L) = 10
Stock Conc. per contaminant (mgL'1)= 3.0

b. For each compound preparation four bottles were wrapped up with aluminum foil and
filled up with 500mL of the each of the stock solutions given at the tables B9 and B10.

c. According to table B11, different amounts of TiO, were added into each bottle to reach
the concentrations desired.

Table B11. Desired TiO; concentrations for adsorption experiments (TCEP, gemfibrozil, 178

estradiol).
Bottle 1 2 3 4
TiO; slurry conc. (gL™) 1.0 |30 [7.0 [10.0
Amount of TiO; to add (mg) 500 | 1500 | 3500 | 5000

d. The bottles were capped and left stirring during a period of 24 h to reach the equilibrium
concentration.

e. The 500mL of each bottle were centrifuged for 60 minutes, then passed trough a glass
vacuum filtration using 47 mm cellulose membrane filter circles of 42 um pore size to
separate the TiO, nanoparticles from the water sample. The 500 mL filtered sample were
collected in a 1000 mL filter flask and then transferred into a 500 mL beaker ready for
SPE loading procedure, and then step 10 of the section B1 was applied.
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TiO; adsorption constants for 1,4 dioxane and NDMA (GC-SPME-FID).

a.

From section B1, step 2, two stock solutions were prepared using the same amounts
volumes of table B2. One using 1,4 dioxane and the other was using NDMA separately

For each compound preparation four bottles were wrapped up with aluminum foil and
filled up with 98.5 mL of purified water and spiked with 1.5 mL of the respective
solution prepared on step 1, then the solutions were stirred for about 60 min to finally
reach a concentration of 3 mgL ™.

According to table B12, different amounts of TiO, are added into each bottle to reach the
concentrations desired.

Table B12. Desired TiO; concentrations for adsorption experiments (1,4 dioxane and NDMA).

Bottle 1 2 3 4
TiO; slurry conc. (gL ™) 1.0 | 30 | 7.0 | 10.0
Amount of TiO; to add (mg) 100 | 300 | 700 | 1000

d. The bottles were capped and left stirring during a period of 24 h to reach the equilibrium

concentration.

10 mL of each bottle were filtered using a syringe filter of 25mm of diameter and 0.45
um of pore size, and directly filtered volume into the 20 mL vials, and the step 10 of the
section B1 was applied to each sample.

Figure B7. Adsorption experiments.
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APPENDIX C: TiO; Properties

Compound

Titanium (IV) oxide nanopowder (Aeroxide P25, > 99.5%)

CAS No. [121]

13463-67-7

Formula [121] TiO,
MW (g mol ") [121] 79.87
[001) Rutile
1.946 A ttanium
.9??’ -t toxwpn
: [010]
[100])
[010]) Anatase

Structure [121]

Tsﬁ‘%f:-w ' ‘
“‘i > f 1.966 A
I Y :I 102.308

e )
| 92.604°%
3
e« 1.937 A
e E_i_' 2 [o01)
v e
[001) / (100] 10

Crystal structures of the two forms of titanium dioxide. (A)
Rutile unit cell of titanium dioxide. (B) Anaphase unit cell [75].

Presentation [121] Powder
Pzc [217] 6.25
Surface area. (m°g™") [218] | 50.0
Dens. (gmL ™) [121] 4.26

XRD [218]

Anatase (75.6%)
Rutile (21.6%)
Amorphous (2.8%)

Crystallite p.size (nm) [218]

18
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APPENDIX D: GC Calibration Curves and Detection Limits

The calibration curves were determined for each compound and are showed in figure B7. The
detection limits were calculated using the online Method Detection Limit Calculator by EPA 40
CFR Part 136, APPENDIX B Revision 1.11 [96].
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Table D1. Detection Limits (DL) for each
compound using GC-FID
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APPENDIX E: UV/TiO, Oxidation Results at Different pH Levels (TiO, =
0.1 gL™)
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APPENDIX F:

UV/TiO,
Concentrations (pH =5)
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APPENDIX G: The Langmuir-Hinshelwood Kinetics Model Trends
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APPENDIX H: Linearized Langmuir Isotherm
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Table H1. Values of K, and g,y for

contaminants.

Contaminant qmafl Ko 1
(mgg™) (Lmg™)

1,4 dioxane 0.850 0.111

NDMA 0.940 0.124

TCEP 0.490 0.063

Gemfibrozil 1.430 0.206

17 estradiol 1.325 0.149
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APPENDIX I:
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InC
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Pseudo-First Order Rate Constant Earlier Times — k (min™)
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Table I1. Values of k at 1.5 gL'1 of TiO,.

Contaminant k 1
(min™)
1,4 dioxane 0.41
NDMA 0.46
TCEP 0.14
Gemfibrozil 0.88
178 estradiol 0.55




APPENDIX J:  Pseudo-First Order Rate Constants Normalized to Energy
per Volume -- k&’ [m*(KW-h)"]
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APPENDIX K: Pseudo-First Order Rate Constants Normalized to TiO,
Surface Area -- k¥ (min"'m™)
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17p estradiol 0.0038

17 estradiol
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APPENDIX L: Pseudo-First Order Rate Constants Normalized to Energy
& TiO, Surface Area -- k*”’ (m’ (kW-h)'m?)
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APPENDIX M: Combined Data
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APPENDIX N:

In C - (C expressed as uglL?)
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Table N1. Values of k at 1.5 gL of TiO,.
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APPENDIX O:

Pseudo-First Order Rate Constants Normalized to Energy

& TiO, Surface Area -- k*>’ (m’ (kW-h)'m™?) for Combined Data.
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Table O1. Values of k> At 1.5 gL'1 of TiO,.

k’

Contaminant 3 )
(m”(kW-h)”)

1,4 dioxane 1.89

NDMA 3.24

TCEP 0.80

Gemfibrozil 4.00

17p estradiol 3.46
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APPENDIX P:

Non-linear Adsorption Rate Data (g vs t)
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APPENDIX Q:

In(q.-q,) (g mg?)
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Table Q1. Values of k(adsorption) at 1.5 gL

of TiO,.

Kaas
Contaminant .4
(min™)
1,4 dioxane 0.096
NDMA 0.1207
TCEP 0.075
Gemfibrozil 0.1363
178 estradiol 0.1275
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APPENDIX R: Spectral Energy Distribution Lamp series: 7825-30 (Ace
Glass, Vineland, NJ, USA)

Wavelength | Radiated Energy
(Angstroms) (Watts)

infrarred 13673 0.65

11287 0.62

10140 0.85
(yellow) 5780 1.55
(green) 5461 1.35
(blue) 4358 1.08
(violet) 4045 0.75
UVA 3660 1.4
UVA 3341 0.13
UVB 3130 1.02
UVB 3025 0.41
UVB 2967 0.32
UVB 2894 0.1
UVB 2804 0.12
uvcC 2753 0.06
uvC 2700 0.07
uvC 2652 0.3
uvC 2571 0.11
uvC 2537 0.34
uvC 2482 0.1
UuvC 2400 0.05
uvC 2380 0.03
uvC 2360 0.02
uvC 2320 0.02
uvC 2224 0.04
Total UV radiated w 4.64
Lamp arc length in 2.9
Lamp arc length cm 6.99
lamp diam cm 0.92
Lamp arc area cm 20.19
Total length lamp cm 15.56
Well diameter cm 2.50
Well arc length total area cm 54.86
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