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Abstract

One of thdargestenvironmental challenges faced by Canada is the cleanup and reclamation of
land and wateimpacted by mining operations in the Athabasca oil saltus persistence of

toxicity associated witlhe soluble naphthenic organic compounds (NOCSs) of oil sands process
affected water (OSPW) implies that a treatment solution may be necessary to enable safe return
of this water to the environmerind the industry is currently exploring passive.(noenergy

or chemical input) remediation solutiodanong themethods investigatefor OSPWreatment
advanced oxidation processes (AOPs) have been shown to be particularly efifectegrading
NOCs and reducin@SPW toxicity However, AOPs are chemicaliydenergyintensive, and

are generally considered impractically expensive to meet the scale of treatment r&splaned.
photocatalysis is a powerful AOP with the potential for passive treatment, however the
separation and recycling of nanoparticle platalysts remainskey barrier to implementation.

This thesis focuses on evaluating photocatalytic treatment of NOCs in OSPW, and the
development of composite materials to facilitate separation and recycling of nanoparticle
photocatalysts. Solar photochfs over TiQ was found to degrade OSPW naphthenic acids
(NAs) through superoxiddependent oxidative mineralization. Tingportant water and process
parameters affecting the ratéphotocatalytidreatment werelucidated and an empirical model
was proposed to predict OSPv&atment kineticen different tailings ponds. Magnetic
flocculation was developed as a new paradigm for magnetic nanoparticle capture, and
demonstrated to efficiently recycle colloidally dispersedzT@noparticlesn a closeeoop
process. Floating photocatalysts were also synthesized to adapt the photocatalytic process
towards a passive deployment paradigm, by immobilizing Tighoparticles onto buoyant glass
microspheres. Floating photocatalystsresdemonstrated to preferentially treat OSPW -asa
neutratextractable organics and priority toxic naphthenic organic classes of concern.

Firstly, photocatalysis with Ti@was evaluated for the first time in raw OSPW under natural
sunlight One day ophotocatalytictteatment under natural sunligériadicatedcid-extractable
organics AEO) from raw OSPW, and acute toxicity of the OSPW towMditatio fischeriwas
eliminated. Nearly complete mineralization of organic carbon was achieved withifa
equivalents of sunlight exposure, and degradation was shown to proceed through a superoxide
mediated oxidation pathway. High resolution mass spectrometry (HRMS) analysis of oxidized
intermediate compounds indicated preferential degradation of the heavieoamdyclic NAs
(higher number of double bond equivalents), which are the most environmentally persistent
fractions. The photocatalyst was shown to be recyclable for multiple uses, and thus solar
photocatalysisvas concludedtob® pr o mi s iA®Rfor ®§RAWereatent.

Further studies focused @ectors affecting the kinetics of photocatalytic AEO degradation in
OSPW. The rate of photocatalytic treatment varied significantly in two different OSPW sources,
which could not be accounted for by differences in AEO composition, as studi¢idN$g. The
effects of inorganic water constituents were investigated using factorial and response surface
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experiments, which revealed that hydroxyl (Hedical scavenging by iron (B¢ and
bicarbonate (HC®) inhibited the NA degradation rate. The effects of NAgantration and
temperature on the treatment kinetics were also evaluated in terms of Lahgnsinelwood

and Arrhenius models; pH and temperature were identified as weak factors, while dissolved
oxygen (DO) was critical to the phetxidation reaction. Acounting for all of these variables, a
general empirical kinetic expressiaasproposed, enabling prediction of photocatalytic
treatment performance in diverse sources of OSPW.

Considering the challenge of Ti@anoparticle separation from colloidal déspions, magnetic
flocculation was developed asnew approach to nanoparticle recovery. Flocculant polymers
were coated onto magnetic nanoparticles@=@ SiQ) to prepare reusable magnetic flocculants
(MFs). When added to colloidal nanopartidispersions, MFs aggregate with the suspended
nanoparticles to form magnetically responsive flocs, which upon separation can be reversibly
deflocculated for nanoparticle release, and reuse in a closed loop process. High separation
efficiency was attainedhia variety of nanoparticle suspensions, including Au, Ag, Pd, Pt, and
TiO2, stabilized by different coatings and surface chafgpe MFs were shown to lvecyclable

for photocatalytic treatment of naphthenic acids in oil sands pradtested water (OSPY\and
selenium in flue gas desulfurization wastewater (FGDWjgnetic flocculation thus represents
a general platform and alternative paradigm for nanoparticle separatiopotétitial

applications inwater treatment anegémediation of nanoparticle pation.

As an alternative passive catalyst recycling stratBgasting photocatalysts (FPCalere

preparedy immobilizing Ti® on glass microbubbles, such that the composite particles float at
the airwater interface for passive solar photocatalysis.AP€s were demonstrated to

outperform P25 Ti@nanoparticles in degrading AEO in raw OSPW under natural sunlight and
gentle mixing conditions. The FPCs were also found to be recyclable for multiple uses through
simple flotation and skimming.hus the concdpf a potentially passive or seipassive AOP

for OSPW treatment was demonstrated for the first time.

Finally, OSPW treatment using FPCs was evaluated under a petroleomics paradigm: chemical
changes across aejdase and neutrakxtractable organic fréions were tracked throughout the
treatment with both positive and negative ion mode HRM&nsformatiorof OS" and NO

classes of concern in the earliest stages of the treatment, along with preferential degradation of
high carbomumbered @ acids, suggst that photocatalysis may detoxify OSPW with higher
efficiency than previously thoughgiven that the majority of the toxicity of OSPW is currently
understood to derive from a subset of such toxic classes, comprising only a minority of the total
NOC:s.

Overall, this thesis advances the understanding of the photocatalytic treatment of OSPW, as well
as separation processes for nanoparticle photocatalysts. Combining a simligmtchemical
oxidantfree catalytic oxidation process with a lemergy, memtanefree catalyst separation

and recovery technique may represent a promising strategy to adapt advanced oxidation process
(AOP) technology for the passive treatment of OSPW, or other remote rmmpagted waters.
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Chapter 1
General Introduction

1.1 Overview

One of thdargestenvironmental challenges faced by Canada is the cleanup and reclamation of
land and wateimpacted by mining operations in the Athabasca oil sartus Clark process

used for extraction of bitumen @ a n a dilssands generates large volumes of watex lag

product, referred to as oil sands proeafscted water (OSPW), which is stored on site in

tailings ponds for water recycling. The oil sands mining companies are obligated to eventually
return this water to the environméhtbut currently are operating on a zatischarge policy,

due in part to the waterds toxicitayerivedvhi ch 1i's
organics® ’ Fractions 6these organics are highly persistéhgnd remain potently toxic even

after decades of agiri§ Thus treatment of OSPW may be required to enable safe discharge, and
the industry is currently exploring passiie., no energy or chemical inpugmediation

sdutions1?

OSPW is a complex saline solutioantaininghigh conentrations osuspended clays, dissolved
organic compounds, trace heavy metals, and residual bitumen and solvents. A primary source of
OSPW toxicity has been attributed to tieghthenic organic compounds (NOdsgluding

naphthenic acids (NAs), which as&ructurally diversealkyl-branched acyclic and cycloaliphatic
carboxylic acidsvith the conventional formul&-Hzn+2 (Where zis a negative even integer

related to the number of rings and doutxeds).*%13

Among themethods investigatefor OSPWreatmentadvanced oxidation processes (AOPS)
have been shown to be particularly effecfimedegrading NAs and reducif@SPW toxicity'

18 Unfortunately, AOPs are typically chemically intensive, requiorglant dosing of the
contaminated watee(g, with 03,16 H202,*® S,08?" ,1° OCI ,2° or FO4?' 21), or require significant

input of electrical power (e.g., to generateddUV light), and thus are conventionally

considered to by operationally expensive. Furthermore, considering the infrastructure
requiremets to implement AOPs, they remain essentially the opposite of the passive treatment
solution sought by industry, and thus despite their proven efficacy for OSPW treatment at the
benchscale, conventional AOPs may be impractical to deploy to remote motgagdns or to

truly address the scale of OSPW treatment required.

Photocatalysis over Tds an extremely powerful AOP that has beeoven to eliminata

broad spectrurof organic pollutantin wastewaterdn aqueous suspension, photocatalysts
absorb ight to generate highly reactive free radicals, such as hydroxyl and superoxide radicals,
which are capable ahineralizingeven recalcitrant organic contaminafft$3 TiO2 is alow-cost

earth abundanand chemicayl stable photocatalytic material which, in principle, can be
recovered and reuseder multiple treatment cyclegsing sunlight as an abundant free energy
source, and given the ability of the photocatalyst to be recycled without the need for continuous

1



chemical amendment of the water, photocatalysis may not suffer from the same limitations of
cost and scale as other AOBBad may instead share some advantagpassive treatment
processes. Given these advantages, it was hypothesized that solar pheiscatai\be a
promising technology for treating the organic constituents of OSPW, provided a means of
recovering or recycling the photocatalytic material could be developed.

For photocatalytic water treatmetite most efficientmplementationsnvolve disgersion of
nanoparticle photocatalysitsto the contaminated water as a slt#y+2°Nanoparticle recovery
after the treatment process is essential not only for reuse of the catalyst, but also to prevent
nanoparticle contamination of the treated effluent. Unfortunately, nanoparticle separation
challengedave provera critical hurdle to mctical application of this promising treatment
technolog)?%28

Therefore this thesis sought to evaluate the potential of photocatalysis to treat the naphthenic
organic compound® OSPW, as well as apply nanotechnology engineering principles to
develop composite materials and catalyst recycling systems to enable practical deployment.
Firstly, the potential of heterogenous photocatalysis oves f@oparticles to mineralize
naphtlenic organics in raw OSPW under natural sunlight was established. The kinetics of
photocatalytic OSPW treatment was further studied in different sources of OSPW, and the effect
of key process variables was used to propose an empirical kinetics modalldaloncand

magnetic separation concepts were combined to develop a magnetic flocculation platform as a
reusable system for slurry nanopatrticle recycling.zln@noparticles were also immobilized onto
buoyant microspheres as a passive deployment systedsfov treatment, and application of
these floating photocatalysts were thoroughly investigated under a petroleomics paradigm.

1.2 Research Objectives

The overall objective of this research project was to develop a recyclable photocatalytic solution
for OSPW teatmentThe ability of TiO2 nanoparticle heterogeneoplotocatalysis to feasibly
operate in raw OSPW under natural sunlight and affect oxidative degradation of naphthenic
organics was first established. The effect of important water and process dactbestreatment
kinetics were then further studied to establish key parameters towards the eventual design of
scaled OSPW treatment systems. Finally, magnetic and flotaéised recovery steams were
developed as solutions for nanoparticle photocatagystcling.

The specific objectives of the study are as follows:

1. Demonstrate the ability of solar photocatalysis over.Ti@nhoparticles to oxidize
naphthenic acids iraw OSPW
1 Investigate degradation of naphthenic acids by the conventional FTIR analytical
method
1 Determine extent of organics mineralization throughout the treatment process
1 Confirm oxidative reaction pathway



2. Determinethe effect okey process and operating parameters on the kinetics of
photocatalytic OSPW treatment
1 Determine photocatalytiteatment kinetics of OSPW from different industrial
suppliers
1 Determine the impact of specific inorganic constituents, organics concentration,
temperature, pH, and dissolved oxygen on the OSPW treatment rate
1 Developan empirical kinetics model for photdadytic OSPW treatment
3. Develop reusable magnetic floccula(W4Fs) for photocatalyst nanoparticle separation
and recycling
1 Synthesize polyelectrolyteoated F€O4@SiO: nanoparticles as MFs
1 Characterize the material properties of the synthesized MFs
1 Determne physical mechanism of magnetic flocculation, and optimize TiO
nanoparticle separation
1 Demonstrate reusable performaméehe MFs in a closetbop process
4. Develop buoyant photocatalyst composite particles for passive photocatalyst separation
and recydhg
1 Synthesize Ti@nanoparticlecoated hollow glass microspheres as buoyant
photocatalyst$BPCs)
1 Determine BPC OSPW treatment kinetics relative to slurry Ti&hoparticles
under gentle mixing conditions
5. Demonstrate theeatment of OSPW acigdbase and neutrakxtractable organics with
buoyant photocatalysts (BPCs) under a petroleomics paradigm
1 Develop a new silicdinder fomulation for anchoring Ti@nanopatrticles to
hollow glass microsphere supports
1 Determine kinetics of the BP@s degrade acigbase and neutrakxtractable
organics in OSPW
1 Investigate degradation of specific ih#penic organic classes of concern during
the photocatalytic treatment process

1.3 Thesis Outline

The thesis is composed of eight chapters: the introduction, a literatie® rBve experimental
researckbased chapters, and a final chapter summarizing the conclusions and recommendations
for future research.

Chapter lintroduces theontext of the thesis, the motivating challenges, scope of work, research
hypothesis, andpecific research objectives.

Chapter Zeviews the literature regarding the fundamentals of magnetic separation processes for
nanoparticle recovery, within the context of water treatment. The fundamental magnetic
properties and faes relating to magnetophoretic phenomena are presented, and the importance
of manyparticle interactionsi.g., cooperative magnetophoresis)magnetic nanoparticle



separation is highlighted. The implications of these principles for engineering of ticatipe
separable nanoparticles for water treatment is discussed.

Chapter 3valuates the potential of heterogeneous photocatalysis ovetold@egrade organic
compounds in OSPW under natural sunlighhe day of photocatalytic treatment elimirsaeid
extractable organicsyhile nearly complete mineralization of organic carlmachievedvith
sufficient solar exposur@anddegradations shown to proceed throughsuperoxidenediated
oxidation pathwayThis chapter establishes the potential of solar photocatalysis as an OSPW
treatment solution.

Chapter 4uilds upon theasults ofChapter Jy applying the photocatalytic treatment process

to OSPW received from different oil sands industrial suppliers. The starkly different tréatmen
kinetics between the two OSPW sources motivatsttistical investigation of the causative

factors, and specific inorganic constituents are identified as deleterious elements. To deepen the
understanding of potential factors affecting OSPW treatmeetiks, the role obrganics
concentration, temperature, pH, and dissolved oxygen on the OSPW treatment rate are also
established. This chapter presents a kinetics model for OSPW treatment using slurried TiO
nanoparticles, which provides a basis to urtdeis the important water and process parameters
affecting the photocatalytic treatment process.

Chapter 5demonstrates the synthesis@fisablenagnetic flocculant (MF) nanopatrticles tbe
capture, separation, and recycling of nanoparticles such apfa@ocatalysts. While previous
chapterslemonstrated the performance of photocatalysis to treat OSP\WhdiOparticle
slurries are prohibitive to implement due to the challenge of capturing free nanoparticles.
Therefore this chapter optimizes a membrfire closedoop system for flocculatigrmagnetic
separation, and release of Bi@anoparticles, and demonstrates recyclable OSPW treatment
using this system.

Chapter @enonstrates buoyant photocatalggmposite particles as a preaffconcept

deployment method for potentially passive OSPW treatment. While the MF sys@majtier 5
demonstrated a novel methaat imagnetic recycling of photocatalysts, the msiiéip separation

process and magnetic equipmené¢ gui r ement s di squalify it as a
the oil sands industry. This chapter evaluates simple flotation as an alternate catalysbsepara
technique that aligns with a passive treatment paradigm, and demonstrates promising treatment
performance under gentle mixing conditions.

Chapter7 revisits tle concept of buoyant photocatalysts (BPCs), and implements an alternate
synthesis technique using mesoporous silica as a binder to coat theah@particles onto the
buoyant supports. The treatment of OSPW with BPCs is comprehensively investigated with
high-resolution mass spectrometry from a petroleomic perspective, to gain a holistic insight into
the various chemical transformations occurring to the complex mixture of OSPW naphthenic
organics during photocatalytic treatment. This chapter demonstratgshittocatalysis

preferentially treats naphthenic organics classes of concern well before full mineralization of



organics, and suggests tluealy relatively short solar exposures nmag/needed to
photocatalytically detoxify OSPW.

Finally, Chapter &ighlights the overall conclusions drawn from the research in the preceding
chapters, and presents recommendations for future work building on these findings. A number of
these recommendatisrare towards strategies to increase the photocatalytic treatment efficiency,
through either mat&ls engineering approaches or combined treatment procesges (

adsorption, biodegradationyhile the other recommendations are directed at key stepsd®wa
developing the technology for practical deployment.



Chapter 2
Literature Review”

2.1 Summary

Nanoparticle colloidal dispersions are highly promising for use in water purification, but
practical and costffective options to separate the dispersed nanopartiolestire treated water
remain a critical roadblock to industrial adoption. Magnetic separation of superparamagnetic
nanoparticles from water for recycling and reuse has the potential to be an efficient, practical,
and lowcost slurrytype water treatment nfatd. In this chapter we review the fundamental
theory and concepts of magnetic nanoparticle separations.

2.2 Introduction

Nanotechnologies based on magnetic separations show huge promise in the field of water
treatment and purification, and magnetic nanomaiteere being heavily researched for

scrubbing water of a wide variety of contaminants. This chapter is primarily focused on the
magnetic separation or recovery of nanoscale particles from a colloidal dispersion or slurry, and
their use in water purificain, with the potential for recyclability. Slurtype water treatment
technologies involving colloidal particles show distinct advantages compared with other
treatment methodologies, such as the use of membranes, flocculation, or chemical methods such
as dlorination. The concept of a slurry is the dispersion of (nano)particles throughout the

volume of contaminated water to be treated, purifying the water using these dispersed particles,
and then recovering them afterwards from teatied water (potentiglifor reuse/recycling of the
particles in subsequent rounds of treatment). Such ac@lwad allows a huge specific surface

area to be mobilized and dispersed throughout the water volume in an-efferigynt manner,

allowing for easy mixing of the paetes with the polluted water (due to the enhanced diffusion
coefficients of fine particles) and efficient mass transfer with the target contaminants, which has
the potential to exhibit superior treatment kinetics at lower applied energy and cost colopared
membrane technology for example. If the nanoparticles can be reused multiple times, this only
adds to the cost savings. Nanoparticles in a slurry formulation can treat water through adsorption
or chelation of contaminants, catalytic degradation, flatcarh, or other means dependent on

" This chapter is adapted from a previously published book chagtnuk, T.; Gu, F.
Magnetically Recyclable Nanomaterials for Water Treatmerntlamotechnology for Water
Treatment and PurificatigrHu, A., Apblett, A., Eds.; Lecture Notes in Nanoscale Science and
Technology; Springer, 2014; Vol. 22.



accessible surface area of the colloidal particles. Furthermore, magnetic nanoparticles can be
used as the support or substrate for any conventional water treatment materials; similarly,
composite materials containing agnetic component can be used as magnetically active
particles.

An obvious and critical concern when using nanoparticle slurries however is the difficulty in

fully recovering the nanoparticles from the water in a-ed§tient manner. Indeed, due to
conce ns of nanotoxicology or environment al rel e
avoid leaving any residual nanopatrticles in the final treated water, which is why having a fast
and costeffective method to recover the nanoparticles from dispersiessential Thebasic

concept of magnetic separation is that when a magnet or magnetic field gradient is applied to a
slurry of magnetic nanoparticles in the treated water, the particles will move towards the magnet
for collection, resulting in nanoparkfree treated water for discharge. Using permanent

magnets for the separation step is also low energy and cost efficient. Thus the magnetic
separation paradigm has the potential to enable efficient and cheap water purification, with the
ability to addres many of the same water contaminants treated by conventional means, but
without requiring the use of chemical additives (which can be relatively expensive or leave
degradation byroducts in the treated water). Magnetic separations for water treatmpos@sir

could be envisioned to be applied at an industrial or civic scale, for the purification of industrial
effluent or drinking water; for environmental cleanup; in niche applications such as aerospace; or
in pointof-use processes where more advancee@nti@atment infrastructure is nexistent.

Indeed, it should be emphasized that magnetic separation technology has already been
extensively employed in industrg.g, mining, food quality control, etc?:3°

Conceptually, the process of magnetic separation is easily envisaggay of us have played

with magnets and iron filingas children, and the principle seems clear and concrete: magnetic
particles simply move towards a magnet. Indeed, several recent reviews on magnetically
recyclable particles make a similar assumption that simply by virtue of their magnetic nature,
magnetigoarticles will be automatically separated from dispersion upon application of a
magnetic field'32In actuality however, magnetic separation of particles from a suspension
involves complex physics, and magnetic separability is far from guaranteedthmrtdepends

on the nature of the magnetic materials used, the concentration of particles and their colloidal
stability, the magnitude of magnetic field gradients, among many other variables. The purpose of
this section is to introduce some of the phygjoverning magnetophoretic phenomena, and
considerations to be taken into account when designing magnetic separations.

2.3 Magnetism and Magnetization

In the context of nanotechnology for water treatment, we are primarily interested in nanoparticles
of magneit materials, or nanomaterials and composites comprised of such particles, due to their

small size and high specific surface area. Therefore the following discussion will relate primarily

to ultrafine particles of magnetic materials, and is drawn fronmerfes’> 36



For magnetic separatisnn a water treatment, oxide nanoparticles are typically used, as fine
metallic particles are highly reactive in aqueous environments and oxidize readily under
environmental conditions, which would lead to variable or unpredictable magnetic properties as
the particles oxidize over time. Iron oxides have been especially studied and implemented as
magnetic nanomaterials due to economic considerations (iron is cheap and abundant, compared
to cobalt for example, or rare earth elements), their relatively Igwitypand low environmental
threat, along with their ease of synthesis and-wetlerstood chemistry.

The iron ion possesses a strong magnetic moment due to the unpaired spin magnetic moments of
its valence electrons. In crystals containing iron, thesmgm®ent atomic magnetic moments can
align or orient themselves with respect to each other in various arrangements, giving rise to
paramagnetic, ferromagnetic, antiferromagnetic, or ferrimagnetic matétigis€1). In a
paramagnetic material, the individual atomic magnetic moments are randomly oriented in the
absence of a magnetic field, irrespective of temperature, giving the bulk material a neticnagn
moment of zer@Figurela). On application of an external magnetic field however, some of the
atomic moments will align in the direction of theld, imparting a small net magnetic moment

to the material, which disappears on removal of the external field. In a ferromagnetic crystal, the
atomic magnetic moments are aligned parallel with each other even in the absence of an applied
field (Figurelb), while in an antiferromagnetic crystal the moments are aligned but in opposite
directions Figurelc), cancelling each other out and rendering a net zero magnetic moment to
the material as a whole. A ferrimagnetic material is similar to an antiferromagnetic material, but
where the antiparallel magtic moments are of different magnitudég(reld), and thus the

material retains a net magnetic moment, behavingalifegeromagnet
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Figure 1. Simple schematic of the alignment of atomic magnetic domains in different magnetic
materials: (a) paramagnetic, (b) ferromagnetic, (c) antiferromagnetic, and (d) ferrimagnetic.
Figure adapted fror¥.
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Thermal energy typically alignment of these atomic magnetic moments, and the ordered
alignment breaks down above a certain temperature, namely the Curie temﬁ{elmdmre
ferromagnetic and ferrimagnetic materials, or the Néel tempel#jukar artiferromagnetic
materials, above which temperatures the magnetic moments of the materials are randomly
oriented like a paramagnetic material, retaining no net magnetic moment.

A bulk ferromagnetic material is comprised of multiple microscopic magneticidenvehere

the atomic magnetic moments within each domain are aligned with each otheFiasaib),

but not necessarily with adjacent domains.stalgrain boundaries delineate magnetic domains
in a polycrystalline material, although a single crystal grain can be composed of multiple
magnetic domains.

The magnetization of a materil is defined as its net magnetic moment per unit volume, and is
the sum of the individual magnetic moments composing the material, per unit volume. On a bulk
scale, the magnetization of a material is thus the sum of the magnetization of the constituent
magnetic domains, while on the microscopic level of the domainsal@etization is the sum

of the atomic magnetic moments in that domain. Within a single domain, due to the alignment of
all the atomic magnetic moments (in a ferromagnet), the magnetization of the material is
saturated at a maximum valdle, (in the direstion of the alignment of the atomic moments),

which is limited by the magnitude of the atomic moments and their arrangement and packing
within the crystal lattice. Thus is a materiabpecific property, dependent on the atomic
composition and crystatructure of the particular material. However, on the bulk scale again,

the net magnetization of a ferromagnetic material can be zero, as all the domain magnetic



moments within the material, despite being each magnetized aan be oriented in random
directions, cancelling each other out.

On application of an external magnetic figldthe magnetization of the material can be altered,
producing a magnetization curveigure?). Starting from zero, the magnetization of a bulk
ferromagnetic material increases withuntil a saturation value af is reached. This process
corresponds to the reorientation and atigmt of the individual domain moments composing the
material in the direction of the externally applied field, converting a rdothain material to
effectively a single domain (alignment of all microscopic domains). Dhus naturally reached
when allthe domains, each magnetized)at are oriented in the same direction. Thus
magnetization of a material does not alter the magnitude of magnetization in any domain, but
rather the direction of their magnetization.

A

Ty

Figure 2. Magnetization curve of a typical ferromagnetic material, adapted3fom.

However, wheriOis removed, the magnetization of the material does not return to net zero, since
the magnetic domains do not all return to their original random orientations, buts@tter

remain aligned with each other in the previous directio@dfhis residual mgnetization ! 4

is called the remanence. To reduce the net magnetization of the matebatk to zero, an

externally applied field of magnitugg - must be applied in the opposite directiorbof, where

"O is called the coercivity. This effetdads to hysteresis in the magnetization curve. The
susceptibility of the material is the relation betwé&and0 , where the differential

susceptibility-m Q0§ 'Q "Qwith an initial susceptibility- given by the value of.. atd T,

i.e., the sbpe of the magnetization curve at the origin.

Magnetite (FeOs) a nd ma-fFeéOs)are commof magnetic iron oxides, and are
ferrimagnetic at room temperature, with of 850 K (althoughY is difficult to measure for
maghemite, as it is unstablehagh temperatures, irreversibly transforming to hematite at ~670
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K). Magnetite contains a 2:1 ratio of ¥F#€** ions, where maghemite is the typical oxidation

product of magnetite, produced through removal of té iBas from the magnetite crystal

lattice. Both materials have an average susceptibility of ~3 (Sl units), although magnetite has a
higher saturation magnetization of 92 Akgt, compared t o mkayDespis t e 6 s
the higherh of magnetite, maghemite is also frequently employed in nanotechnology

applications, since the spontaneous oxidation of magnetite under standard conditions is very
difficult to prevent, and from an engineering perspective it can be usefultxiolize manetite
nanomaterials to maghemite in order to avoid oxidaitiniced iron leaching over time, and the
inevitable change in magnetic properties that this oxidation process implies.

Superparamagnetism is a naspecific phenomenon that arises when ferrame#ig (or

ferrimagnetic) crystals are reduced in size to the nanoscale. Below a certain size, such
nanocrystals can only support a single magnetic domain, and thus some of the above properties
of bulk magnetic materials emerging from the collective ensemwtimany domains disappear in
magnetic nanocrystalge.g, superparamagnetic nanocrystals do not possess hysteresis in their
magnetization curve). Simply put, thermal energy is sufficient to demagnetize small crystals. As
stated above, single magnetic dans can be thought of as possessing a single large magnetic
moment (the sum of the atomic moments aligned with each ott@rever after application of

an external magnetic fiel@ for asingle domain particle (of volumg) to maintain its magnetic
polarization against the randomizing thermal background enagsgyagnetic anisotropy energy,

L+ be much greater than thermal endllij|, or0 i QY Sincel dis a function of volume,
below a certain size and above a certain temperdah@magnetic anisotropy energy is too weak

to prevent the thermal fluctuation of @ he par
the magnetization of the nanoparticle rapidly flips directions, rendering a net zero magnetization
for the particle at zerapplied field i e., no hysteresis). However, upon application of an
external field, the particl eo6s Oauagilapproach momen
0 like a bulk ferromagnetic material. Hence this effect was termed superpararsiag astthe
thermal spin randomization is conceptually similar to paramagnetic materials, although the
attainable magnetization values in an externally applied field are much higher than for
paramagnets. The implication is that superparamagnetic nanceryssaless no permanent
magnetic dipole moment at zero applied field, but when placed in an externally applied field can
be temporarily magnetized with strength equivalent to a bulk ferromagnetic material.

It should also be noted that possessing a singgete domain is not sufficient to render a

particle superparamagnetic; superparamagnetism is an independent function of size.
Conveniently, magnetite and maghemite are superparamagnetic at room temperature below
crystal sizes of ~30 nm, above which thr@disize they regain ferrimagnetic properties,

although they may still be singtiomain. Interfacial effects are also important in nanocrystals,

and the measured saturation magnetization of nanocrystals is typically smaller than that of their
correspondingpulk materials, due to surface spin canting, undercoordination, or crystal defects.

11



Although useful in magnetic data recording media, ferromagnetic materials are typically
impractical for magnetic separatitwased water treatment. Due to their permanexgmatic

moments at zero applied field, ferromagnetic particles tend to strongly aggregate in water due to
dipolar attraction, reducing the accessible surface area and diffusion coefficient of the particles,
and even leading to gravity settling of the agates i e.,the particles removing themselves

from the water treatment volume). These problems have been obsar¥eddmagnetic

nanoscale zergalent iron particles used in water treatm&thus theprimary advantages of

using nanoparticles and nanostructured materials for water treatment (viz. high specific surface
area, excellent dispersibility throughout the water matrix) are counteracted by magnetic
aggregation.

From an engineering perspective, the ideal particles for magnetic sepa@tenhwater

treat ment processefsf womagndbtthavewiascfiesnn: unmaq
throughout the water matrix for treatment (in order to avoid the aforeomedtdeleterious

magnetic dipolar aggregation), but which can be easily and strongly magnetized after the

treatment process in order to be magnetically separated, and then demagnetized again prior being
employed in subsequent treatment cycles, etc. Thisdsurse a description of
superparamagnetism, where the magnetism of th
external magnetic field. Thus the significance of superparamagnetism for magnetic water

treatment is primarily to minimize uncontrel nanoparticle aggregation during the treatment

process, yet allow for easy magnetic recovery afterwards. Iron oxide nanoparticles of magnetite

or maghemite below 30 nm in diameter are superparamagnetic at room temperature (termed
SPIONSs, superparamagretion oxide nanocrystals), and are thus heavily employed in water
treatment nanotechnologies, although other ferrite materials, or evesuperparamagnetic
nanoparticles, can be used if properly stabilized against aggregation.

2.4 Forces in a Magnetic Colloid

As referred to above, typically the ideal magnetic separdt@med water treatment
nanotechnology can be described as a colloidal dispersion (slurry)-oftecscting

nanoparticles or nanomaterials, diffusing freely throughout the volume of wédtertteated,

which can be rapidly separated from the water once the treatment is complete through
application of an externally applied magnetic field. Howeaehjeving such a system is

nortrivial, due to the complexity of designing for the number of fer@eting on the particles at

the different stages of the separation process. Particles may be either too magnetic (leading to
extensive interparticle magnetic aggregation) or not magnetic enough (requiring impractically
long times for nanoparticle magnesieparation).

In order to achieve directional magnetophoresis, the magnetic force must be greater than the
forces opposing motion, namely Brownian motion in the case of nanoparticles. The magnetic
force acting on a spherical magnetic particle of volypfeadius » in a magnetic field gradient

IS
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where0 is the magnetization of the particle per unit volume @nsl the externally applied
magnetic field.

For nanoparticles, gravitational forcae #ypically insignificant, but mayeomore important for
dense irorbased particles, and should thus be considered for completeness:

0 4'Q -1 YQ )

T
o
whereY”i s di fference of the particlebdsgdensity f
water), andQis the acceleration due to gravity.

The motion of the nanoparticles is opposed by viscousfdiag c es, gi ven by Stok
O ot DVé ¢ -U 3

where— is the dynamic viscosity of the medium ( p 1 P a forswvater at room temperature),

O is the hydrodynamic diameter of the particle (which can be approximatéd byci ), andv

is the velocity of the particl&.he average magnetophoretic velocity of a single particle can thus
be estimated by balancing £4 and3:
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More generally however, the motion of the particle in any single direction is opposed by
Brownian motion, where a simplified representation of the Brownian force at a particular
moment in time can be given by

O L, pt -QRYQY 5

where, is a fluctuating random vector with a Gaussian distribuff@ris the Boltzmann

constant; Vis the temperature, arfd ds the time incremer¥ An approximation of the time

average Bownian force can be simply taken as the thermal energy in opposition to motion of the
particle by a significant amourg.g, distance ) in any specific direction:

QY O O O {i (6)
When the righthand side of Ecp is significantly greater than the thermal energy of of@él

the particle can have directional motion, and if significantly lessta¥ithe net directional
forces acting onhie particle are insufficient to overcome the randomizing Brownian force, and
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the particle remains dispersed in suspension. Thus as a rough approxifitheathreshold
Brownian force for the particle to overoe is

Q'Y

no ‘l_ (7)

This accounts for the size dependence of the Brownian force, where large microparticles are less
susceptible to such randomizing molecular motions and can settle under the force of gravity,
while for small nanocrystaBrownian forces dominat¥ Alternatively, comparing Es 1 and?2

with Eq.5, it can be seen that the directional forces scaleiwitiwhile the Brownian force only

scales ad , indicating the diminishesdignificance of Brownian forces for larger particles.

In summary, to achieve directional magnetophoréSishould bd O "O "O . From Eq.
1it can be seen that for a constant applied magnetic field gradient there are only two ways to

increase’O through engineering of the nanoparticles: either by selection of a material with
higher magnezation, or for a fixed material, by increasing the particle size. However, as stated
above, superparamagnetism is a-siependant nanoscale phenomenon, and upon increasing the
size of magnetic nanocrystals above a particular threshold diameter trsstyonato

ferromagnetic behaviour, resulting in deleterious uncontrolled magnetic dipolar aggregation in
suspension. Since superparamagnetism is an essential property for many magnetic separation
based water treatment processes, there would appear tauppearimit on the peparticle "O

since superparamagnetism is limited to nanocryde® nm in size (for magnetite/maghemite).
However, as discussed in Sectihb below, such small nanocrystals are often found to be
magnetically inseparable from suspensios,("O L Q"Yi), thus requiring a largefO to

enable magnetophoresis, yet apparently requiring the sacrifice of superparamagnetism in order to
acheve it. However, this apparent paradox can be resolved through the use of polycrystalline
particles, where every constituent crystal in the polycrystalline particle is below the
superparamagnetic threshold in size.(nanocrystals), yet where tf@ of all these crystals

sum together to render a larger i@tfor the particle as a whole, enabling magnetophoresis

while preserving superparamagnetism. Such polycrystalline or supraparticles can be composed
exclusively of magnetic nanocrystals, or mu#i@PIONs dispersed in a matrix or composite
material €.g, Dynabeads® as used in biological magnetic separations).

2.5 Interparticle Interactions and Cooperative Magnetophoresis

Magnetic nanocrystals < 20 nm in diameter (SPIONs) should not be magnetipaligide at

low field gradients (< 100 T i) according to the above considerations. For example, for a 10
nm magnetite nanocrystal (€ t& p mA m?)ina 100 T i field gradient at 300 KO

¢® pm N,whilelO QYi (& pm N;thatis,;Ol "O.Indeed, by this logic only
magnetite crystals larger than ~135 nm should be magnetically separable. Even without
considering Brownian motion, from E4the average magnetophoret&locity of the above 10
nm SPIONSs should be only ~0.3 unis water. However, this is several orders of magnitude
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slower than experimentally observed SPION magnetophoretic velocities under similar
conditions® This experimental observation tHaPIONs can in fact be readily magnetically
separable even under low field gradients has thus prompted the expansion of magnetophoretic
theory to include interparticle interactions.

To explain the low field gradient magnetic separability of superparamagiaaoparticles, it

was theorized that when magnetized, nanocrystals would be expected to exhibit very large field
gradients near their surface, which could lead to the magnetic aggregation of the particles into

| arger deff ect i v strugiuees with sufficiest aet magneti {pige t@ ayeaconee
Brownian motior?® Thus nanoparticles could be expected to accelerate orzmthbir own

magnetic separation in a cooperative manner. For superparamagnetic particles, removal of the
extemnally applied magnetic field should dissipate magnetic interactions, resulting in aggregate
dissociation. Such transient magnetic aggregation behaviour (chain formation) habdereerd
experimentally*

Thegroup of Faraudo and Camacho pashaps done the most work in describing the physical
concepts of cooperative magnetophoresis, and the following discussion is derived primarily from
referenced’ 43,

The dipoledipole interaction energy between two superparamagnetic colloidal particles in an
externally apped magnetic field is given by

. a .
Y ——p OAl & (8)

" W
where' is the magnetic permeability of free spawés the distance separating the particles
(centreto-centre),—is the angle between the direction of the externally applied field and the line

joining the centres of the two particles, and is the dipole moment of the partislegiven by
a =“1 0 9

where the assumption is made that under typical fields applied during magnetic separation, the
magnetization of the sample reaches saturation. The minimum energy configuration is obtained
whenw 'Q(the diameter oftte particles) and— 11, or

. ‘a

yma x 10

=5 (19

A useful means by which to characterize the relative strength of this magnetic interaction is to
take its ratio with the thermal energy, defining a magnetic coupling parasnaser

S'rvn a 5 ¢ d - (11)
QY ¢QQY Q

where_ is called the magnetic Bjerrum length, the characteristic interparticle distance at which
magnetic interactions are significant comgzhto thermal energy, given by
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Physically,interparticle magnetic interactions are significamt,(magnetic aggregation and
cooperative magnetophoresis are possible3 for p, while fora L p thermal energy
dominates. For the above example of 10 nm SPI@Nsp8t vindicating the possibility of
coqperative magnetic separation where the-imberacting model predicted magnetophoresis to
be impossible, thus demonstrating the importance of considering interparticle interactions.

With this understanding of the effect of interparticle distanceagnetic interactions, the
kinetics of cooperative magnetophoretic separation can be elucidated in terms of particle
concentration in suspensiore(, the higher the particle concentration, the closer their spacing
and thus higher their magnetic interaog). The mass concentration of partictes suspension
iS given as
5 u’a TI,UTI‘ (13
() ow ow

where0 is the total number of particles in a suspension of volumé is the mass of a single

particle ofdensity” , andw wj 0 is the average interparticle distance. A characteristic
concentratio®’ can be defined whei» _ |,

T (14)
o_ @3

w7z

o

Experimentally*! the cooperative magnetophoretic separation tinté superparamagnetic
particles has been found to have an exponential dependence on particle concentration of the
form:

o 0 — (19

whereo (in units of time) and are experimentally determined parameters dependant on the
dimensions of the magnetic separator, field gradient applied, etc., althoaghratio argument

for| & - (which was the experimentally fitted value) is given in refeg#® which relates to the
growth kinetics and magnetophoretiglocity of the particle aggregates/chains.

The obvious assumption in the above discussion is that, apart from their magnetic interactions,
the particles are otherwise norteracting. However, for colloidal nanoparticles, this assumption
is generally untre, and other colloidal interactions can be significant in comparison to the
magnetic dipolaenergy. In magnetic separatibased water treatment applications, the ideally
desirable situation is for the transient magnetic aggregation to behave asia keVeenff i 0 n

s wi ti.e.,Har the particles to be relatively namteracting and highly colloidally stabie the
absence of an externabiyplied magnetic field (in order for the particles to diffuse freely,
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expose a high surface area, and exhibit goads transfer kinetics in the volume of water to be
treated), to rapidly form transient aggregates when an external field is applied (for efficient
magnetic separation), and then for the aggregates to reversibly dissociate and return the particles
to a hidhly dispersed colloidal state when the external field is removed again. Actually achieving
such behaviour in realistic matrices is ftomial however, since frequently (due to nonmagnetic
interactions discussed below) the particles will either be tooidally stable to form the

transient aggregates in the first place (thus remaining magnetically inseparable), or they will

form irreversible aggregates which cannot bdispersed back to a stable colloid when
demagnetized. Avoiding such undesirable ootes requires understanding and balancing all the
colloidal forces present in the system.

Apart from the magnetic interaction energy given above 8Eather interactions to consider
are electrostatics (DLVO theory) and dispersion forces. The van der Waals potential between
two spherical particles with radii andi is given by
" 0 [ [ N\ I
Y SIS S | T — (16)
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whered is the Hamaker constant between the particles through the surrounding medium (
o o p m Jfor magnetite nanoparticles interacting across W3tandwis the distance

between the centres of the spheres (where the distance between the su@aces isi

i ).*®*Forequallysized particlesi( i i), the aboe equation can be simplified to

- 0 Twi g .. Ti

Y — | | — (17)
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Calculation of the electric double layer interaction between two particles is often a complex
consideration, typically involving many approximations. For more rigorous equations (beyond
Derjaguinbds approxi mati on) d eveen nandpdrticlgs attiowe d o u
ionic strengths, refer t§. More accessible (and hence more approxinegahtions for the
interaction potential between two equaByzed spheres with equal surface potentials are given
below.*¢4’For large interparticle separatiods’Q 1, wherell is the invese DebyeHuckel

length), assuming the surface potential of one particle does not affect the other, thin double
layers and symmetrical electrolytes, the linear superposition approximation can be used:

. ot--1 Q7Y
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where- is the vacuum permittivity, is the relative permittivity of the solvent,is the charge
number (electrolyte valencej, is the concentration of the symmetrical electrolyte (in units of
m3), Qis the elementary charge, ands the surface potential of the particles (which lban
estimated from the Grahame equation if only the charge of the colloid is ffoRor small
interparticle separation distances, the Derjaguin approximatiobecased:

~ ST | I

Y Tl b expl© (22
If the particles are surfactastabilized (the above assumes simple electrostatic stabilization),
additional repulsion forces must be taken into account. Hovibgse above equations are
sufficient for a basic energy balance on the system during magnetic separation, where the total
interaction energy between two nanoparticles in suspension is the sum 8f Efj and18/22,
givenby’y Y 7Y Y . This results in a potential energy curve as a function of
interparticle separation distance, edes of which are given iRigure3.

N @)
>
=)}
= ]
c + Energy barrier
- :
— v )
m -------------------- P
2 N\ e
S N
2 7 (P)

o (c) |
. Secondary minimum
Interparticle separation

Figure 3. Potential energy profiles of magnetic particles in colloidal dispersion: (a) desirable
curve for noAamagnetized particles, (b) desirable curve for mageétparticles to enable
reversible magnetic aggregation, (c) undesirable curve (dotted line) for magnetized particles,
resulting in irreversible magnetic aggregation.

The desirable situation i-of moswi malgded)scdaeseprl
for the potential energy to be everywhere positive in the absence of an applied magnetic field
(Figure3a, repulsive force to stabilize thelloadal dispersion and prevent aggregation), and

exhibit a secondary minimum in the potential energy curve when the particlesagnetizedto
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allow for transient magnetic aggregatigffigure3b), butwith an energy barrier (provided by
electrostatic repulsion) to prevent the particles from approaching each other too closely (resulting
in irreversible aggregation at the primary gyeminimum). This way, when the magnetic field

is removed, the secondary minimum disappears, and the particles repel each other once again,
returning to a dispersed colloid. The undesirable situation occurs when the magnetic dipolar
interaction is too stmay, or electrostatic repulsion insufficient, in which case there is no energy
barrier to prevent irreversible aggregation of tegnetizegarticles at the primary minimum
(Figure3c). As can be seen, this delicate energy balance is a function of particle size, surface
charge, applied field gradient, and ionic strength of the water to be treated, and thus many factors
must be taken into account to erestimely and practical reversible magnetic separation is
achievable in the system of interest.

2.6 Challenges for Magnetic Water Treatment

Due tothe cooperative magnetophoretic mechanism and balance of forces required to prevent
irreversible aggregation, dgsing a reusable magnetic separafi@sed water treatment system

can be challenging from an engineering perspective, and it is usually not obvious to predict
whether the magnetic particles of interest will even separate when a magnetic field is applied t
the suspension. Several challenges when designing water treatment systems based on magnetic
separation nanotechnology are discussed below.

Firstly, as discussed above, the energy balance of the colloidal dispersion of nanopatrticles should
be considerednder both magnetized and demagnetized conditions (assuming demagnetization is
possible, given superparamagnetic particles). If the repulsive interparticle interactions are too
strong, the particles may not be able to transiently aggregate even when pealymatibiting
cooperative magnetophoresis and resulting in magnetic inseparability of the particles from
suspension. Conversely, if repulsive interactions are low, irreversible aggregation of the particles
could result during magnetic separation, remdethem essentially singlese. Although only
electrostatic stabilization was considered above, steric stabilization of the colloidal particles with
polymers can either help or hinder magnetic separability according to the same prineiplés (
particles cannot approach each other closely enough, cooperative magnetophoresis will be
impossible). When not magnetized, high colloidal stability of the nanoparticle dispersion is
typically desired, in order to expose a high surface area throughout the vdlumieioto be

treated. Ensuring colloidal stability in realistic matrices.,(water with ionic strength, dissolved
contaminants, humic acids, etc.) is challenging for even nonmagnetic particles, as adsorption of
contaminants or flocculation with dissel¥ substances can change the surface energy balance of
the particles, or result in premature flocculation and sedimentation. Such destabilizing of
otherwise toestable nanoparticle dispersions can be desirable in some cases (enabling magnetic
separation obtherwise inseparable particles through the formation of larger
aggregates/supraparticlesyt uncontrolled aggregation is difficult to predict through modeling.

Another engineering challenge is the different length scales at work in typical magnetic
seprations, from within angstroms from the surface of single nanoparticles to the scale of meters
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in a magnetic separator. Although this brief review has focused primarily on the nanoscale,
predicting and designing a system for a particular required mageg@cation duration or
magnetophoretic velocity will also incorporate macroscopic considerations, such as the geometry
of the magnetic separator and magnetic fields. For example, macroscopic time scales for
separating magnetic nanoparticles are influefgetihe cooperative magnetic separation
mechanisms discussed above, while these mechanisms are simultaneously influenced by field
gradients which are a function of separator design; the saci macroscopic are convoluted.
Furthermore, many of the equats provided herein assume static fluid, although for magnetic
separations involving flowing watee.Q, a flow-through magnetic separator), additional fluid
dynamics must be brought to bear on the system.

It should also be emphasized that the cooperatagnetophoresis mechanism discussed herein,
while enabling the separation of nanopartictest would be individually nanagnetically

separable, still has a strong bdiitsize dependence, and does not guarantee the separation of
magnetic nanoparticleBor example, it is still controversial whether SPIONs are retcailly
separable under lofield conditions*® Indeed, the main industrial application of SPIONSs is as
ferrofluids, which are designed to be magnetically inseparable. Thus although use of
nanoparticles (SPIONs) may be especially desirable in water treatment applications due to their
extraordinary spefic surface area, care should be taken to ensure that they will still be
magnetically separable from the target matrix.

Finally, an additional concern of the cooperative magnetic separation paradigm is the potential

for trace residual nanoparticles remagin suspension after the magnetic separation process.

That is, if nanoparticles require cooperative assembly into transient magnetic aggregates to

enable magnetic separability, there is the possibility that particles which are not incorporated into
thet ransi ent aggregates in time would be Astran
separate on their own. Given the concerns about environmental contamination by nanoparticles

or nanoparticle toxicity, the potential for adding low concentrations afpeaticles to treated

water in the process of magnetic separation is clearly of concern. Thus for practical applications

of magnetic separation nanotechnology, at least until this potential problem of nanoparticles left
behind is investigated further, magit separators should probably be coupled with a filtration
process, to separate any residual trace nanop
magnetic separation step.

2.7 Application to Photocatalysis

Photocatalysis over nanoscale titanidioxide is a highly promising technique for the

deactivation or mineralization of a broad spectrum of waterborne contaminants, due to the low
cost, abundance and minimal toxicity of Bj@s well as the central concept that the-ldén
theoretically be nesed indefinitely for costffective purification of large volumes of waten. |
photocatalytic water treatment, the most efficient reactors involve dispersion of the nanocatalyst
into the contaminated water as a sl ¥+?°Nanoparticle recovery after the tteeent process

is essential not only for reuse of the catalyst, but also to prevent nanoparticle contamination of
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the treated effluent. Unfortunately, nanoparticle separation challenges remain a critical hurdle to
practical application of this promising &nent technolog§%2®

Magnetic separation is especially useful in nanotechnology for collection of nanoparticles which
are challenging to manipulate by other me&ri&52 To render nofrmagnetic nanomaterials
magnetically separable, typically composite nanopatrticles are synthesizadbbilizing the
functional nanomaterial on a superparamagnetic supportifi a coreshell structurey°8 We

have previously employed this strategy to synthesize magnetically recyclahle TiO
photocatalyst§? To adapt the magnetic separation paradigm to practicalr€icling, we

started with a larger polycrystalline magnetite core to increase the total magnetenthod each
particle for faster separation, yet where the individual magnetite nanocrystals in the core are each
below the ferromagnetic threshold size and thus collectively preserve the crucial property of
superparamagnetism. Thus, application of magmetiycling has been successfully

demonstrated for photocatalyst recycling, and implementation of magnetic recovery concepts are
presented ilChapter 5
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Chapter 3
Solar Photocatalytic Degradation of Naphthenic Acids in Qil
Sands Process-Affected Water?

3.1 Summary
Bitumen mining in the Canadian oil sands
(“‘ C02 creates large volumes of oil sands process
affected water (OSPW), the toxicity of which
is due in part to naphthenicids (NAs) and
O other acid extractable organics (AEO). The
OH objective ofthiswork was to evaluate the
potential of solar photocatalysis over Eit©
02" remove AEO from OSPW. One day of
photocatalytic treatment under natural sunlight
(25 MJ/nt over ~14 h daylight) eradicated AEO from raw OSPW, and acute toxicity of the
OSPW towardVibrio fischeriwas eliminated. Nearly complete mineralization of organic carbon
was achieved within-¥ day equivalents of sunlight exposure, and degradation wassbo
proceed through a superoxideediated oxidation pathway. High resolution mass spectrometry
(HRMS) analysis of oxidized intermediate compounds indicated preferential degradation of the
heavier and more cyclic NAs (higher number of double bond equitgyevhich are the most
environmentally persistent fractions. The photocatalyst was shown to be recyclable for multiple
uses, and thus solar photocatalysis may be a
(AOP) for OSPW treatment.

3.2 Introduction

Bitumen mining in the Athabasca oil sandise of the largeshdustrial projectsn the world
anddevelopment in the regiaontinuego expand An alkaline hot water method is used to

extract surfacenined bitumen, generating large volumes of oil sandsgssaffected water

(OSPW) in the process. OSPW has been found to be acutely and chronically toxic to many forms

of life,>%61 and is therefore stored on site in tailings potidstot he i ndustryodés fzer
policy, as there is currently no established method to treat the water for environmental discharge.

AThis chapter is adapted from a previously published artigighuk, T.; Wong, T.; Linley, S.;
Peru, K. M.; Headley, J. V.; Gu, F. Solar Photocatalytic Degradation of Naphthenic Acids in Oil
Sands ProcesAffected WaterChemospher2016 144, 1854 1861.
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To date, an estimated 1 billior*rmf OSPW hadeen accumulated in over 170 %aof tailings
ponds in Albert&263

OSPW is a complex saline solutioantaininghigh concatrations ofsuspended clays, dissolved
organic compounds (including naphthenic agmsycyclic aromatic hydrocarborf®AHs), and

BTEX compoundy trace heavy metals, and residual bitumen and solvents. A primary source of
OSPW toxicity has been attribat¢o the acid extractable organics (AEO), including naphthenic
acids (NAs), which arstructurally diversalkyl-branched acyclic and cycloaliphatic carboxylic
acidswith the conventional formul&H2n+22 (Wwhere zis a negative even integer related to the
number of rings and doubl®nds).'22Recently, high resolution mass spectrometry (HRMS)

has also identified aromatic and diamondoid acids in OSPW AEO, as well as species containing
multiple carboxylates or heteroatoff€® NAs and OSPW toxicity are also associated with the
baseneutral extractable organic fractions, although the focus of this work is on the AEO. While
low molecular weight NAs are somewhat biodegradable, the heavier brancheshéace
recalcitrant and highly environmentally persisteht’ Thus awater treatmengolution is

required foreclamation of the tailings ponds.

Among themethods investigatefor OSPWtreatmentadvanced oxidation processes (AOPS)
have been shown to be particularly effecfimedegrading NAs and reducif@SPW toxicity'4

18 Photocatalysis over Tids an extremely powerful AOP that has b@eoven to eliminata
broad spectrurof organic pollutantin wastewaters, including NAS° In aqueous suspension,
photocatalysts absorb light to generaighly reactive free radicals, such as hydroxyl and
superoxide radicals, which are capablenirieralizingeven recalcitrant organic
contaminant3$?23TiOz is alow-cost earth abundanand chemically stable photoabttic
material which can be recovered and reusezt multiple treatment cycles.

Although powerfu] the high capital and operating costs of AOPs could limit {aogde

industrial application. Sunlight is a free and renewable energy source with the potential to greatly
reduce the operating costs associated with water treatmerit,i&nell establisbdthat TiQ

can absorb solar UV radiation to power the photocatalytic prééésé/ithout the needo add

chemical oxidants to the water, armhsidering the recyclability of the catalyst material, solar
photocatalysis may be more practical than conventimedhod for OSPW treatment.

The objective ofhiswork was to evaluate the performance of splaotocatalysis to remove

AEO from real OSPW. This research builds on the previous investigations into photocatalysis by
Headley and cavorkers®®/°Headley et al. previously demonstrated ~75% destructi@S#W

NAs through solar photocataly$&and Mishra et al. showed tHaV 254 photocatalytic treatment
could eliminate acute NA toxicity according to the Microtox as8&@espitethese promising

results, there has since baenresearch into how the process performs in OS&evious
researcherased either commercial NAs orodel waterd® . "This is significant sce the high

ionic strength and suspended solids in the OSPW may have deleterious effects on the process
efficacyor degradation kineticdVe thus sought to examine tfeasibility of photocatalytic
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treatment of ral OSPWusing natural sunligh&or thisstudy we chose to user&:2
nanoparticleslurry, a system which is often employed as a benchmark standard in the literature,
to establish a treatability baselife photocatalysisn OSPW We also explored the

photocatalytic reaction pathway and oxidizetermediate compounds using high resolution MS,
and assessed the acute toxicity of the treated water t&ianid fischeri

3.3 Experimental

3.3.1 Materials

OSPW collected on March 17, 2014 was provided by Shell Canada, and stored in sealed
polyethylene containsiin the dark The OSPW was homogenized by stirring before each use,
herein referred to as raw OSPW. For experiments where it was desirable to remove the
suspended solids, the OSPW was centrifuged at 14,000 xg prior, endsthen referred to as
centriftged OSPWA commercial mixture of ndypihenic acids (technical grage

dichl oromet hane ( DCNMmma@r ox&ae morndiydrale (eP9% AGS)
grade),1,d0enzoqui none (98%), so@tbumyperas clofhatl e ((OO4Y
ACS grade) wre purchased from Sigr#ddrich and used as receivedilfuiric acid (9598%,

ACS grade, Fisherjormic acid (Caledon Laboratories Ltd., Georgetown, ON), acetonitrile
(HPLC grade, Caledon Laboratories Ltd., Georgetown, @id)titanium dioxide nanoparted
(Aeroxide P25, ~1%0 nm particle diameter, 55°g! surface area, Acros) were used as
received. P25 Ti@nanoparticles have been extensively studied and characterized in the
literature, and are often used as a benchmark photocatalyst.

3.3.2 Photocatalysis Experiments

Outdoor solar photocatalytic experiments were performed during Bdyptember 2014 at the
University of Waterloo (Waterloo, ON, Canada). All experiments were performed in duplicate or
triplicate. TiO2 powder wadirst stirred into 200 mL of OBW in aborosilicateglass beake82

mm O.D.)and dispersed by bath sonicati@eakers were sealed with polyethylene film (Glad,
measured to be UV transparent by spectrophotometry) to prevent evaporation during the
experiments. The mixture was then plos a rooftop outdoors (43°28'17.989°32'32.2"W

and exposed to sunlight while stirring at 500 rpm. Controls included OSPW exposed to sunlight
in the absence of TDand the TiQ OSPW mixture stored in the dafkollowing solar

treatmentthe OSPW mixire was centrifuged to remove the Ti@&noparticles, retaining the
supernatant for analysis (stored at 4iri@he dark. For one experimenthe TiQ collected by
centrifugation was subsequently washed thrice with deionized water by centrifugation, dried
overnight at 70 °C, and then redispersed into a fresh sample of OSBWafiotreatmentn

order to test the photocatalystodos recyclabili

In one experiment, to investigate the radical species involved in the photocatalytic reaction, 0.1
g/L of a radical scavenger (ammonium oxalate; hehzoquinone, sodium persulfatetent-

butyl alcoholy>"3was added to the suspension (0.5 g/LzliCcentrifuged OSPW) immediately
before sunlight exposure. Inhibition of phottadgtic activity was calculated from the residual
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AEO concentration following treatment in the presence and absence of the radical scavenger (
ando , respectively), according to the equation

whered was the initial oncentration of AEO in the OSPW.

The dates and weather conditions for the solar photocatalytic experiments described herein are
presented iTablel. Weather data wasbtained from the University of Waterloo Weather
Station archive$? Cumulative insolation was calculated by integratingititeming shortwave

radiation (measuredly the weather statiamsing a Kipp & Zona CM11 pyranometgrover the
duration of each experiment.
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Table 1. Weather conditions for the outdoor photocatalytic experiments performed in this chapter.

Ambient Air Temperature

Experiment Date & Time Date & Time ?g&?ﬁg\:}e During .Daylight Hours _
Started Ended (MJ/m?) | Average Daily  Average Daily
High (°C) Low (°C)
Figureda 16/07/2014 21:16  17/07/2014 20:55 24.7 22.2 9.6
Figuredb (centrifuged OSPW) | 21/07/2014 21:02  22/07/2014 20:55 25.3 29.0 15.8
Figuredb (raw OSPW) 24/07/2014 21:01  25/07/2014 21:47 23.4 23.9 9.9
Figurell, 6 and 7(midpoint} 13/09/2014 19:30  16/09/2014 13:30 31.4 15.9 6.2
Figure11 (endpointy 17/09/2014 19:45  29/09/2014 12:00 181.4 20.9 8.9
Figurel7 18/08/2014 17:33  19/08/2014 17:28 20.5 25.0 9.2
Figure5 05/08/2014 16:00  08/08/2014 16:03 63.8 24.1 14.0
Figure8 30/07/2014 16:58  16/08/2014 14:25 89.4 22.0 11.5
Cycle 1 30/07/2014 16:58  31/07/2014 16:58 23.2 23.7 11.3
Cycle 2 05/08/2014 16:00  06/08/2014 15:57 21.2 24.7 12.6
Cycle 3 07/08/2014 15:57  08/08/2014 16:03 21.9 24.4 9.9
Cycle 4 13/08/2014 16:30  14/08/2014 16:28 14.4 16.7 10.9
Cycle 5 15/08/2014 16:12  16/08/2014 14:25 8.7 20.5 12.9
Figure9 17/08/2014 17:00  18/08/2014 17:33 21.5 23.8 10.2

dExperiment was paused (beakers moved indoors) from 15/09/2014 12:17 PM to 16/09/2014 7:15 AM due to predicted rain.
bExperiment was paused (beakers moved indoors) from 20/09/2014 8:00 PM to 22/(RMMPM due to predicted rain.
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To assess the temperature dependence of the photocatalytic degradation kinetics, an Arrhenius
plot was prepared using the data from all ekpents performed with 0.5 g/L TiOn

centrifuged OSPW which had a measured AEO concentration greater than zero. An apparent rate
constant was calculated for each data point from a pskgtiorder kinetics model, which was

then correlated with the avgraambient temperature measured during the period of treatment.

3.3.3 Analysis

The concentration of AEO was measured by Fourier transform infrared spectroscopy (FTIR,
Bruker Tensor 27) according to teendard methdé ®with minor modifications\(iz., the

acidified samples were extracted thrice with DCM in a 1:12.5 solvent to sample volumetric ratio,
with 65% total recovery)sing the commercial NA mixture to prepare the calibration cUive.
method detection limit (MDL) was 0.6 mg/IAEO is a composite measure of classical NAs,
oxy-NAs (CiH2n+Ox, Where x > 2)and other organic acid$

Sampleswvere filtered prior to the following analyses (Whatman-@8#glass fiber filter), with
the exception of analyses where suspended solids were of interest\(/vis, turbidity, TSS,
TDS).

Electrospray ionization high resolution mass spectrometry-KEBMS) was used to analyze the
composition and speciation of the OSPW AEOr ESIHRMS, solid phase extraction (SPE), as
previously described by Headley et alvas used as a concentration and cleanup technique
(method recovery was M7%). In brief, 10 mL of each sample was acidified using

concentrated formic acid to a pH of ~8PE cartridges (200mg, ENV+, Biotage®, Charlotte,

NC), were preconditioned with 7 mL each of acetonitrile and Millivater. Eluents were

discarded and the organic fraction eluted at a flow rate of ~1 mL/min using 7 mL of acetonitrile.
Extracts were collged in 10 mL glass test tubes and evaporated using jNst dryness. The

dried residue was then reconstituted in 1 mL of 50:50 I@Qilivater:acetonitrile with 0.1%
ammonium hydroxide and transferred to 2 mL amber GC vials.

The EStHRMS chemical analysiwas conducted using an LTQ Orbitrap Elite (Thermo Fisher
Scientific, San Jose, CA) operating in full scan and negativenode. Mass resolution was set

to 240,000 with am/zscan range of 16600. ESI source had the following conditions: sheath
gas flowrate 25 (arbitrary units), spray voltage 2.90 kV, auxiliary gas flow rate 5 (arbitrary
units), S lens RF level 67%, heater temperature 50 °C, and capillary temperature 275 °C.
Infusion solvent used was 50:50 acetonitrile:water containing 0.1% ammoniuoxiodat a

flow rate of 200 uL/min. The mass accuracy was <2 ppm error for all mass assignmertts, and t
root mean square (RM®)rorfor all assignments associated with the entire mass spectra was in
the range of 0.1P 0.45 ppm The nstrumental detean limit was1 mg/L andthe method

detection limit wa$.10 mg/L forAEO. Software used for molecular analysis was Xcalibur v 2.1
(Thermo Fisher Scientific, San Jose, CA) and Composer v 1.0.6 (Sierra Analytics, Inc., Modesto,
CA).
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The total AEO concentriain measured by ESHRMS is referred to below as A (where not
specified, AEO was measured by the FTIR methed).EStHRMS quantification, external
standard calibration was performed using agefned 5point regression of OSP\terived

organic acidsitt known concentrations and used to determine resulting AEO concentrations in
samplesThe values of totaAEOms measured in the initi@indtreated OSPW samples should be
considered senguantitative due to: a) a lack of certified naphthenic acid stdacdar

alternatives; b) limited method validation and uncertainty estimates. The method and analytical
parameters used the present method can be found&OPs (available from the Environment
Canada website). It should be understood that the presentgantitative method is a step in
progression to a final quantitation goal.

UV/visible optical absorption was measured with a spectrophotometer (BioTek Epoch).
Turbidity (APHA 2130B), total suspended solids (TSS, APHA 2540D), total dissolved solids
(TDS, AFHA 2540C), mineral oil and grease (APHA 5520B), total organic carbon (TOC, APHA
53108 combustion temperature 800);€hemical oxygen demand (COD, APHA 5220D),
biochemical oxygen demand (BOD, APHA 5210B), anion concentration by ion chromatography
(bromide chloride,fluoride, nitrate nitrite and sulfate, EPA 300.0), speciated alkalinity (as

CaCQ, EPA 310.2)dissolvedmetals by inductively coupled plasma mass spectrometry

(ICPMS, EPA 200.8)free chlorine, total residual chlorine (SM 450Q G, EPA 330.5and

total trihalomethanes (SW846 8260¢re measured according to standard methods by ALS
Environmental (Waterloo, ON, Canada), a laboratory accredited by the Canadian Association for
Laboratory AccreditatioCALA) according to international standardS@ 17025).

The acute toxicity of the OSPW towardirio fischeriwas measured according to the Microtox
assay, performed according to Environment Canada protocol EPS 1/RM/24 by AquaTox Testing
& Consulting Inc. (Guelph, ON, Canada), a CALA certified lattory. The Microtox assay
measures changes in light emission of the luminescent bacteria following 15 min sample
incubation, where the G (inhibitory concentration 20%) refers to the concentration of test
sample at which the intensity of bacteria lightission is reduced by 20%.

3.4 Results and Discussion

3.4.1 Degradation of AEO by Solar Photocatalysis

AEO and NA concentration, along with other water quality characteristics of the OSPW used in
these experiments, are presente@lable2 andTable3. The measured values were found to be
within the range of values typically reported foBPW/8 and the majority of the dissolved

organic carbn (TOC) was accounted for by the AEO (assuming ~75% of the AEO mass is
carbon). Centrifuged OSPW (i.e., with suspended solids removed) was used for most
experiments, sinceuspended solidsontentin OSPW vaikes between different process streams
and tailngs pond, andso to avoidhesecomplicationsand ensure our findings agenerally
applicable we focusedour study on the watenatrix and dissolved compounds.

28



Table 2. Water quality characteristics of OSPW.

Parameter Raw OSPW
pH 8.38
Mineral Oil & Grease (mg/L)| <1.0
Turbidity (NTU) >200
TSS (mg/L) 49.5
TDS (mg/L) 1450
Conductivity (mS/cm) 1.695
Anions?

Bromide (mg/L) <0.50
Chloride (mg/L) 158
Fluoride (mg/L) 3.87
Nitrate (mg/L) <0.50
Nitrite (mg/L) <0.50
Sulphatgmg/L) 204
Alkalinity (mg/L as CaC@) | 444
Dissolved Metals

Aluminum (Al) (mg/L) <0.10
Antimony (Sb) (mg/L) <0.0050
Arsenic (As) (mg/L) <0.010
Barium (Ba) (mg/L) 0.197
Beryllium (Be) (mg/L) <0.0050
Bismuth (Bi) (mg/L) <0.010
Boron (B) (mg/L) 2.29
Cadmium (Cd) (mg/L) <0.00090
Calcium (Ca) (mg/L) 20.8
Chromium (Cr) (mg/L) <0.0050
Cobalt (Co) (mg/L) <0.0050
Copper (Cu) (mg/L) <0.010
Iron (Fe) (mg/L) <0.50
Lead (Pb) (mg/L) <0.0050
Lithium (Li) (mg/L) <1.0
Magnesium (Mg) (mg/L) 10.6
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ManganeséMn) (mg/L) <0.010
Molybdenum (Mo) (mg/L) | 0.0675
Nickel (Ni) (mg/L) <0.010
Phosphorus (P) (mg/L) <0.50
Potassium (K) (mg/L) 18
Selenium (Se) (mg/L) <0.0040
Silicon (Si) (mg/L) <10
Silver (Ag) (mg/L) <0.0010
Sodium (Na) (mg/L) 315
Strontium (Sr mg/L) 0.499
Thallium (Tl) (mg/L) <0.0030
Tin (Sn) (mg/L) <0.010
Titanium (Ti) (mg/L) <0.020
Tungsten (W) (mg/L) <0.10
Uranium (U) (mg/L) <0.010
Vanadium (V) (mg/L) <0.0050
Zinc (Zn) (mg/L) <0.030
Zirconium (Zr) (mg/L) <0.040

4Determined focentrifuged and filtered OSPW

The initial experiment exposed OSPW containing different concentrations of photocatalyst (0.01
1 0.5 g/L) to natural sunlight to evaluate the feasibility of the method and optimize treatment
conditions Figure4a). One day of sunlight exposure (typically ~25 MJawver ~14 h daylight,
Tablel) was faund to virtually eliminate AEO at a Tidoading of 0.5 g/L, and substantial

removal was observed at significantly lower Tidncentrations, validating the potential of solar
photocatalysisThese results compare favourably to a previous study by Heeiddéywhich

showed 75% removal of AEO spiked into deionized water (64 mg/L) after 8 h of photocatalytic
treatment?® TiO2 concentratioaabove0.5 g/L offeredno further improvemeastin AEO

degradation ratgresumablydue to excess T#ccludinglight penetration into solution, and

thus 0.5 g/L TiQwas used in subsequent experiments.
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Figure 4. (a) Remaining AEO in centrifuged OSPW after 1 day of solar photocatalytic treatment
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The rate of the photocatalytic AEO removal was investigdtegli{e4b). The results
demonstrated that the process obeyed apparenbiidst kinetics (pseudfrst order rate

constant 1.86 + 0.13 x ¥am?/J), with 80% of the AEO eliminated within the first 6 hours of
sunlight exposure (=9 MJAhmsolation, from dawn until noon), and complete removal achieved
after 14 hours (i.e., at 25 MJ#imsolationby the end of the dayfrven at a comparatively low
TiO2 loading of 0.01 g/L, substantial AEO removal (74 £ 14%) could be achieved within three
days of sunlight exposure (64 MJimsolation over 41.5 hourEjgure5). Put into context of

other AOPs, potassium permanganate and sodium persulfate (at 5 andd€pg#ftively) each
required between 200 days to remove 80% of OSPW AEO (from an initial concentration of
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~56 mg/L)** Without sunlidit exposure, 4% of the AEO was removed after 24 h of stirring with
TiOz in the dark, representing only slight adsorption to the catalyst, and confirming that the
extensive AEO removal observed under sunlight is the result of a photochemical process.
Minimal AEO removal (~1615%) was observed under sunlight alone in the absence of the
photocatalystKigure4b, Figure5). This minor degradation is attributealthe natural photolysis

of NAs, presumably due to absorbance of the carbonyl gyroapomatic speciesigure6).’®
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Figure 5. Solar photocatalytic degradation of AEO in centrifuged OSPW in the presence of 0.01
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Figure 6. UV/visible optical density of raw and centrifuged OSPW, and 0.5 g/lz $iBpension
in centrifuged OSPW, with the solar spectrum for comparison (ASTM ®34flobal tilt). Note
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that for the raw OSPW dnTiOz suspension, optical density includes contributions from particle
light scattering.

The temperature dependence of the degradation kinetics was assessed through an Arrhenius
treatmen{Figure?), yielding an apparent activation energy of 31.9 kJ/mol for the reaction,

which iswithin the range previously reported for photocatalytic reactidfidtHowever, since

our experiments were performed at ambient outdoor conditions subject to natural environmental
variation, the effect of temperature on the photocatalytic treatment will be examined more
closely in future work undesontrolled conditions.
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Figure 7. Arrhenius plot of solar photocatalytic degradation of AEO in centrifuged OSPW in the
presence of 0.5 g/L Ti)wherek is the apparent rate constant (with units éfd). The linear
regressiorfit is given as a dashed line, where the data point highlighted in red is taken as an
outlier.

The photocatalysts were also found to be largely reusable with minimal loss in photocatalytic
activity (Figure8). Some loss in performanedterfive treatmentycles(~20% lower apparent
rate constantls possiblydue to aggregation of the particl@sising from compaction during
collection by centrifugation)pr fouling of theTiO2 surfaceover time,and could likely be
mitigatedwith betterdispersioror particle washingechniquesHowever, such process
optimizationwasbeyond the scope of this work.
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Figure 8. Recyclability of a s1gle batch of TiQ nanopatrticles to degrade AEO in centrifuged
OSPW at 0.5 g/L Ti@under sunlight.

While clarified water offers idealized conditions for photochemical experiments, light
penetration into turbid wastewaters is a practical confoenealstic usage scenario$o
understand the effect of suspended solids on the photocatalytic treatméegtiinentvasalso
performed in raw OSPW containi® mg/L suspended solids (turbidity >200 NThble2),
which has a much greater light attenuation compared to centrifuged CSGWEER).
Remarkably, the degradation ratas not significantly different in raw versus centrifuged
OSPW Figure4db, p = 0.07), which is surprising since the turbidity of OSPW has previously
been assumed t@kan insurmountable barrier for application of ligkependent treatment
processe$>’°However, considering that UV light attenuation by 0.5 g/L sligOactually greater
thanthat due to natural suspended solids in the OSIFg(e6), we hypothesized thahe
majority ofthe observedohotocatalytic activity was originatingearthe surfae of the water
where light absorptiohy the catalystvasgreatest. Indeed, not stirring the OSPW during
photocatalytic treatment resulted in significantly less degradation of &AEQrg9), as the TiQ
nanoparticles settle out of suspension under the influence of grieigty€10). Thus solar
photocatalysis is feasible even aw OSPW provided the system is sufficiently waiked to
facilitate mass transfer to the interface and illumination of the catalyst.

It must also be acknowledged that the impact of natural suspendedrsttidsaw OSPW could
affect the photocatalyticegatmenthrough more complex mechanistysyond simply light
screeningSuspended OSPW clays could serve as a source of adsorbed AEO, which could be
released throughout the treatment, and similarly as a sink for sorption of partially oxidized
intermediatesFurthermore, heterocoagulation with clays could lower available surface area of
TiO2 nanoparticles for treatment. However, givengheilar treatment kinetics observed
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between the centrifuged and raw OSPW, these potential mechanisms are not thioeight to
practically significant.
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Figure 9. The influence of stirring on the remaining AEO in OSPW after solar photocatalytic
treatment for 1 day at 0.5 g/L TiO
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Figure 10. Gravity settling of TiQ suspen®ns in vials of centrifuged OSPW after 0 h (a), 1 h
(b) and 24 h (c). From letb-right, the vials contain 0.5, 0.1, 0.05, 0.01 and 0 g/L2TiO
respectively.

3.4.2 Mineralization, Toxicity, and Biodegradability Assessment

A more detailed study was conductathe organic constituents in the photocatalytically treated
water (Table3, Figurell). Both FTIR and HRMS, two independent measurement techniques,
revealed the same trend in AEO degradation. While HRMS confirmed photodegradation of the
majority of the AEO within ~1 dagquivalent of sunlight exposure (90% Alz£removal after

30 MJ/n insolation), only 45% of the TOC was removed, indicating that photocatalytic
mineralization had not yet proceeded to completion, but suggesting rather the transformation of
the AEO into oxidized intermediates. This residual organic carbon was folnedstignificantly

more biodegradable than the initial AEO however, where the ratio of BOD to TOC or COD is
taken as a rough metric of biodegradability (i.e., the BOD/TOC ratio was found to increase
throughout the course of treatmelfigure11). Furthermore, after photocatalytic treatment the
initial acute toxicity of the OSPW towards the microorganigbrio fischeriwas eliminated,

which is notable since degradation intermediates byproducts are sometimes implicated to
have greater toxicity than the parent compoulddish sufficient treatment timé-1 week

equivalent of sunlight exposurgable3, Treated OSPW EndpoinhAEO wasundetectable by

FTIR orHRMS, and TOChaddropped taear the detection lim{pf 1.0 mg/L) This may

indicate that mineralization eventually proceeds to completmoplying that all AEO and
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intermediate species asasceptible to photocatalytic degradatidhis is significant sincether
AOPs, such as ozonation, cannot fully oxidize AEO to completion, leagrpdation
byproducts and high residual TOC concentration in theatedwater16.82.83

Table 3. Changes in OSPW water quality characteristics due to solar photocatalytic treatment.

Parameter Initial Treated OSPWP | Treated OSPW’ | Solar Control®
OSPWA (Midpoint) (Endpoint) (Endpoint)

Insolation (MJ/md) | O 314 181.4 181.4

AEO (mg/Ly 39.8+1.1 |0.7+03 <0.6 28.9+1.0

AEOws (mg/L) 43.4 4.2 0.2

TOC (mg/L) 45.1 24.7 35

COD (mg/L) 135 54 <10

BOD (mg/L) <2.0 12.7 4.4

Microtox 15 min 77.2+3.4 >90 >90 75.7+5.0

IC20 (% VIV)

aCentrifuged OSPWTreated with 0.5 g/L Ti@under the insolation indicatéthsolated in the
absence of Tie) AEOws, TOC, COD and BOD were not measured for this saftipdéermined

by FTIR
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Figure 11. Solar photocatalytic removal of AEO (measured by FTIR), A&E@nd TOC, and
increase in organic carbon biodegradability (BOD/TOC ratio), over the course of ~1 week
equivalent insolation of centrifuged OSPW containingdlL5TiO2. Lines connecting data
points are simply a visual guide.
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3.4.3 Analysis of Degradation Intermediates

In order to investigate the photocatalytic degradation process in OSPW, and gain a better
understanding as to the composition of the organic inteatesdformed, high resolution MS
analysis of the treated water was perfornteédyre12). The initial OSPW AEO was found to be
primarily composed of & Os and Q speges, along with their singly sulfesubstituted
counterparts (&b classedrigure13). Following photocatalysis, a dramatic shift towards higher
oxygen content in theesidual AEO was observeHigure13). Similar trends have been
observed previously in the photooxidation of petroleum sanifsfslbeit by a different
mechanism in the absence of a photocatalyst, and given that OSPW AEO composes
predominantly saturated compounds known to be resistant to natural phdfol§3ise total

AEO concentration after treatment was only 4.2 m@/ble3, Figure14), and thus the majority
of the initial AEO was presumably oxidized to intermediate compounds, still measurable as TOC
and COD. These findings indicate that the photocatalytic degradation of AEO proceeds via
progressive addition of oxygea the AEO en route to complete mineralization. This is
significant since some oxidized NAs have been previously reported to have lower toxicity and
higher biodegradability than their parent Ni&§?which correlates well with the BOD and
Microtox results Table3). Interestingly, following treatment, S classes were found to
comprise a relatively smaller fraction of the AEO than initially (0.07 vs. 082,

respectively), potentially indicating preferential photocatalytic degradation of the sulfur
heteroatomic specie&igureld). Preferential photochemical reactivity of sulfur heterotomic
petroleum compounds has also been previously observed, and has bieeteattoi the
availability of the sulfur nobonding electronx87.90
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Figure 12. Mass spectra of the initial OSPW (a), OSRMér photocatalytic treatment with 31
MJ/n insolation (b) and 181 MJAinsolation (c) (c.fTable3). Note that the AEO
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concentrations measured iinqc) were at the detection limit of the instrument, and thus the mass
spectrum (c) likely represents artefacts from the sampling or extraction process.
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Figure 13. Distribution of Q- and GS classes in OSPW AEO (normalized basedhe relative
abundance of each species within the individual samples) before and after photocatalytic
treatment (31 MJ/insolation, c.fTable3). Other heteroatomic classes were at negligible
concentration and thus excluded from this figure. Note that the total AEO concentration in the
treated sample is only ~10% that of the initial OSPW {@&ble3).
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Figure 14. Distribution of Qcand GS classes in OSPW AEO (based on intensity values) before
and after photocatalytic treatment (31 M3insolation, c.fTable3). Other heteroatomic classes
were at negligible concentration and thus excluded from this figure.
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In addition to monitoring the change in oxygen cont#nthe AEO, the @and O NA classes

were selected as representative classes for investigating changes in the molecular weight and
structural complexity of the AEO following photocatalytic treatmé&gre15). A shift towards
lower carbon numbers after treatment was observed for bothet#weddD classes, suggesting
preferential photocatalytic oxidation of higher molecular weight species. Furthermaratitthe
cluster in the range of-8 double bond equivalents (DBty the @ distribution Figurel15a)

was almost completely photodegraded after treatnfeégiile 15c), indicating higher reactivity

of photocatalysis towards NAs with more complex molecular structures (i.e., more cyclic or
unsaturated compounds). Photocatalysis and othemiddised AOPs have been previously
reported to preferentially target branch points in NAs and other aliphatic contantitfaits>
Similar trends of reduced carbon numbers and DBEs following treatment were observed for the
Osi Oz classesKigurel6); if it is assumed that some of the initiad & O4 AEO are oxidized to
Osi1 Oz species during treatment, the effect is similarly pronounced. These findings are very
promising since AEO species with higher DBE and carbon numbers are $he mo
environmentally persistent and resistant to biodegrad&fiéfand thus higher priority targets

for alternative water treatment methods.
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Figure 15. Relative distribution of @(a & c¢) and @ (b & d) AEO classes before (a & b) and

after (c & d) photocatalytic treatment (31 MJ3/of insolation, c.fTable3). The data is

normalized based dhe relative abundance of each species within the individual samples; note
that the total AEO concentration in the treated sample is only ~10% that of the initial OSPW (c.f.
Table3).
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Figure 16. Relative distribution of ®(a & d), & (b & ) and G (c & f) AEO classes beforeia

c) and after (tff) photocatalytic treatment (31 MJ?rof insolation, c.fTable3). The data is
normalized based on the relative abundance of each species within the individual samples; note
that the total AEO concentration fhe treated sample is only ~10% that of the initial OSPW (c.f.
Table3).

3.4.4 Superoxide-Mediated Reaction Pathway

To gain further insight into the phamtatalytic reaction mechanism and radical species involved
in the NA degradation process, we spiked various radical scavengers into the OSPW prior to
treatment in order to selectively quench specific free radical species formed during
photocatalysis. Addibn of benzoquinone, a scavenger for superoxide anion radicals, resulted in
a dramatic inhibition of AEO degradatiohigurel17), implicating superoxide as the critica
radical species mediating photocatalysis in OSPW. This is an unanticipated finding, as
conventionally hydroxyl radicals or valence band holes are identified as the primary oxidants
driving photocatalysis, and superoxide is often considered merely gsalbgt formed from

the reduction halfeaction at the conduction bafic®®>In OSPW however, superoxide appears to
be the primary radical species driving the reaction.
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Figure 17. Inhibition of TiOz solar photocatalytic activity in the presence of different radical
scavengers: ammonium oxalate (AO, scavenger of photogenerated holeenZgdquinone
(BQ, scavenger of superoxide radicals), sodium petu(SP, scavenger of photogenerated
electrons), antert-butyl alcohol (TB, scavenger of hydroxyl radicals).

Halide and bicarbonate anions are known to be strong scavengers of hydroxyl radicals and
valence band holes, whicbactto form less powerful Hale and carbonate radic&k?* Given

the high concentration of these anions in the OSP&WIE2), it is presumed that hydroxyl
radicals and valence band holes are already strongly suppressed during the photocatalytic
reaction, and thus providing additional scavengers for these spacdidittle effect Figurel7).
Superoxide anion is known to be significantly less susceptible to anion quenching, with a half
life on the order of hundreds of secofel%®

While superoxide can simply add to organic contaminants to fetonks or hydroxyl grougs,

we hypothesize that the primary reason the photocatalytic degradation of NAs is so heavily
superoxide dependent is that superoxide may be essential famp@mgng, which is a necessary
intermediate step when naralization is the known endpoint. Although less reactive than
hydroxyl radicals, halide radicals are known to be selective oxidants capableealéotmen
oxidation and hydrogen abstracti¥frand the carbogentered radicals formed in these processes
could subsequently react with superoxide to initiate-dpgning® For example, one potential
mechanism of superoxideediated @C b ond cl eavage i-lyydrdgdneiaa | i mi n a
hydroperoxide intermediat&¢hemel), as repaed for lipid peroxide§?1°°Superoxide is also

well known to react across douddendsthrougha dioxetane, as in the photocatalytic ring
opening of aromaticsScheme).10%193.81 Eyrther reaction according to the ph#tolbe process
could then degrade the linearized NA%105
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Scheme2. Suggested mechanism of superoxide bond cleavage via a dioxetane intermediate,
where Xl represents an oxidizing free radical.

Considering that halide radicals may be involved in the photocatalytic degradation process, we
were concerned as to potential formataf toxic chlorinated byproducts, as has been observed
previously for photocatalysis in saline wat&t%19¢ We thus had the treated OSPW tested for
residual chlorine or trihalomethanes, but found no measurable concentrations of either.
Combined with the absence Microtox toxicity posatment, the treated OSPW appears to be
free of at least these particulampgducts.

3.5 Environmental Significance

We have demonstrated that solar photocatalysis is feasible in raw OSPW, with the potential to
eliminate toxicity and completely mineralize recalcitrant compounds through a superoxide

mediated oxidative pathway. Efficien degr adati on kinetics were ac
high ionic strength and suspended solids content. This study thus represents the successful solar
photocatalytic remediation of a highly complex target pollutant in a challenging industrial

wastewate

Given the large increase in biodegradability of the oxidized intermediate species and elimination
of toxicity achieved after only one day of treatment, complete mineralization by photocatalysis is
likely not required, but rather photocatalysis may seoveomplement existing treatment

methods, such as biodegradation. Ensuring sufficient mixing to keep the catalyst and
contaminants suspended near the illuminated interface will be a key concern in the continued
development of this technology. Practicalthwels to recover and recycle the photocatalyst
nanoparticles must also be assessed, although a number of potential solutions have already been
describec4 109
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Many wellestablished water treatment methods, while proven effective for OSPW treatment in

the lab, are defeated by the scale of the problem for practical implementation. While natural
photolyss of OSPW organics in the tailings ponds is presumably neglifibsidering that
photocatalysts are in principle indefinitely recyclable, and given the vast surface area of the
pondsexposed o sunlight, we believe that solar phot
with the potential to address challenging water treatment problems in the oil industry.
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Chapter 4
Photocatalytic degradation kinetics of naphthenic acids in oil
sands process-affected water: multifactorial determination of
significant factorsY

4.1 Summary
Oil sands procesaffected water (OSPW) is
Ta|I|ngs Pond A . HO*®* O~ generated as a byproduct of bitumen

'——jFast extraction in Canadads oi
. waterds toxicity, associ
d%\j acid extractable organics (AEO), especially
Fe3* HCO; s $ oH naphthenic acids (NAs), along with base
+ @ _4slow neutal organics, OSPW may require
- Lo . treatment to enable safe discharge to the
Tailings Pond B h O, environment. Heterogeneous photocatalysis
is a promising advanced oxidation process (AOP) for OSPW remediation, however, predicting
treatment efficacy can be challenging due to thquenwater chemistry of OSPW from different
tailings pondsThe objective of this work was to study various factors affecting the kinetics of
photocatalytic AEO degradation in OSPW. The rate of photocatalytic treatment varied
significantly in two differenDSPW sources, which could not be accounted for by differences in
AEO composition, as studied by high resolution mass spectrometry (HRMS). The effects of
inorganic water constituents were investigated using factorial and response surface experiments,
whichrevealed that hydroxyl (H®radical scavenging by iron (8¢ and bicarbonate (HGS)
inhibited the NA degradation rate. The effects of NA concentration and temperature on the
treatment kinetics were also evaluated in terms of Langhtimshelwood and Ahenius
models; pH and temperature were identified as weak factors, while dissolved oxygen (DO) was
critical to the photeoxidation reaction. Accounting for all of these variables, a general empirical

kinetic expression is proposed, enabling predictiophaftocatalytic treatment performance in
diverse sources of OSPW.

¥ This chapter is adapted from a previously published artielghuk, T.; de Oliveira Livera, D.;
Peru, K. M.; Headley, J. V.; Vijayaraghavan, S.; Wong, T.; Gu, F. Photocatalytic Degradation
Kinetics of Naphthenic Acids in Oil Sands Procédtected Water: Multifactorial Determination
of Significant FactorsChemospere2016 165 10 17.
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4.2 Introduction

Surface mining of bitumen in Canadab6s At habas

processaffected water (OSPW) as a byproduct of bitumen extraction, whgthrsd on site in
tailings ponds for reuse. Despite water recycling efforts, fresh water consumption by the oil
sands industry was ~170 million®nm 2014%and over 1 billion rhof tailings have been
accumulated in at least 170 kof ponds in Albert&2¢3OSPW is a saline mixture of suspended
clays and bitumerterived dissolved organics, known to be acutely and chronically toxic to
aquatic and mammalian speci$1111112%thus there is currently no deliberate release of OSPW
to the environment. The toxicity of OSPW is attributed in part to the acid extractable organics
(AEO), especially naphthenic acids (NA$ja complex mixture ahcyclic andcycloaliphatic
carboxylic acids witlthe conventional formul@.H2n+2 (Wherez is a negative even integer
related to thewumber of rings and double bond$}2OSPW AEO also contains a broad range of
organics not conforming to this classical NA structumeluding aromatic and heteroatem
containing acids, as well as low polarity speé¢iés1664As NAs are resistant to

biodegradatiod;® and their toxicity persists after decades of environmental exp&sure,
reclamation of the oil sands tailings ponds and safe discharge OSPW will require new water
treatment strategiés.

The exceptionally large volume of water, and the recalcitrance of the AEO contaminants, may
render OSPW treatment using conventional processes impractical-pralositive. Advanced
oxidation processes (AOPs) have been shown to be particularlyiveffat detoxifying low
concentrations of persistent organic pollutants, including NA%!17.118eterogeneous
photocatalysis isn especiallpowerful AOR and solar photocatalysis over Biftas been
demonstrated to eliminate AEO from OSPW through oxidative mineraliz&ti§#t°Using

sunlight as an abundafree energy source, and given the ability of the photocatalyst to be
recycled without the need for continuous chemical amendment of the water, photocatalysis may
not suffer from the same limitations of cost and scale as other AD&snay instead shaseme
advantages gfassive treatment processes.

Given the potential of photocatalysis for OSPW treatment, this study aimed to address some
outstanding questions related to the kinetics and efficiency of the process. One challenge in
translating technologfrom the laboratory into real use scenarios is that different wastewater
streams, or tailings ponds in the case of OSPW, may have unique compositions, which may
unpredictably affect treatment efficadyhus an objective of this work was to investigatedes
affecting the kinetics of photocatalytic AEO degradation in OSPW, studied in two different
OSPW samples. Another goal of this work was to provide a general kinetic expression for
photocatalytic AEO degradation in different OSPW sources, to facifitatielling of largescale
treatment systems, which is a critical step towards potential implementation.
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4.3 Experimental

4.3.1 Materials

OSPW samples were provided by each of two producers operating in the Athabasca oil sands
(Industry A and B), and stored at 4 °Ctlve dark. Prior to use, the OSPW was homogenized by
stirring, and then centrifuged at 14,000 xg to remove suspended solids.

A commercial mixture of naphthenic acids (technical gradebon numbers 1620, zclasses 0

to-4, as characterized by Damascenal’?® , di chl or omet hane (DCM, 09
iron(ll1l) nitrate nonahydrate (098%, ACS grad
phosphat di basic (099 %), nitrotetrazolium blue ct

were purchased from Sigrfddrich and used as receivesulfuric acid (9598%, ACS grade,
Fishe)sodi um sul fate (099%, ACS grade, EEDWD), sod
sodium bicarbonate ( O%8adftaniumk dic&idgnarophricles An ac h e mi
(Aeroxide P25, ~150 nm particle diameter, 552! surface area, Acros) were used as

received. P25 Ti@nanoparticles have been extensively studied and characterized in the

literature, and are often used as a benchmark photocatalyst.

Simulated OSPW was prepared using the commercial NA mixture, and unless otherwise stated,
typically contained 85 mg/L NAs @m a 55.2 g/L stock solution in 1 M NaOH), 800 mg/L

HCOs (from NaHCQ), 200 mg/L Ci(from NaCl), and 200 mg/L S® (from N&SQs), with a

final pH of 8.7 (adjusted with HN£D.

4.3.2 Photocatalytic Experiments

Photocatalytic experiments were performed undardnstom photoreactor enclosure, consisting
of an array of UVA fluorescent bulbs (Philips F20T12/BL, peak emission ~350 nm) suspended
above the sample&igure18). The UV intensity was measured to be ~40 \WWith a UVA/B

light meter (Sper Scientific, NIST certified calibration), which is similar to the UV content of the
solar spectrumASTM G17303 global til). Natural sunlight, howevedue to its periodicity and
variation in intensityjs significantly different from the constant UV intensity provided in this
photoreactorTiO2 powder(0.1 g)was first stirred into 200 mL of OSPW in a borosilicate glass
beaker 63 mm diamete) and dispersed by bath sonication. Bxakvere sealed with

polyethylene film (Glad, measured to be UV transparent by spectrophotometry) to prevent
evaporation during the experimenasd the sides were wrapped with Al fdihe mixture was

then placedn the photoreactor and exposed to UV fighhile stirring at 500 rpm. Followinthe

UV treatment, the OSPW mixture was centrifuged to remove thenEfoparticles, retaining

the supernatant for analysis (stored at 4 °C in the dark).
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Figure 18. (a) UV photoreactor usefibr the photocatalytic tests, and (b) the relative spectral
distribution of its emission.

In one experiment, to compare photocatalysis of AEO in the absence of matrix ions, AEO was
extracted from each of the Industry A and B OSPW (using the same prasogescribed for

FTIR analysis below), reconstituted into 1 M NaOH, and then dissolved into deionized water at a
concentration of ~70 mg/L. The pH of each solution was adjusted to ~8.7, and the AEO extracts
in water were then photocatalytically treatecabsve for 2.5 h.

To investigate the effect of dissolved ions on the photocatalytic treatment, factorial screening and
response surface designed experiments were conducted using simulated OSPW with ion
concentrations as indicated in the text (the conceoisaof Ct and S@* were kept at 200 mg/L

for all samples in the response surface study), and a UV exposure of 2 h.

To test the effect of dissolved ions in real OSPW, in one experiment OSPW from Industry A was
amended with Fe(N€s-9H20 and NaHC®to have the same concentrations of Fe and HGO
Industry B OSPW(d.f. Table4), prior to photocatalytic treatment (2 h UV exposure).

Table 4. Water quality characteristics of OSPW from Industry A and Industry B.

Parameter Industry A Industry B
AEO (mg/L) 39.8 49

TOC (mg/L) 45.1 56.8

COD (mg/L) 135 193

BOD (mg/L) <2.0 <2.0
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pH 8.38 8.67
Conductivity (mS/cm) | 1.695 3.062
Anions

Bromide(mg/L) <0.50 0.14
Chloride (mg/L) 158 101
Fluoride (mg/L) 3.87 0.37
Nitrate (mg/L) <0.50 0.67
Nitrite (mg/L) <0.50 <0.10
Sulphate (mg/L) 204 15.1
Alkalinity (mg/L as

Caco) y (mg 444 796
Dissolved Metals

Aluminum (Al) (mg/L) | <0.10 <0.10
Antimony (Sb)(mg/L) <0.0050 <0.0050
Arsenic (As) (mg/L) <0.010 <0.010
Barium (Ba) (mg/L) 0.197 0.288
Beryllium (Be) (mg/L) | <0.0050 <0.0050
Bismuth (Bi) (mg/L) <0.010 <0.010
Boron (B) (mg/L) 2.29 2.67
Cadmium (Cd) (mg/L) | <0.00090 <0.00090
Calcium (Ca) (mg/L) 20.8 13.8
Chromium (Cr) (mg/L) | <0.0050 <0.0050
Cobalt (Co) (mg/L) <0.0050 <0.0050
Copper (Cu) (mg/L) <0.010 <0.010
Iron (Fe) (mg/L) <0.50 13.1
Lead (Pb) (mg/L) <0.0050 <0.0050
Lithium (Li) (mg/L) <1.0 <1.0
Magnesium (Mg) (mg/L) 10.6 6.3
Manganese (Mnjmg/L) | <0.010 0.045
xnogf)de””m (Mo) 0.0675 0.0369
Nickel (Ni) (mg/L) <0.010 <0.010
Phosphorus (P) (mg/L) | <0.50 7.01
Potassium (K) (mg/L) |18 11
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Selenium (Se) (mg/L) | <0.0040 <0.0040
Silicon (Si) (mg/L) <10 <10
Silver (Ag) (mg/L) <0.0010 <0.0010
Sodium (Na) (mg/L) 315 698
Strontium (Sr) (mg/L) | 0.499 0.373
Thallium (TI) (mg/L) <0.0030 <0.0030
Tin (Sn) (mg/L) <0.010 <0.010
Titanium (Ti) (mg/L) <0.020 <0.020
Tungsten (W) (mg/L) <0.10 <0.10
Uranium (U) (mg/L) <0.010 <0.010
Vanadium (V) (mg/L) <0.0050 <0.0050
Zinc (Zn) (mg/L) <0.030 0.943
Zirconium (Zr) (mg/L) | <0.040 <0.040

The effect of temperature on the photocatalytic kinetics was studied in OSPW from Industry A.
Samples were equilibrated at temperature for 1 h in the dark befoexpbgure.

The effect of dissolved oxygen on the photocatalytic kinetics was assessed using simulated
OSPW (50 mg/L NAs) in a septusealed flask, sparged with either air or pupddd 2 h in the
dark before UV exposure, as well as continuously duringim¢ocatalytic treatment.

4.3.3 Radical Probe Assays
Nitrotetrazolium blue chloride (NBT) at a concentration of 4 ® Dwas used to quantitatively

detect superoxide radical #0) generated by the Ti(hotocatalytic system. Superoxide
concentrations were im@ctly determined by monitoring the NBT maximum absorbance at 259
nmwith aspectrophotometdBioTek Epoch at set time intervals&2%?3 The role of hydroxyl
radicals (OH) was investigated usirgterephthalic acid (TA) fluoreence probe methdd*12

with TA present at a concentration of 1 x31Md in dilute NaOH (1 x 18 M). Fluorescence

spectra were recorded on a Photon Technology Internationad &8fluorimeter. Thabove
procedure for photocatalytic experiments was adapted for these probe molecules, with NBT or
TA replacing theNAs.

4.3.4 Analysis

The concentration of AEQNASs in the case of simulated OSPWas measured by Fourier
transform infrared spectroscopy (FTIR) according to the standard methaith minor
modifications Y¥iz., the acidified samples weextracted thrice with DCM in a 1:12.5 solvent to
sample volumetric ratio, witB0 + 4% total recovery), using the commercial NA mixture to
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prepare the calibration curve. AEO is a composite measure of classical NASAexy
(CnH2n+Ox, Where x > 2), and ber organic acid%!

Samples were filtered prior to the following analyses (Wwizan 934AH glass fiber filter)

UV/visible optical absorption was measuredhna spectrophotometer (BioTek Epochjial

organic carbon (TOC, APHA 5310B, combustion temperature 800 °C), chemical oxygen
demand (COD, APHA 5220D), biochemical oxygen demand (BOD, APHA 5210B), anion
concentration by ion chromatography (bromide, chirithioride, nitrate, nitrite and sulfate,

EPA 300.0), speciated alkalinity (as Caf8PA 310.2)anddissolved metals by inductively
coupled plasma mass spectrometry (ICPMS, EPA 20828 measured according to standard
methods by ALS Environmental (Watoo, ON, Canada), a laboratory accredited by the
Canadian Association for Laboratory Accreditation (CALA) according to international standards
(1ISO 17025).

4.3.4.1 High Resolution Mass Spectrometry
Electrospray ionization high resolution mass spectrometry-KESWS) was used to analyze the

composition and speciation of the OSPW AEO. For-HBMS, solid phase extraction (SPE), as
previausly described by Headley et’dlwas used as a concentration and cleanup technique
(method recovery was 79 + 7%). In brief, 10 mL of each sample was acidified using
concentrated formic acid to a pH of ~2 . SPE cartridges (200mg, ENV+, Biotagefipt@ha

NC), were preconditioned with 7 mL each of acetonitrile and Mllivater. Eluents were

discarded and the organic fraction eluted at a flow rate of ~1 mL/min using 7 mL of acetonitrile.
Extracts were collected in 10 mL glass test tubes and eveparaing N to just dryness. The

dried residue was then reconstituted in 1 mL of 50:50 {@livater:acetonitrile with 0.1%
ammonium hydroxide and transferred to 2 mL amber GC vials.

The ESIHRMS chemical analysis was conducted using an LTQ Orbitrap Elite (Thermo Fisher
Scientific, San Jose, CA) operating in full scan and negativenode. Mass resolution was set

to 240,000 with am/zscan range of 10600. ESI source had the followg conditions: sheath

gas flow rate 25 (arbitrary units), spray voltage 2.90 kV, auxiliary gas flow rate 5 (arbitrary

units), S lens RF level 67%, heater temperature 50 °C, and capillary temperature 275 °C.
Infusion solvent used was 50:50 acetonitrile:watmtaining 0.1% ammonium hydroxide at a

flow rate of 200 uL/min. The mass accuracy was <2 ppm error for all mass assignments, and the
root mean square (RMS) error for all assignments associated with the entire mass spectra was in
the range of 0.1R 0.45ppm. The instrumental detection limit was 1 mg/L and the method
detection limit was 0.10 mg/L for AEO. Software used for molecular analysis was Xcalibur v 2.1
(Thermo Fisher Scientific, San Jose, CA) and Composer v 1.0.6 (Sierra Analytics, Inc., Modesto,
CA).

4.3.4.2 Fractal Image Analysis

Photomicrographs of Ti®aggregates were obtained using an optical microsagisy

Axioskopwith AxioCam ERc 5s cameyalmages were converted to binary using the GNU

Image Manipulation Program, and then the aggregate size and shape descriptors were measured
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in I maged (only aggr eg &werescountédtdhe tamoptigal resplationt e d
limitations).

The gecific surface area of aqueous Tianoparticle aggregates was estimated from the
microscopy measurements according to fractal scaling prop&&i&8 combining data from
multiple micrographs of the same sample. The-tivoensional fractal dimension of aggréegma
(D2) were determined through regression of the projected Ajea{ Feret diameter (or
maximum lengthl.), of the aggregates as

58 O 23

Thethreedimensional fractal dimensioD$) was then estimated according to the nhode
provided by Lee and Kramét’

O p& wpE @8 (24)
The number of primary particles in an aggregaledan be estimated as

.0
50— 2
0O a (25

wheredo is the diameter of the primary particles (taken as 28 nm for P2bn&iparticles),
andks is a proportionality prefactor, estimated according to Ehrl et &f8as:

N 8@ °© (26)

The mass of the aggregates could then be calculated given the den#y. Gihe surface area
of the aggregate#\§) was estimated & 10, which holds for randomly oriented convex
particles, and is only a firgirder approximation in the case of fractal aggreg&feghe specific
surface arealsp) was then calculated as sim@lydivided by aggregate mass.

4.3.4.3 Statistics

Multiple linear regression was used to fit the models for the factorial screening and response
surface experiments accordingstandard methods$!*3?Error bars given in figures represent
sample standard deviation (where replicates are indicated), or the standard error of the AEO/NA
concentration measurement (arising primarily from the uncertainty in the method extraction
efficiency) forsingle data points. For computed quantities, error bars represent the standard error
of the corresponding regression coefficients.

4.4 Results and Discussion

4.4.1 Photocatalytic kinetics can vary significantly with OSPW source
The rate of photocatalytic AEO remowads investigated in two samples of OSPW from

different industrial supplierd={gure19). Apparent firstorder kinetics were observed for each
sample, with pseudfirst order rate constants of 11.0 + &30°s! and 1.33 + 0.0& 10° s*
measured for OSPW from Industry A and B, respectively. Given the similar AEO concentration,
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pH and conductivity of the OSPW sampléslfle4), it was unexpected that tdegradation rate
in Industry B OSPW would bfeilly 8.3 timesslower than Industry A OSPW. We hypothesized

that this difference in photocatalytic reactivity between the two saolgld be due to (1)

different AEO compositions, given the structueactivity dependence of NAs demonstrated in

other AOPSs>91(2) different water content of inorganic species; or (3) a combination of organic

and inorganic factors.

Figure 19. Photocatalytic degradation of AEO in OSPW fromursl t r y

Relative Concentration (C/C))

c o o =
EEN (o)) Qo o
[EEPE B PR

o
N
L

o
o

0

v ] v || v | v ]
5 10 15 20 25
UV Exposure (h)

A

(0)

whereC andCo are the concentration and initial concentration of AEO, respectively.

4.4.2 AEO speciation does not explain variation in photocatalytic rate between

OSPW sources

and

To investigate the first hypothesis abowve, whether the presence of any significant differsnce

in molecular structure could account for the different photocatalytic reactivity, the AEO

composition of the OSPW samples was analysed by high resolution mass spectrometry (HRMS).
The AEO class distributions of the two samples were found to be largelgusiprimarily
composed of @ Os and O compounds, along with their singly suloontaining counterparts
(OxS classesrigure20). These sulfur classes, thoughtbe more photocatalytically reactit,
comprised a slightly larger fraction of the Industry A AEO (0.33:0k vs. 0.23 in Industry B).
The @ class vas taken as representative to investigate further structural differences, wherein
both samples were found to have similar distributions of carbon numbers and double bond
equivalents (DBE), including two foci of intensity centred on the same spEuesg21).
While the Industry B @compounds had a slightly higher carbon number and DBE averages

(15.4 and 5.4, respectively) than the Industry A source (15.2 and ®2)véhall differences
between the two AEO samples appeared to be relatively minor.
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Figure 21. Relative distribution of @class AEO from (a) Industry A and (b) Industry B OSPW
The data isqormalized based on the relative abundance of eaclespeithin the individual
samples.

As a preliminary test of whether differences in molecular composition could expldowdie
reactivity of the Industry B AEO towards photocatalytic degradationQAfas extracted from

each OSPW sample and spiked into deionized water. Photocatalytic treatment of these spiked
solutions (0.36 MJ//MUV exposure) revealed that the two AEO samples were equivalently
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susceptible to degradation when isolated from their maignatricesKigure22). While this
experiment was only grossassessment of photocatalytic repecificity toward different AEO
mixtures, the result suggested tlesgibility of an inhibitory matrix effect, without precluding a
more complex interaction between AEO and dissolved inorganics in OSPW. Furthermore, the
most striking visual difference between the two OSPW samples was the strong yellow color of
the IndustryB OSPW, which was revealéd the course of this experimeiat be associated with

the OSPW matrix rather than the AEEiqure23). This observation suggested a sigaiht
difference in inorganic water constituents between the two OSPW samples, which may have
affected the photocatalytic rate.

QO 1.0
S 71 o836 0.830
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Figure 22. Photocatalytic degradation of OSPW AEO extracts spiked into deionized water (
2).

56



N

Absorbance
M

Dis
200 300 400 500 600 700
Wavelength (nm)

Figure 23. UV/visible absorption of Industry A (black) and Industry B (red) OSPW (solid lines)
and OSPW AEO extracts spiked into deionized water (dashed lines). Inset: Industry A (left) and
Industry B (right) OSPW (upper) and OSPAEO extracts spiked into deionized water (lower).

4.4.3 Iron and bicarbonate inhibit photocatalytic NA degradation
The effect of inorganic matrix constituents on photocatalytic NA degradation was investigated

under controlled conditions, focusing on six factdisted inTable5), which were found at

significantly different concentrations in the Industry A and B OSPW sanipédsg4). Many of

these species have been previously reported to modulate photocatalytic &etiity.

Considering the alkaline pH, the dissolved iron measured in the Industry B OSPW was likely

ligated with organic acids®®whi ch coul d al so ada(@Eiguedd, for t he
given the strong optical absorption of iron comple¥es.

A factorial experiment in simulated OSPW was designed to screen theiighsifeffect on the
photocatalytic treatment. It was assumed that higher order interactions between the ions would
be negligible, so the scope of the test was limited to main effects and swdendnteractions.
Therefore a 22 fractional factorial dsign was employed to minimize the number of experiments
required, while still providing resolution IV data. The ranges of each ion were chosen to bracket
the concentrations measured in the two OSPW samples (as well as for OSPW in lifEaatere,

5), and relative NA degradation (measured after a fixed UV exposure) was taken as the response
variable (i.e..0 p 0] 0 ). The design matrix and results are giveitable®6. It is important

to note that this statistical analysis is agnostic as to the solubility state of the ions during the
treatment, and is performed on the basis ofated tons initially spiked into the samples, such

that any complexation or precipitation phenomena are accounted for in the interactioofterms
the model
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Table 5. Range, levels and coding of the experimental variables ifatherial screening
experimentLevels refer to total rather than dissolved concentrations of each species.

_ _ Range and Level

Designation Factor

-1 0 1
A Iron (mg/L) 0 25 50
B Fluoride (mg/L) 0 10 20
C Phosphate (mg/L) 0 25 50
D Sulfate (mg/L) 0 150 300
E Chloride (mg/L) 10 255 500
F Bicarbonate (mg/L) 100 550 1000
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Table 6. Design matrix, experimental results, fitted values and residuals f@f fffactorial screening experiment with 4 center point

replicatesFactor and level coding correspondg ableb.

Factor Levels Relatlvg Fitted Values, | Residuals, | Standardized Interna-lly
Run Alelclp E= F= Degradation R o Residuals.d Studentlzed
ABC | BCD | (1-CI/Co),vYi ’ Residuals,ri
1 -1 -1)-1) -1 -1 | 0.5256 0.5517 -0.0262 -0.2631 -0.2896
2 1-1]-1] 1 -1 1 0.4223 0.3904 0.0319 0.3209 0.3533
3 1011 (-1 1 1 0.5821 0.3904 0.1917 1.9271 2.1217
4 1]-111 )1 1 -1 0.5242 0.5517 -0.0275 -0.2769 -0.3048
5 101 ]-1]-1 1 1 0.3451 0.3904 -0.0453 -0.4555 -0.5015
6 101 (-1]1 1 -1 |0.5083 0.5517 -0.0435 -0.4371 -0.4812
7 10111 -1 -1 |0.5988 0.5517 0.0470 0.4728 0.5205
8 10111 -1 1 0.4748 0.3904 0.0844 0.8485 0.9342
9 1/-1]-1]-1 1 -1 0.3846 0.2694 0.1152 1.1578 1.2747
10 1(-1]-1]1 1 1 0.1593 0.1081 0.0512 0.5146 0.5666
11 1(-1]1]-1] -1 1 0.0170 0.1081 -0.0911 -0.9162 -1.0087
12 1(-1]1]1 -1 -1 |0.2511 0.2694 -0.0183 -0.1841 -0.2027
13 1/1]-1]-1 -1 1 0.1451 0.1081 0.0370 0.3719 0.4094
14 1(1]-1]1 -1 -1 |0.4518 0.2694 0.1824 1.8335 2.0186
15 1(1]1]-1 1 -1 | 0.2529 0.2694 -0.0165 -0.1662 -0.1830
16 11111 1 1 0.0609 0.1081 -0.0472 -0.4745 -0.5224
17 0|{0|0]|O 0 0 0.2993 0.3299 -0.0306 -0.3081 -0.3161
18 0O|0|0]|O 0 0 0.2105 0.3299 -0.1194 -1.2000 -1.2312
19 0O|0|0]|O 0 0 0.2151 0.3299 -0.1148 -1.1539 -1.1839
20 0O|{0|0]|O 0 0 0.1696 0.3299 -0.1603 -1.6116 -1.6535
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A simpleprobability plot was sufficient to identify iron, bicarbonate, and the-ploosphate and
iron bicarbonate interactions as the significant effdeigpufe24). Four catre point replicates in
the experiment were used to obtain an error estimate, which was then used for analysis of
variance (ANOVA). ANOVA confirmed the results of the normal probability plot, although only
the main iron and bicarbonate effects were fotmnble significant with p < 0.05Table7).
Regression yielded the reduced empirical model

W T C WO T @ T8 Y K (27)
which, in terms othe natural variables, is given as
W T®QEWXUHTXPT O3+ P WGP T Oyco (29)

whered_ 3 +is the concentration of iron (mg/L), and  is the concentration of bicarbonate

(mg/L). ANOVA and regression diagnostics this model are presentedTable8 andFigure
25, respectively.

§ 1.5= P
§ 1.0 - :
S 05- o
T . :
§ 0.0 4 >’
z ' AF
< -0.5- ac Fe ’,"
‘é’ -1.0 - Fo J
© 1 A /
8154 e ‘
w '
] . 1 b 1 o 1 hd
03 -02 -01 00 0.1

Effect Estimates

Figure 24. Half-normal probability plot of main effects and interactions for the factorial
screening experiment.

Table 7. Analysis of variance for the factorial screening experiment, full méeaitor coding
corresponds tdable5.

Source of Effect Sum of Degrees off Mean Fo P-Value

Variation Estimate | Squares Freedom | Squares

Regression 0.5227 13 0.0402 | 3.5233 | 0.0656
A -0.2823 0.3189 1 0.3189 |27.9422 | 0.0019
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B -0.0036 0.0001 1 0.0001 | 0.0045 | 0.9489
C -0.0225 0.0020 1 0.0020 | 0.1780 | 0.6878
D 0.0002 0.0000 1 0.0000 | 0.0000 | 0.9971
E =ABC -0.0086 0.0003 1 0.0003 | 0.0262 | 0.8768
F=BCD -0.1613 0.1041 1 0.1041 |9.1224 | 0.0234
AB =CE 0.0282 0.0032 1 0.0032 | 0.2796 | 0.6159
AC = BE -0.1172 0.0549 1 0.0549 | 4.8135 | 0.0707
AD = EF 0.0307 0.0038 1 0.0038 | 0.3301 | 0.5865
AE = BC =DF | 0.0068 0.0002 1 0.0002 | 0.0163 | 0.9027
AF = DE -0.0782 0.0245 1 0.0245 | 2.1440 | 0.1935
BD =CF 0.0383 0.0059 1 0.0059 | 0.5136 | 0.5005
BF =CD -0.0351 0.0049 1 0.0049 | 0.4325 | 0.5352

Curvature 0.0565 1 0.0565 | 19.0714 | 0.0222

Residual 0.0685 6 0.0114
Pure Error 0.0089 3 0.0030

Total 0.5911 19 0.0311

Table 8. Analysis of variance for the factorial screening experiment, reduced ni@debr

coding corresponds tfbableb.

Varaton | squares | moeedom | Mean Sauares | Fo | P-value

Regression 0.4230 2 0.2115 21.3764| 2.2896E05
A 0.3189 1 0.3189 32.2305| 2.7275E05
F 0.1041 1 0.1041 10.5224| 0.00478

Curvature 0.0565 1 0.0565 19.0714| 0.02220

Residual 0.1682 17 0.0099

Lack-of-fit 0.1593 14 0.0114 3.8432 | 0.14715
Pure error 0.0089 3 0.0030

Total 0.5911 19 0.0311

Coefficients of multiple determinatio’Y’ 18 p,0r, 4 T& W G
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Figure 25. (a) Halfnormal probability plot ofesiduals, (b) predicted vs. actual degradation
values and (c) residual plot for the factorial screening experiment, reduced model.

To confirm the findings of this factorial screening study in real OSPW, Industry A OSPW was
amended with both Reand HCQ so as to have the same concentrations of each ion as was
measured in the Industry B OSPWaple4), and then photocatalytically tested. The NA
degradation in the Ingstry A OSPW was significantly diminished at the higher ion
concentrations, and became indistinguishable from the photocatalytic activity measured in
Industry B OSPWEKigure26), validating the inhibitory role of these two species in the
treatment.
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Figure 26. Photocatalytic degradation of AEO in OSPW from Industry A, Industry B, and
Industry A amended with iron and bicarbonate (A*).
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Notablyhowever, ANOVA indicated the presence of significant curvature within the
experimental domain (p < 0.0%able8), which was not adequately captured by the above mode
(Equationg27) and(28)). Therefore, while the fractional factorial desigas an efficient

method to identify the critical matrix factors, a secondary factorial experiment was undertaken to
probe their effects with higher resolution.

4.4.4 Response surface modelling of the iron and bicarbonate effects

Response surface methodology wasd to develop an empirical model for the effects &f Fe
and HCQ" on NA photocatalysis, following a central composite desigb(e9, Table10),
again taking relative degradation as the response.

Table 9. Range, levels and coding of the experimental variables in the response surface study.
Levels refer to total rather than dissolved concentrations of each species.

: . Range and Level
Designation Factor 1 g 0 Y 1

W Iron (mg/L) 0 25 50

() Bicarbonate (mg/L) 100 800 1500
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Table 10. Central composite design, experimental results, fitted values and residuals for the response surface study with 3tcenter poin
replicates, and 3 additional replicates (run$ 12). Factor and level coding correspondd able9.

RUN Factor Levels D;?ztgt?on Fitted ) Residuals, Stanglardized Sltnl;[z(rar:]atli"zye q
o o ® O | oo (1-CICo). y Values,R e Residuals,di Residuals

1 -1 -1 1 1 1 |0.5116 0.4974 0.0142 0.3478 0.6370

2 1 -1 1 1 -1 |0.3349 0.3333 0.0016 0.0387 0.0512

3 -1 1 1 -1 |0.2995 0.3317 -0.0321 -0.7866 -1.5375

4 1 1 1 1 |0.0176 0.0111 0.0065 0.1592 0.3409

5 -1 1 0 0 [0.3631 0.3367 0.0264 0.6467 0.7894

6 1 0 1 0 0 |0.0351 0.0944 -0.0593 -1.4528 -1.9263

7 0 -1 0 1 0 |0.2916 0.3193 -0.0277 -0.6776 -0.8190

8 0 1 0 1 0 |[0.1009 0.0753 0.0256 0.6274 0.8593

9 0 0 0 0 0 |[0.1008 0.1195 -0.0187 -0.4579 -0.5267

10 0 0 0 0 0 |0.1463 0.1195 0.0268 0.6572 0.7561

11 0 0 0 0 0 |0.1528 0.1195 0.0333 0.8146 0.9370

12 1 -1 1 1 -1 |0.3845 0.3333 0.0512 1.2549 1.6606

13 -1 0 1 0 0 [0.3283 0.3367 -0.0085 -0.2079 -0.2538

14 0 -1 0 1 0 [0.2799 0.3193 -0.0394 -0.9638 -1.1649
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The least squares regression fit of the response surface is givguiia27, described by the
relationship

W TP WU G EC TP QT MIwE@p TBIX P Tm8lo dm (29
or specified in the natural variables as

W T ooGP8TXUP T O+ O GUPT Oyco
PR owp T O3+ P YYp T Oyco (30)
G otpm Ogbrco

Figure 27. (a) Response surface fit) of the relative photocatalytic degradation of NAs in
simulated OSPW in the mence of iron and bicarbonate, and (b) the corresponding standard
error of the estimated response.

Canonical analysis of the model revealed a stationary point (minimum) located outside the
experimental domain ab p® wp® P TANOVA and regression diagnostics for the
response surface are presentet@idblel1 andFigure28, respectively. The model is
approximately comparable to the initial model from the ion screening study (Equ@iiasd
(28)), and the Rvalues are significantly improved.

Table 11. Analysis of variance for the response surface study (Type Il partial sum of squares)
Factor coding arresponds tdable9.

Source of Sum of Degrees of Mean E P-Value
Variation Squares Freedom Squares °
Regression 0.2676 5 0.0535 32.0952| 4.329E05
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) 0.1100 1 0.1100 65.9500| 3.919E05
) 0.1087 1 0.1087 65.2112| 4.082E05
W 0.0307 1 0.0307 18.4364| 0.0026
) 0.0192 1 0.0192 11.5008| 0.0095
W W 0.0071 1 0.0071 4.2800 | 0.0724
Residual 0.0133 8 0.0017
Lack-of-fit 0.0117 6 0.0020 2.4375 | 0.3192
Pure error 0.0016 2 0.0008
Total 0.2809 13 0.0216
Coefficients of multiple determinatio’¥’ ~ @0 v,0f, 4 T8 G O
o 2 0.6 i 2
% . a ’!" E b - ;‘ 1 C ¢
Ee ..',‘ > 0.4 e 3 1'_ o3 . .
S ,'"’ % 0.2 B ] . .
§ -2 ;. v L) L ) 00- I‘ v L} L) 5 -2- L) i L) L)
-2 -1 0 1 2 0.0 0.2 04 0.6 0.0 0.2 04 0.6
Internally Studentized Residuals, r, Experimental Data, y, Fitted Values, ¥,

Figure 28. (a) Haltnormal probability plot of residuals, (b) predicted vs. actual degradation
values and (c) residual plot for the response suriegession.

The results of this study highlight the significant influence éf Bad HCQ on the
photocatalytic reactiorF{gure27). Independently, each ion hasraited impact on degradation
efficacy, however in combination their inhibitory effect is strong, essentaitypletely
deactivating the catalyst at high concentrations. It is unclear from this experiment however
whether their effect is synergistic (p0=07 for the interaction termable11).

4.4.5 Iron inhibits photocatalytic HOAgeneration

The detrimental effect of iron was a surprising finding, given previous regiartsn

enhancement of Tigphotocatalytic activity3%143 A number of chemical and physiohiemical
mechanisms could be hypothesized to explain this differing result. Therefore, the involvement of
Fe** and HCQ in the photocatalytic chemistry wasvestigated using radical probe techniques

(Figure29).
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Figure 29. Photocatalytic free radical generation in deionized water (DI), aresablutions
containing 200 mg/L C[C), 200 mg/L S@ (S), 800 mg/L HC® (B), or 25 mg/L Fé&' (F).

While HCQs was observed to diminish photocatalytic ##@dical production, through its role as
a moderate H&scavenger (k = 8.5 x $011 s1), 17.144the presence of Fe drastically inhibited
the HG'\generation rate. Ferrous iron is a potents&@vengerk = 26 - 5.8 x 16 M1 s1) 27 and

it is hypothesized that Feis readily available throughout the photocatalytic profess
reduction ofFe¥* by TiOz conduction band electroA® or by Q4 through the HabewWeiss
mechanism:

&A 1Bz &A | (31)

Insignificant photocatalytic ¥D2 production in the alkaline saline solution presumably negated
any HG'contributions by means of Feas a Fenton catalyst.

While the presence of iron appeared to slightly enhance photocatafycd@uction, HC@
significantly increased the observed®@eneration rateas has been reported previoudfy
Although the origin of this HC®effect is unclear, we hypothesize that excegsniay arise
through HC@ scavenging of Ti@valence band holes, reducing recombination of
photogenerated electrons, and thereby accelerating the reduction of dissolved oxygen; or
alternatively through the decay process of photocatalytically generatétr&iizals!46-147

Thes radical probe results may be explained by the model for photocatalytic NA degradation
proposed previoush? namely a twestep reaction initiated thrgih singleelectron oxidation or
hydrogen abstraction from the NA (by A@ derived Ct SO* and CQ), followed by Q*
reaction at the resultant carboantered radical. Thus interference of*Ae the first step of this
oxidation process through Hguenching likely serves to limit the overall photocatalytic NA
degradation rate.
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Physicechemically, iron is a potent coagulant, and imduced TiQ nanoparticle aggregation
could essentially eliminate reactive surface area from the system. Anothibilippsassuming

NA degradation occurs at the TiGurface, is that Fé may compete with the surface reaction
through NA complexation in solution, or through occupying active surface sites, thereby
blocking NA adsorption. Dissolved Fealso strongly alrbs UV, and could attenuate the light
impingingthe photocatalyst. As for bicarbonate, it may serve to destabilizen&i@particles
through double layer compression at high ionic strength, according to DLVO theory. Some
combination of all these mechamis could be at work to produce the performance deterioration
observed in the presence offFand HCQ'.

4.4.6 Effect of NA concentration

While the experiments described above appear to have identified the primary cause of the
different photocatalytic rate obsed in the two industrial OSPW sampl&sgure19), we

sought a more comprehensive description of photocatalytic kinetics in OSPW, towards
development of a predictive model for the performance of photocatalysis in new OSPW streams.
The concatration of OSPW AEO can significantly vary by tailings pond, typically in the range

of 207 120 mg/L'?78148Thus the effect of initial NA concentration on the photocatalytic
degradation rate was investigat&ag(ire 30).
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Figure 30. (a) Photocatalytic degradation of different concentrations of NAs in simulated OSPW

(mg/ L): 40

degradation ratep, on the initial concentration of naphthenic acids, C

100/C, (L/mg)

No,) ,arbd 1630 ,( 18)0.

(Cb)

Dependence

Heterogeneous photocatalytic kinetics are conventionally described by the Langmuir

Hinshelwood (-H) model

QU 6
06

Ao p

(32

wherer is the reaction rate& is the concentration of organic speciess the reaction rate
constant—is the fraction of occupied catalyst surface sites,kargdthe Langmuir adsorption
constantThe Co term in the denominat@ccounts for the competitive adsorption of degradation
intermediates, under the assumption that these competing spétiiesoncentratior€i, have

similar adsorption constants;, as the parent compountf8j.e.,
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ViNo} Ld 0O (33)

The model assumes dynamic equilibrium, and no competition for catalyst surface.gitéy (
degradation intermediates). At low organics concentration, integration of Eq(&2)onelds
the typical pseuddirst order form:

N "o’ iy € b1 7 \

1z Q06 Q 6 (34
wherekappis the apparent firsbrder rate constant, amds the reaction time. The linearized form
of Equation(32) enables determination &f andK:

p p P

T 06 O (39)

wherero is the initial rate.

Regression of 14 against 1Co yieldedk: = 1.05 + 0.24& 102 mg L' st andK = 1.31 + 0.37 X

102 L mg? (Figure30b). For the typical AEO concentrations found in OSPW, these values
represent the transitional regime between adsortitiomed and reacticfimited kinetics {.e.,

0 0 p). The measured value Kfis comparable to values previously reported for adsorption of
organic acids on Ti©'%152 Notably,K here only represents the adsorption constant under
illuminated conditions, and would also be expected to change with molecular composition of the
AEO. Furthermore, botk andK are only apparent constants, as the actual form of the reaction

is presumablynore complex€.g, involving dissolved oxygen, free radicals, intermediate
compounds, etc?. Nevertheless, the-H description is useful from an engineering perspective.

4.4.7 Temperature minimally affects treatment rate

Given the northern climate of the oil sands and seasonal variability of OSPW temp€fatuse,
important to understand the effect of temperature on proposed treatment processes. Therefore,
the rate of photocatalytic AEO degradation was investigaitdd 20 and 40 °C.

While the pseuddirst order rate constaltppwas lowest at 4 °C, at 40 °C it was measured to be
equivalent to that at 20 °Téble12). However in the course of the experiment, it was observed
that the TiQ dispersion appeared unstable at 40 °C, and after the test the particles settled more
quickly than at 4 °C. Microscopic observation revealed the presence nhdi@particle

aggregates ~20 um in diameter in all the dispersions, although those formed at 40 °C appeared
slightly larger and denser than those at lower temperateigsré31). Image analysisevealed

the aggregate size distribution of the 40 °C sample to indeed be larger than the 4 °C sample
(Figure32, p < 0.01 for the logransformed data). Thisbservation complicated analysis of rate
temperature dependence according to standard Arrhenius theory, as the concentration of one
A r e a cik.aaativesurface sites on the catalyst) was not constant with temperature, but rather
changed with nanopacte aggregation state.
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Table 12. Temperature dependent photocatalytic properties.

Temperature (°C)

Parameter Description
4 20 40
Ko) p Tt (s1) | Apparent first order rate constant | 2.544 + 0.052 3.433 +0.27( 3.308 + 0.27C
Apparent first order rate constant,
ko) p 1t(s!) | normalized with respect to surface | 3.569 + 0.074 4.743 + 0.373 6.344 + 0.518
area

€ Number of aggregates measured 321 304 372

0 (um) Mean Feret diameter 6.23+2.67 | 7.39x3.97 | 7.10x3.09
(0] 2D fractal dimension 1.803 + 0.035 1.807 + 0.027 1.881 + 0.027
O Mass (3D) fractal dimension 1.886 + 0.037 1.890 + 0.029 1.976 + 0.034
0 (mAg) Estimated specific surface area 39.2+8.7 39.8+8.4 28.7+5.8
a : . (4 <4 s b J& C 2 ®

2 : > : f - \ a& ]
< o @ + e R X - ) L ‘a } . 9 &
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Figure 31. Microscope images of Tignanoparticle aggregates formed at (a) 4 °C, (b) 20 °C and
(c) 40 °C, in OSPW.
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Figure 32 Size distribution (Feret diameter) of TA@anoparticle aggregates formed at different
temperatures, as observed by optical microscopy.

To accountfor this differential thermal aggregation, the measured rate constants were
normalized with respect to accessible catalyst surface area. Imagesaoatizei micrographs
yielded the fractal dimensions of the ti@ygregates formed at different temperatuFeguie

33), which were used to obtain an estimate ofgpecific surface area of the aggregates (
Table12).12&129 Syrface area analysis by gas adsorption was not attempted over concerns that
drying would affect the aggregate structure, and light scattering could not be used to measure the
mass fractal dimensiomg), as the aggregate size and refractive index weretge for
RayleighGansDebye (RGD) theory to apply31>4The lowerAsp of the TiQ: aggregates formed

at 40 °C is congruous with their larger sik¢ &nd more compact structuf@sj, compared to the
lower temperature samples. It is hypothesized that higher thermal energy lowers solution
viscosityand increases particle collision frequency, allowing the aggregated nanoparticles to
access more thermodynamically favourable compact structures with higher fractal dim&fsions.
The measured rate constarksd were then normalized relative to 5% g+, which corresponds

to the specific surface area of the photocatalyst in itsaggnegated stat&) , Table12).156158
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Figure 33. Estimate of the twalimensional fractal dimensio®f) of TiO2 nanoparticle
aggregates formed at (a) 4,%®) 20°C and €) 40 °C, from the linear regression of their
projected areaX) and Feret diameteL), asmeasured by optical microscopy.

The Arrhenius plot of the adjusted psetfatst order rate constants (adjusted to account foe TiO
nanoparticle aggregatias discussed abovmdicated an activation energa of 11.53 + 0.26
kJ mol! for the photocatalytic reactiofrigure34a), within the range typically reported for the
degradation of organics over Ti&#®159.160Relatively low apparent activation energies are
expected for photocatalysis, where the driving energy is optical abso{itimeatment of the
same data according to the Eyring equation

i -0 yo' . .Q

- A
Y YUY

36

B (36)
whereY' 0" andY"Y are the enthalpy and entropy of activation, &2, andQare the gas,

Boltzmann and Planck constants, respectively, yiel&fi= 9.07 + 0.30 kJ mdlandY"¥ = -

297 + 1 J KL mol (Figure34b). The large negative value ¥f¥ indicates an associative

mechanism in the transition state, which could correspond to a surface reaction of adsorbed NAs,

consistent with the {H model above.
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Figure 34. (a) Arrhenius plot ath (b) Eyring plot of photocatalytic degradation of AEO in
OSPW, wheré is the apparent rate constant (with units§f sormalized with respect to

surface area.

In terms of impact on treatment efficacy, the real effect of temperature on the degreatation
was relatively smallkappat 4 °C was only ~25% lower than at 40 °C), due to the mitigating
effect of increased catalyst aggregation with temperafine effect of temperature on
nanoparticle aggregation merits further investigation, as aggregienis known to have a
large impact on photocatalytic kinetics in slurry systéfs.

4.4.8 pH has negligible effect on treatment rate
Photocatalytic reactions are often observedl ®® p H
charge is determined by solution pH in relation to its point of zero charge (PZC), with

implications for adsorption of ionic species. Solution pH also affects the flatband potential of
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semiconducting oxides agrding the Nernstian relatidf® where higher pH should increase the
overpotential of conduction band electrons driving reduction of dissolyéol €diperoxidé®*
Therefore photocatalytic performance was tested within the typical range of pH encountered in
OSPW (pH7171 9, Figure35).

14
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Figure 35. Effect of pH on the pseudirst order rate constank4pp) of the photocatalytic
degradation of NAs in sintated OSPW.

Within the typical range found in OSPW, pH had no significant effect on the reaction rate. Given
that the PZC of Ti@is ~5.523?"the catalyst surface was consistently negatively charged

between pH B, and thus no significant change in the adsorption of naphthenate amolisbe
expected, from an electrostatic perspectiNete that the pH of OSPW does not change

throughout the photocatalytic treatmgmtesumably due to the strong buffering capaaity

dissolved bicarbonate.

4.4.9 Dissolved oxygen is necessary for NA degradation

Dissolved oxygen (DO) plays an important role in photocatalytic water treatment as the primary
acceptor for excited conduction band electrons from the photocatalyst. Electroerttai3®©

has even been implicated as the rate limiting step for photocatalysis as a whole, where electron
accumulation on the catalyst accelerates recombination with photogenerated holes, degrading
guantum efficiency®®>16®Reduction of DO also generates superoxide, which hasithestified

as a critical radical species involved in photocatalytic NA degradation in GSPW.

The dependence of the photocatalytic treatment on DO was assesgspensionsparged
continuously with either air or pure2NFigure36). The results highlight the significant influence
of DO, wherekapp varied between 1.22 + 0.08 x 416 and 9.78 + 4.41 x 1®s! for the air and
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N2 sparged tests, respectively (althougbould not be ascertained with confidence whether the
N2 purged condition followed firsbrder kinetics). Furthermore, the 78% inhibition of NA
degradation under\purge is comparable to the 65% inhibition observed previously in the
presence of 1:fenzauinone, &7* scavenge(Chapter 311°where either eliminating DO or
quenching any D@lerivedO2* would be expected to f1a the same effect on the photocatalytic
reaction. This experiment is therefore consistent with the purported rol# of e treatment
process. From an application perspective, DO limitations are unlikely to be encountered in
practice despite hypoxi@noxic conditions biologically induced in deeper tailings pond staata,
photocatalytic OSPW treatment would presumably only be implemented in illuminated surface
waters, corresponding to DO enriched conditions.
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Figure 36. Phdocatalytic degradation of NAs in simulated OSPW sparged with air or nitrogen.

4.4.10 Empirical kinetics model
To develop a more comprehensive description of the photocatalytic kinetics in OSPW, it was
hypothesized that the NA degradation rate could be motigléite expression
. S O
1 aQQ 11 p’

P Wp VO

(37)

whereQ is a constant subsuming multiple preexponential factois calculated according to
Eq. (30) (taken within a natural logarithm teras the kinetics of the response surface study
assumed to be pseuficst order) and other variables are given as previotf§ly>°Regression
fitting (on the data fronfrigure30) yieldedk* = 2.57 + 0.09 mg t! s1. The apparent firsbrder
rate constant can thus be estimated as
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An assumption of this treatment is tikatloes not significantly vary with temperatuée, 3 ~or
0 , or rather, that any variation kis accounted for by the other terms in the model. The

model also makes no attempt to account for aggregation state of the catalyst, as aggregation
phenomena are highly complex, and influenced by other factanstéimperature alone.,

mixing conditions, dissolved and suspended solids contargyactice, the treatment rate will
also depend on solar UV intensity, which varies with time (unlike the constant intensity UV
source used in this study).

Substitutiny values fromTable4, Eq.(38) predicted the photocatalytic rate constarthim

Industry A OSPW to be 1.27 x £&*, which compares favorably to the measured value of 1.10
x 10% s. However, for a measured rate of 1.33 ¥ 0 in the Industry B OSPW, the model
predicteckappto be 5.94 x 18s?. Given thata was experimentally determined in the Industry

A OSPW, it is possible that the model was not specified correctly for the Industry B sample.
Thus ifEa is instead taken as 15.3 kJ miathe equation can accurately calculate the Industry B
OSPW rate constaat 300 K. A higher apparent activation energy in the Industry B OSPW
could potentially arise from its higher ionic strength affecting AEO interaction with the catalyst,
or possibly from more recalcitrant or complex AEO molecular structures. The stractivigy
relationship of photocatalytic NA degradation is the subject of ongoing investigations in our
laboratory.

4.4.11 Estimation of external quantum efficiency (EQE)
The external quantum efficiency (EQE), or apparent photonic efficiency, of a photocatalytic
reaction can be estimated as

.
000 — (39)

B
wherer is the rate (mol i s'), andls is the incident photon flux (mol-ts?).134 According to
Eq.(37), takingC=Co=50 mg L}, 6 3+=0mg L%, 6 =800 mg L, T= 300 K, and

assuming an average NA molecular weight of ~225 g8 = 1.82 x 1@ mol L™ s*. Given
the light intensity of 40 W i (with spectral distribution as giveRigure18b), beaker diameter
of 63 mm, and reaction volume 0.2.,=1.84 x 10° mol L1 s

The external quantum efficiency (EQE), or apparent photonic efficiency, of the treatment was
estimated as ~0.99%lote that this value merely representsaapproximate lower bound on the
efficiency, as photochemically rigorous calculations use absorbed photon flux, and account for
the degradation mechanisfit While ~1% EQE is typical of photocataly3f$;*¢°efficiencies as

high as 50% have been reportétindicating an opportunity for significant enhancement in
OSPW treatment kinetics with optimized catalysts and regetometries.

4.5 Environmental significance
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This study addresses a number of key process variables affecting the behaviour and kinetics of
photocatalytic treatment in various OSPW streams. It is anticipated that the models proposed
herein will be useful for égnation of UV dose requirements, contact time, and other operating
parametersiecessary for the design of scaled treatment systems.

The utility of statistical design of experiments (DoE) is also highlighted for efficient
troubleshooting of unknown obstaslwhen adapting a treatment process to new environmental
sources, where complex water composition may obscure assessment of the underlying factors.
The strong deleterious effect of iron on photocatalytic NA degradation is a new finding that may
have sigrficant implications for OSPW treatmemthere H@radical quenching may limit
degradation rates in brackish watékhere possible, integrating photocatalysis following ion
exchange or desalination steps in a treatment train has the potential to sitiyiificarove
photocatalytic kinetics.

Solar photocatalysis is very promising for OSPW treatment and environmental remediation
applications. Nevertheless, the technol ogyds
optimized system, and there is sgjieat opportunity for significant advances in process

efficiency, accessible through materials engineering, catalyst optimization, and deployment
strategy.
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Chapter 5
Magnetic flocculation for nanoparticle separation and
catalyst recycling?®

5.1 Summary
Nanoparticlesre heavily researched for Flocculant-coated Nanoparticle H,0, O,

magnetic particle colloid

environmental applications, such as

. UV light
photocatalytic water treatment, however il
practical separation of nanoparticles from ~o~e
colloidal dispersions remains a critical A
challengeHere, we demonstrate a new HO', O,

Treatment

approach to nanopatrticle reawy,
combining the advantages of flocculation
with magnetic separaticio enablesimple
collectionof nonrmagnetic nanoparticles. Flocculant polymers were coated onto magnetic
nanoparticles (FOs@SiOy) to prepare reusable magnetic flocculants (MFs). Wdueled to
colloidal nanoparticle dispersions, MFs aggregate with the suspended nanoparticles to form
magnetically responsive flocs, which upon separation can be reversibly deflocculated for
nanoparticle release, and reuse in a closed loop process. Higateepefficiency was attained
in a variety of nanopatrticle suspensions, including Au, Ag, Pd, Pt, and Stébilized by

different coatings and surface charglae MFs were shown to lvecyclable for photocatalytic
treatment of naphthenic acids in oihsla processiffected water (OSPW) and selenium in flue
gas desulfurization wastewater (FGDW)agnetic flocculation thus represents a general
platform and alternative paradigm for nanoparticle separation petdntialapplications in

water treatment aneémediation of nanoparticle pollution. Furthermore, given that flocculant
chemicalscan be recovered and reusedhis process, magnetic flocculation malgoserve as

an environmentally sustainable solution to conventional flocculation challenges.

5.2 Introduction

8 This chapter is adapted from a previously published artiglehuk, T.; Holmes, A. B.;
Ranatunga, D.; Chen, P. Z.; Jiang, Y.; Gu, F. Magnetic Flocculation for Nanoparticle Separation
and Catalyst Recyclindenviron. Sci.: Nan@018 5 (2), 509 519.
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The advent of nanotechnology has led to diverse practical applicatiooboada nanoparticle
dispersions in numerous fields of research and engineering, from biotechnology to environmental
remediatiort’%<17>19However, nanoparticle dispersions are offéficult to work with,

primarily due to the challenge of separating nanoparticles from suspension upon completion of
their function!’®1’7Colloidal nanoparticles can remain stably susieeinagainst gravitational

settling for decades, and frequently can only be disrupted by intensive and expensive membrane
filtration processe$’®"°For example, in photocatalytic water treatment, the most efficient
reactors involve dispersion of the nanocatalyst into the contaminated water as &-$hipry.
Nanoparticle recovery after the treatment process is essential not only for reuse of the catalyst,
but also to prevent nanoparticle contamination of the treated effluent. Unfortunately,

nanoparticle separation challenges remain a critical hurdle togaiapiplication of this

promising treatment technolog$:28

Magnetic separation is a powerful method for particle recovery, and has been researched for
biomolecule enrichment?!®biosensing*'®*and catalyst recycling->18Magnetic

separation is especially useful in nanotechnology for collection of nanoparticles which are
challenging to manipulate by other medt&*>? Superparamagnetism is a useful property in
magnetic nanoparticle separation, a phenomenon whereby a nanostructureticneagedal is
essentially magnetized only in the presence of an applied magneti# fielderparamagnetic
nanoparticles can thus form stable colloids, which can be reversibly magnetized and separated on
demand.

Extrinsic magnetic separatiore., the addition of magnetic particles to bind or captunera
magnetic material, has been previously studied for small molecule adsorption or cell
harvesting'®188188 however nanoparticles are more challenging to sepaategdue to the lack

of specific affinity inteactions available to biomoleculeso Tender normagnetic nanomaterials
magnetically separable, typically composite nanoparticles are synthesized by immobilizing the
functional nanomaterial on a superparamagnetic supportifi a coreshell structurey>°8

However, this immobilization strategy imposes various synthesis and procesaiots)sand

can inhibit nanocatalyst efficiendyy reducing accessible surface area, wihtil@ducing mass
transfer and illumination limitationgurthermore, shearing of the immobilized nanomaterial

from the magnetic core has been previously repoltading to poor recyclability$18°%and

raising concerns of nanoparticle water pollution. Herein, we propose an alternative paradigm for
magnetic nanoparticle separation, surmounting these complications by drawing inspiration from
some of the earliest particle separation technologies dmal@aoagulation and flocculation.

Coagulation and flocculation (CF) processes are well established separation techniques for
precipitating a broad range of suspended solids, and have been extensively used in the water
treatment industry for over a centd*1°3 These methods involve chemical dosing of the water
with metallic salts or polymers to aggregate suspendegéirteles, forming larger

agglomerates which can be removed by settling or filtration. Although effective at separating a
diverse spectrum of colloidal materiad#4,'°¢ CF have not been successfully implemented for
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nanoparticle recovery and recycling due to the irreversible nature of the aggregation process.
Furthermore, recent reports have edivarious health and ecotoxicity concerns associated with
CF chemical additive¥7?°! In response, biodegradable flocculants have beasiiyated as a
renewable alternativ®?2%3and reusing flocculant polymers has been recently propgésed,
thereby avoiding chemical discharge altogether.

It was hypothesized that the advantages of both CF and magnetic separation processes could be
combined to form magnetic flocculants, through binding floccuysahtmers to magnetic
nanoparticles, enabling a new approach to nanoparticle separation challenges. By leveraging the
broad spectrum separation capabilities characteristic of CF processes, while achieving reversible
aggregation through magnetic separatmagnetic flocculation could thus provide a general
platform for recovery and recycling afwide variety of functionatanoparticles. Airst

demonstration of this concept is reported herein. The magnetic flocculants are only added to a
nanoparticle susmsion when required at the point of separation, avoiding the problems
associated with immobilizing nanoparticles on a magnetic support. The target nanoparticles in
suspension are separated through flocculation, while the magnetic properties of therfloccula
enable a reversible aggregation procéskey novelty ofthis systems thatboth the

nanoparticles and flocculant material are reusable, which avoids chamieatimenof the

water, and thus magnetic flocculants may represent not only a new apiroactoparticle
separations, but also an environmentally sustainable alternative to conventional CF prbgesses
providing a means for recovery of polymer additives

5.3 Experimental

5.3.1 Materials

FeCb-6H20 (SigmaAldrich, 3®89%), NaHPQs (Amresco, reagent grayeNH4sOH (Sigma

Aldrich, ACS reagent, 28-:80.0 % NH basis), ethanol (EtOH)P9%, ACS reagent), tetraethyl
orthosilicate (TEOS, SigmaAldrich, 98%), poly(diallyldimethylammonium chloride)

(PDADMAC, SigmaAldrich, 100200 kDA), NaOH (Sigm&Aldrich, ACS regent), NaCl

(EMD, ACS reagent), poly(sodiumstyrenesulfonate) (PSS, Sigrddrich, 70 kDa), NaBH
(SigmaAldrich, 99.99%), trisodium citrate dihydrate (Sigthd dr i c h, QuXi9@) |, HAuCI
(SigmaAldrich, 99.999%), hexadecyltrimethylammonium bromide (CTA&RymaAldrich,

099 %) , 3(RgmEl dr i ¢ h,PdONSigrmipAldridk, 98%), ethylene glycol (EG,
SigmaAldrich, anhydrous, 99.8%), poly(vinylpyrrolidone) (PVP, SigAldrich, 40 kDa),

H2PtCk-6H20 (SigmaA |l dr i ch, ACS r eagents(Sigh&Alrich, 88 Pt bas
reagent), dichloromet hane (DadparticiedBvonk %, HPLC
Aeroxide P25, ~21 nm particle diameter, 55gv surface area, Acros) were used as received.

P25 TiQ nanoparticles have been extensively studiedchadacterized in the literature, and are

often used as a benchmark photocatalyst. Poly(acrylic acid) (PAA, Sidgnah, 250 kDa), at

10 wt.% in water, was neutralized with NaOH to pH 7 before use. Chitosan (CS;Slgnnca,
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50 kDa, deacetylated chapgly(D-glucosamine)) was dissolved at 1 g/L in a 1 wt.% acetic acid
(Fisher Scientific, ACS reagent) aqueous saline solution (0.5 mol/L NaCl) at 70 °C before use.
Oil sands procesaffected water (OSPW) was provided by Shell Canada, and stored at 4 °C in
the dark. The concentrations of the organic and inorganic constituents of the OSPW are given in
Tablel3. Flue gas desulphurization wastewater (FGDW) was providdxy bycoaifired power

plant in the southeastern United Statesd stored at 4 °C in the dark. Prior to use, the OSPW

and FGDW were homogenized by stirring, and filtered through glass microfiber filters

(Whatman 934AH) to remove suspended solids.

Table 13. Water quality characteristics of OSPW. All parameters apart from NAs and AEO were
measured according to standard methods by ALS Environmental (Waterloo, ON, Canada), a
laboratory accredited by the Canadian Association for Labgratmereditation (CALA)

according to international standards (ISO 17025).

Parameter Value
NAs (mg/L) 79.5+23
AEO (mg/L)? 40924
TOC (mg/L) 54
COD (mg/L) 153
BOD (mg/L) 3.0

pH 8.3
Conductivity (mS/cm) 1.630
Anions

Bromide (mg/L) <0.50
Chloride (mg/L) 172
Fluoride (mg/L) 3.00
Nitrate (mg/L) <0.10
Nitrite (mg/L) <0.050
Sulphate (mg/L) 207
Alkalinity (mg/L as CaC@) | 400
Dissolved Metals

Aluminum (Al) (mg/L) <0.050
Antimony (Sb) (mg/L) 0.0011
Arsenic (As) (mg/L) 0.0027
Barium(Ba) (mg/L) 0.0976
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Beryllium (Be) (mg/L) <0.0Q10
Bismuth (Bi) (mg/L) <0.00050
Boron (B) (mg/L) 2.00
Cadmium (Cd) (mg/L) <0.00a10
Calcium (Ca) (mg/L) 15.7
Chromium (Cr) (mg/L) <0.0050
Cobalt (Co) (mg/L) 0.0022
Copper (Cu) (mg/L) 0.0021
Iron (Fe)(mg/L) <0.10
Lead (Pb) (mg/L) <0.00050
Lithium (Li) (mg/L) 0.140
Magnesium (Mg) (mg/L) 14.4
Manganese (Mn) (mg/L) 0.0205
Molybdenum (Mo) (mg/L) | 0.0613
Nickel (Ni) (mg/L) 0.0075
Phosphorus (P) (mg/L) <0.50
Potassium (K) (mg/L) 15.6
Rubidium (Rb)(mg/L) 0.0144
Selenium (Se) (mg/L) 0.00056
Silicon (Si) (mg/L) 2.81
Silver (Ag) (mg/L) <0.0@50
Sodium (Na) (mg/L) 300
Strontium (Sr) (mg/L) 0.468
Sulfur (S) (mg/L) 71.0
Tellurium (Te) (mg/L) <0.0020
Thallium (TI) (mg/L) <0.0M10
Thorium (Th)(mg/L) <0.0010
Tin (Sn) (mg/L) <0.0010
Titanium (Ti) (mg/L) <0.0030
Tungsten (W) (mg/L) 0.0047
Uranium (U) (mg/L) 0.00376
Vanadium (V) (mg/L) <0.0050
Zinc (Zn) (mg/L) <0.010
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Zirconium (Zr) (mg/L) <0.0030
3AEO = acid extractable organics, measurgd-TIR and quantified using a calibration curve
prepared from a commercial naphthenic acid mixture, described previusly.

5.3.2 Magnetic Flocculant Synthesis
U-FexOs ellipsoids were prepared by aging an aqueous solution of 20 mmol/k &sC0.2

mmol/L NaHPQs at 105 °C for 50 B washing the product thrice with deionized (DI) water,
oncewithlmol/lLNH, and thrice again wi t-HFeOxllipsodds by <cen
were then coated with silica using a modified Stober prd€é$¥The UFeOs powder was
dispersed into a solution 8tOH andDI water by probe sonication. NBBH was then addetd

the dispersion, followed by the dropwise additadri mol/L TEOS in EtOH solution over 1 h,
under vigorous mechanical stirring, such ttfa finalconceirations of reagentsere 25

mmol/L TEOS,0.3 mol/LNHs, 12 mol/LH20, and 1.5 §j L-FekDs. Thismixture was then

stirred at room temperature for 18dfiter which the produdt Fe0:@SiQ) was washed thrice
with EtOH by centrifugationTh e -Fe&D:@SiQ: powder was then reduced in a tube furnace at
350 °C under 100 cftmin of 50% H in Ar for 6 h, washing the product (f:@SiCr)

thoroughly with DI water by magnetic decantation. Thez@ SiC: particles were then coated
with flocculant polymers using a laybg-layer (LbL) techniqué®21°The FeOs@SiC: powder

was dispersed into a pH 12 NaOH aqueous solution by probe sonication, to which a 1 g/L
PDADMAC aqueous saline solution (0.5 mol/L NaCl) was added under vigorous mechanical
stirring, such that the final concentrations of reagents wérg/Q.PDADMAC, 0.25 mol/L

NaCl, and 5 g/L F©4@SiC. The mixture was gently stirred for 20 min, after which the
particles were washed thrice with DI water by magnetic decantation, and resuspended into DI
water by probe sonication{layer PDADMAC). A 1g/L PSS aqueous saline solution (0.5

mol/L NaCl) was then added under vigorous mechanical stirring, such that the final
concentrations of reagents were 0.5 g/L PSS, 0.25 mol/L NaCl, and 53@L@8iC. The

mixture was gently stirred for 20 min, after whithe particles were washed thrice with DI water
by magnetic decantation, and resuspended into DI water by probe sonic#tiagegPPSS). A 1

g/L PDADMAC aqueous saline solution (0.5 mol/L NaCl) was then added under vigorous
mechanical stirring, suclhat the final concentrations of reagents were 0.5 g/L PDADMAC, 0.25
mol/L NaCl, and 5 g/L F©.@SiCG. The mixture was gently stirred for 20 min, after which the
particles were washed thrice with DI water by magnetic decantation, and resuspended into DI
water by probe sonication'®ayer PDADMAC). These threlayer coated particles

(PDADMAC, PSS, PDADMAC), referred to asF&a@SiO:@PDADMAC, were used as a base
to prepare the other magnetic flocculant formulations. A fourth layer was coated to prepare each
of FeO4s@SIO@PSS and RO:@SIO:@PAA formulations: either a 1 g/L PAA or PSS aqueous
saline solution (0.5 mol/L NaCl) was added under vigorous mechanical stirring, such that the
final concentrations of reagents were 0.5 g/L PAA or PSS, 0.25 mol/L NaC3, githd

FesO4@SiC. The mixture was gently stirred for 20 min, after which the particles were washed
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thrice with DI water by magnetic decantation, and resuspended into DI water by probe sonication
(4" layer PAA or PSS). A fifth layer was coated on@G£2S0@PSS particles to prepare the
FesOs@SIO@CS: a 1 g/L CS aqueous saline solution (0.5 mol/L NaCl in 1 wt. % acetic acid)

was added under vigorous mechanical stirring, such that the final concentrations of reagents were
0.5 g/L CS, 0.25 mol/L NaCl, 0.5 wk acetic acid, and 5 g/L E@@SiC. The mixture was

gently stirred for 20 min, after which the particles were washed thrice with DI water by magnetic
decantation, and resuspended into DI water by probe sonicatidayés CS). In all cases, the

polymer designated in the sample name refers to the terminal or outermost polymer layer.

5.3.3 Metallic Nanoparticle Synthesis

Citrate-stabilized Au nanoparticles were prepared reductively at room tempefateies0 ni

of freshly prepared, ieceold 0.1 mol/LNaBHs were added to an aqueous solution of 2.5°% 10
mol/L HAuCls-xH20 and 16 mol/L trisodium citate dihydrate under vigorous stirrirand left
overnight. Then, the solution was filtered using arvsyringe filter and stored in the dark at 4
°C until use CTAB stabilized Ag nanoparticles were prepared by dropwise addition of an
aqueous solutionf&d mmol/L NaBH: and 0.5 mmol/L CTAB to an equal volume of a 2 mmol/L
AgNOs3, 0.4 mol/L NHs, and 0.5 mmol/L CTAB aqueous solution under vigorous stirring in an
ice bath, followed by stirring for 4 h, and then heating the solution at 90 °C fé*3FPVP
stabilized Pd nanoparticles were prepared by simultaneously inj&ctirigof a 0.157 mol/L
K2PdCh solution in EG and 3 mL of a 26.67 g/L solution of PVP in EG each at 45 mL/h into 5
mL of EG at 110 °C under vigorous stirring, reacting at 110 °C for 3 h, and washing the product
once with acetone and thrice with EtOH, byt#ugation, before resuspending into DI wat¥r.
PVP stabilized Pt nanoparticles were prepared by adding 1 mL #tt&€Kk6H20 solution in

EG to 7 mL of a solution of NaN£and PVP in EG at 160 °C under vigorous stirring, such that
the final concentrations of reagents were 10 mmobtBt8k, 33 mmol/L NaNQ, and 3.33 g/L

PVP 21 The solution was stirred at 160 °C for 15 min, followed by washing the product once
with acetone and thrice with EtOH by centrifugation before resuspendimgtohiel water.

5.3.4 Flocculation Experiments

The flocculation experiments were performed in triplicate in glass vials.Ma@oparticle

powder was dispersed into DI water by probe sonication at a typical concentration of 100 mg/L.
A sonicated suspension ofagnetic flocculant (10 g/L) was rapidly added to thezTiO

suspension, which was then rapidly mixed for 60 s by vortex mixing, followed by 20 min of slow
mixing at 25 rpm on a rotary mixer. The mixture was then settled over an Nd rare earth block
magnet (98 x 5.08 x 2.54 cm | x w x h) for 30 min, and the supernatant sampled to determine
remaining TiQ concentration in suspension. Following separation of the supernatant by
magnetic decantation, the settled flocs were dispersed into an equal volume odddéou

solution (typically pH 2.5), and sonicated for 20 min to induce deflocculation. The magnetic
flocculant particles were then magnetically settled for 30 min as above, and the supernatant TiO
suspension separated by magnetic decantation for reusetireaflocculation cycle, following
neutralization to pH 7 with NaOH. A control TiGuspension, without addition of magnetic
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flocculant, was run alongside each experiment according to the same conditions, and relative
TiO2 concentrations in the floccutat samples were calculated in comparison to this control.

In one experiment, to study the effect of pH, the flocculation tests were performed in 10 mmol/L
phosphate or carbonate buffer instead of DI water. In another experiment, to study recyclability
of the system, the flocculation tests were performed in PTFE beakers instead of vials, and the
same set of Ti@nanoparticles and magnetic flocculant nanoparticles were reused continuously
throughout the experiment.

TiO2 nanoparticle concentrations were detered by UV/Vis spectroscopy at 250 nm,

comparing to calibration curves prepared from 2I$0spensions of known concentratiGiglre
37andTablel4). In the case that the measured absorbance at 250 nm was >1.5, the absorbance
at 350 or 400 nm was used instead. In one experiment, to measure the nanopatrticle residual after
flocculation, TiC; concentrations were instead determined ICPMS of total Ti (EPA method

200.8, limit of detection 3 pg/L Ty ALS Environmental (Waterloo, ON, Canadeomparing

to a calibration curve prepared from Ri€uspensions of known concentratiéiglre38). This

method was also used to measurezld@ncentrations in the recyclability studyigure59a).
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Figure 37. (a) UV/Vis spectra of Ti@nanoparticle aqueous suspensions and (b) calibration
curves prepared from the spectra in (a).

Table 14. Regression parameters of the UV/Vis calibration curves used to determine TiO
concentration.

250 nm 350 nm 400 nm
Slope x 16 (L/mg) 37.94 +£+0.10| 21.95+0.21| 12.02 +0.06
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Intercept x 10° 62.44 +2.08| 54.63+7.18| 36.79 + 2.02
Limit of Detection (mg/L) 0.16 0.98 0.50
Limit of Quantification (mg/L) 0.55 3.27 1.68
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Figure 38. Calibration curve relating Ti©nanoparticle concentration to total Ti measured by
ICPMS.

5.3.5 Photocatalytic Treatment Experiments
The OSPWphotocatalytic treatment experiment was performed in a custom photoreactor

enclosure described previougfy,consisting of an array of UVA fluorescent bulbs (Philips
F20T12/BL, peak emission ~350 nkigure18) suspended above the samples. The UV intensity
was measured to be ~45 W/mith a UVA/B light meter (Sper Scientific, NIST certified
calibration), which is similar to the UV comtieof the solar spectrum\§TM G17303 global

tilt). TiO2 nanoparticles were stirred int® 8L of OSPWO0.1 g/L)in a borosilicate glass beaker
(46 mmdiameter) and dispersed bgnication.The beakewassealed with polyethylene film
(Glad, measured to be UV transparent by spectrophotometry) to preapotra&ion during the
experiment, and its sides were wrapped with Al fdile mixture wastirred in the dark for 1 h

to attain adsorpticaesorption eglibrium of organics with the Ti@surface, andhen placedn
the photoreactor and exposed to UV liglttile stirring with 1 mL aliquots sampled periodically
for measurement of NA concentration, which were subsequently returned to the beaker

The FGDW otocatalytic treatment experiment was performed in a custom photoreactor
enclosure consisting of an array of UVC fluorescent bulbs {BagpiRRDHO3&4, peak

emission ~254 nm) suspended above the samples. The UV intensity was measured to be ~16
W/m? with aUVC light meter (Sper Scientific, NIST certified calibration) at the surface of the
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water within the reaction chamber through the quartz windo®@z nanoparticles were stirred

into 350mL of FGDW (0.2 g/L)in apolytetrafluoroethylene (PTFEBeaker {6 mm diameter)

along with 300 ppm formic acid to act as an electron hole scavenger for the reduction.reaction
The beakewassealedn an air tight stainless steel vessel with a quartz winogrevent

exposure to oxygen during the experiment, whiteggBlswas purged throughout the reaction to
remove any kSe gas generation which was flowed through two subsequent liquid scrubbers of
CuSO and NaOH, respectiveRt®21°The mixture wastirred in the dark for 1 h to attain
adsorptiordesorption equilibrium of inorganics with the EBi€urface, andhen placedn the
photoreactor and exposed to UV ligthile stirring with 5 mL aliquots sampled periodically for
measurement of Se concentration, which were centrifuged so thedu@ be returned to the
beaker at the end of the experiment

For both the OSPW and FGM experiments,dllowing the UV treatmem, the TiQ: suspension

was separated by magnetic flocculation and deflocculated as described above, using
FesO4s@SIO@PDADMAC particks (at 0.316 g/L) as the MF, and stirring at 120 rpm and 15

rpm with a mechanicaltirrer for the flash and slow mix periods respectively. The recovered

TiO2 was then dispersed into a fresh sample of either OSPW or FGDW for a subsequent cycle of
photocatalytic treatment.

Naphthenic acid fraction extractable organics (NAs) concentratiens determined by UV/Vis
spectroscopy at 220 nff, comparing to a calibration curve pregd from NAs extracted from
the same OSPW sample. Briefly, OSPW was adjusted to pH 10.5 wii@MHextracted thrice
with DCM (in total 1:2 solvent to sample volumetric ratio), acidified to pH 7 wiB®,
extracted thrice with DCM, and finally acidified pH 2with H2SQs, and extracted thrice with
DCM. The acidic, neutral, and basic DCM extracts were then combined, and dried ander N
While naphthenic acids are defined by the classic for@wn+02 (Wherezis a negative even
integer related to theumber of rings and double bond€§)SPW naphthenic acid fraction
extractable organics (referred to as NAs herein) also contain a broad range of organics not
conforming to this classic structure, including aromatic and hetereabotaining acids, as well
asbasic and low polarity speciéks116.64

Selenium concentrations were determinsdhg a hydride generation agt (CETAC, HGX200

Advanced Membrane CoMapor and Hydride Generation System) prior to quantification using
inductively coupled plasma optical emission spectroscopy-QEB, Teledyne Leeman

Prodigy). The samples were acigested in 6M hydrochloric acid (HCI) and 0.2M nitric acid

(HNOs3) by adding 3.9 mL of HCl and 0.1 mL HN@ a 4 mL aqueous sample. Samples were

then boiled for 30 minutes prior to hydride generation and analysed usifQESRo prereduce
allselenatets el enite. The LOD of the above Se detect
concentration of the FGDW, 300 N 15 e€g/L, was
cycles.
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5.3.6 Materials Characterization

Particle size and structure was analyzed by TEBRkilips CM-10, 60 keV). The hydrodynamic
diameter of the particles in water was measured by DLS (Brookhaven 90Plus Particle Size
Analyzer, lognormal volumaveighted median diameter). Crystal phase was assessed by powder
XRD (Bruker D8Advance, Vanted detector,1.5405A Cu-K Uradiatior). The magnetic
properties of the powders were measured at 300 K with SQUID VSM (Quantum Design
MPMS). The surface area of tiparticles(pre-dried at200 °C in N2) was calculated from the
Brunauer Emmett Teller (BET)equaion usingdata from N adsorption isotherms obtainad

77 K (Micrometrics Gemini VII 2390 Surface Argalyser) Zeta potential measurements were
taken with a Malvern Zetasizer Nano ZS. FTIR spectra were obtained for powder samples in
KBr pellets BrukerTensor 2. XPSwas performed at room temperat(v& Scientific

ESCALab 250A | K U r),amtitha bindingrenergy scale was correctetebgrencing the

C 1s peak to 288V. TGA was performed at 10 °C/min in aifA Instruments Q500
Photomicrograph offlocs were obtained using an optical microscope (Zeiss Axioskop with
AxioCam ERc 5s camera).

5.4 Results and Discussion

To create recyclable flocculants for nanoparticle separation, the critical challenges involve
deflocculation of separated flocs, agmllection of the flocculant from the released nanoparticles
for reuse. As flocculation processes are based on electrostatic surface interactions of polymer
flocculants with suspended solids, deflocculation is possible provided either the flocculant or
target solid is amphoteric, or that their isoelectric points differ, such that a pH shift can reverse
charge polarity and thus induce a repulsive force to dissolve the flocs. It was hypothesized that
flocculant recollection could be most conveniently accaosigld by designing the flocculant to

be magnetic.

Schema@ illustrates this concept of an entirely recyclable CF system using magnetic flocculants
(MFs), in the example of photocatalytic water treatment using colloidal Fi@lowing
photocatalysis, Ti@nanoparticles are flocculated by addition of MF partictestling the flocs
either magnetically or gravitationally, to enable discharge of the treated water free of
nanoparticles. In a smaller voluroesludge the flocs can then be deflocculated by pH shift:
given that TiQ is amphoteric with an isoelectric ipb of ~5.5 (negatively charged at neutral pH,
Figure39), and using MFs with a permanent positive charge, pH adjustment to below 5.5
induces electrostatic repulsibetween the Ti@and MF, dissolving the flocs to form a
dispersion of free Ti®@and MF particles. Since Tids normagnetic, the MFs can then be easily
separated from this mixture by magnetic separation, and both the@fidMFs can be recycled

in the pocess (following pH reneutralization).

Schemes. Process for recycling Ti€nanoparticles with reusable magnetic flocculants for
photocatalytic water treatment: (a) photocatalytic treatment of contaminated water with a TiO
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nanopaticle slurry, (b) flocculation with magnetic flocculants following treatment, (c) magnetic
separation of flocs and discharge of treated water, (d) deflocculation to release the nanoparticles,
and (e) magnetic separation of flocculants, for recycling tf tee TiQ and flocculants.
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5.4.1 Magnetic flocculant synthesis and characterization

The MF patrticles were synthesized according to the process indicaiggiie40a. Hematite
ellipsoids were synthesized according to an aqueous precipitation perw@es)capsulated with

a silica shell to serve as a protective barrier against oxidation and dissolution of the magnetic
core during repeated flocculation cycles. The particles were then subjected to mild reduction in
H2 to convert the hematite cores tognetite, rendering them magnetically responsive. This
synthesis strategy was designed to produce polycrystallis@ Eeres (to achieve high peore
magnetic moment while retaining superparamagnetism) starting from a clean, pirenieon
oxide surfae. These F©4@SiO: ellipsoids were then coated with various flocculant polymers
according to a layeby-layer (LbL) process, a wedistablished technique to immobilize
polyelectrolytes through strong multivalent iobiends?°°:210

Fe,0.@Si0,
ad oFeO, a-Fe,0,@SiO, Fe,0.@SiO, @PDADMAC

Silica Polymer
coatmg Reduct|on coatmg
TEOS LbL
NH;, H;0 350 °*C technique
‘
I
-~ 200 nm A1 200 nm An‘ zoo.‘nm

Figure40.Synt hesi s process of MF particles (a) and
FeOse | | i p s eFe@:@®SiO,(d) FeO4®SiO and (e) Fe0s@SIO:@PDADMAC. Insets
show photos of the sample appearance.

The patrticle structure was confirmed at each stage of the synthesis process by transmission

electron microscopy (TEM) and dynamic ligdttattering (DLS)Kigure40, Table15). The close

agreement of TEM and DLS rasured diameters indicated the particles remained non
aggregated and monodi spersed throughoudut the s
FeOs ellipsoids, phosphate concentration controls both particle size and axial ratio (yielding an
ellipsoidd structure)®® therefore a particle size of ~115 nm diameter and ~290 nm length was
selected to minimize final partesize and thus maximize specific surface area for flocculation,

while simultaneously providing sufficient core volumeetmable rapid magnetic

separability*®221 The silica shell was measured to be ~33 nm thick, and providgithblyg

charged surface for stable polymer bindifgy.
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X-ray diffraction (XRD)cofi i r med ¢ o mp | e tFeOstopalyergstaline Fedvino f U
the reduction sted~{gure41), with an average E@4 crystal size of 14.9 nm calculated by the
Scherrer formula from the (311) reflection. While this crystal size is well below the single
domain threshold for magnetitgyfically reported as30 nn),?%2 below which particles are
superparamagnetic at room temperature, magmetasurements on the MFs revealed some
hysteresis, and a remanence of 7.7 erh(FRigure42). Nevertheless, in practice the MFs in
suspension behaved as though tiveye superparamagnetic, exhibiting a high saturation
magnetization of 33.9 emutgvithout magnetic aggregation in the absence of an applied field,

presumably due to a balanceathier colloidal force§?42
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Figure4l.Powder XRD p aFe®:@8i@panpf i t h e-Eeldfindexadaa ) ,
JCPDS no. 3®664, and the E®s@SIC: particles (upper), B®4 indexed to JCPDS no. 19
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Figure 42. Magnetic hysteresis curve of thesPe@ SIO:@PDADMAC particles at 300 K.

29 an’
Figure 43. TEM images of (a) F©s@SIi:@PDADMAC particles, exhibiting strands as

potential evidence of the polymeric coating, and (B0r@ SIO:@CS particles exhibiting ~1
UM aggregates.
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Several MF formulations were prepared by depositing different polymers as the outermost LbL Iaygngmoly(diallyldimethylammonium

chloride) (PDADMAC) and chitosan (CS) as positively charged polyelectrolytes (PEgo(ebdium 4styreneslfonate) (PSS) and poly(acrylic

acid) (PAA) as negatively charged PEs. These polymers have all been usedudarits in conventional CF proces$#aNhile the polymeric

coatings were not clearly visible by TEMigure40e, Figure43a), an increase in the hydrodynamic diameter of the particles following PE coating
possibly indicated swelling of the polymer dhelwater Table15). The significantly larger hydrodynamic size of the-@fated particles was the

result of interparticle bridging in the LbL proce&sgure43b). Although the molecular weights of the polymers used to coat the particles were lower
than those of flocculants typically used in water treatment, sinttgptaypolymer chains were bound to each@€ SiC: core, it was hypothesized

that the coated patrticles as a whole would behave as flocculants with a higher effective molecular weight, givenubbidasdatinydrodynamic
volumes Tablel15). Indeed, the hydrodynamic volume of polymer flocculants in a random coil configuration is on the order o400 nm.

Table 15. Particle size and charge, measured by TEM, DLS and zeta potential.

- U . Fes0s@SiO FesOs@SIiO Fes0s@SiO Fes0s@SiO
UFe0s Fex0Os@SiOz Fes0:@Si0 @PDADMAC | @PSS @PAA @CS

Long axis mean (nm) 287 £49.1] 351 +55.2 353 +£57.3 359 +44.9

Short axis mean (nm) 113+16.9] 176 +16.3 182 £ 18.6 178 £ 14.4

Diameter of equivolume 154 291 297 205

sphere (nm}

Hydrodynamic diameter (nm) 175 265.1 258.6 272 278.1 462 1180.3
Geometric standard 1.427 1.163 1.224 1.303 1.155 1.599 1.717
deviagion, u

Zeta potential (mV) -51.3 29.0 £ 3.48 -56.2+553 | -52.1+3.97 | -35.9+4.87

aCalculated from ellipsoid volume according to the mean axis lengths measured by TEM.
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Alternatingp ol ar ity of the particlesd surface char g:¢

the LbL coating proces$-igure44), characteristic of successful binding of epolymer
layer219althowgh the charge density of CS was apparently insufficient to fully compensate the
negative charge from the underlying PSS layer in th®F@SIO@CS sample. While Fourier
transform infrared spectroscopy (FTIR) could not detect any specific functional groups
associated with the PEBigure45), X-ray photoelectron spectroscopy (XPS) of the
FesO4s@SIO@PDADMAC sample revealed the presence of nitrogen and sulfur (attriouted
PDADMAC and PSS) and a significant increase in surface carbon content following the polymer
coating Figure46). N and S were present at the particle surface inoappately equal

concentration (3.93 and 3.49 atomic %, respectivaly),no Na or Cl peaks were detected,
indicating the PDADMAC and PSS layers were acting as counterions for each other as expected.
Thermal gravimetric analysis (TGA) of thesBa@ SIG@PDADMAC particles revealed a mass

loss of 1.52 wt.% at 600 °C attributed to burn off of the polymeric codfigui(e47).
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Figure 44. Zetapotential of aqueous suspensions of MF particles throughout the LbL coating
process, where the positive potentials represent PDADMAC coatings.
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Figure 45. FTIR spectra of the particle formulations, where the 1113 peak is cheacteristic
of silica, and the 3425 cfrpeak is attributed to hydroxyl groups.
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Figure 46. XPS (a) survey spectra of thesPe@SiQ: andFesO4@ SiO:@PDADMAC patrticles,
as well as (b) N 1s and (c) S 2p narrow scan spectra of {r@SIO@PDADMAC patrticles.
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Figure 47. TGA curves of the F©4@SiQ: andFes04@ SI@PDADMAC particles, with the
weight of each sample normalized at 200 °C (weight loss below this temperature taken as water
evaporation).

A BET surface area of 12.3%g was calculated for the EB4@SiO@PDADMAC particles by

N2 adsorption, which matched closely to the theoretical specific surface area Gf@'@am

calculated geometrically from the TEM ellipsoidal dimensions, indicating theafticles were
relatively smooth and neporous. Qualitatively, all of the MF samples readily formed aqueous
colloidal dispersions, and were strongly magnetically responsive for easy recollection. Therefore
the conclusion of the above materials char@é&on confirmed synthesis of MF particles with

the intended structure.

5.4.2 Separation of TiO2 nanoparticles by magnetic flocculants with different

polymer coatings

The synthesized MF particles were subsequently assessed for flocculation performance toward
TiO2 nanoparticle recovery, where Ti@ a prominent photocatalyst researched for water
decontamination, serving here as an example heterogeneous catalyst separation challenge. Since
the flocculation performance of different polymers varies with respebetsuspended solid

material, water matrix composition, and especially pH, several MF formulations (coated with the
different polymers as described above) were tested for their ability to flocculate with TiO
nanoparticles (Aeroxide P2Bjgure48) and remove them from aqueous suspension across a

range of pH values, the results of which are showkFignre49a.
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Figure 48. TEM image of the Ti@nanoparticles used in this work (Evonik Aeroxide P25). The
mean primary particle diameter was measured to be 24.0 + 7.4 ni2(1), ands reported by
the manufacturer to be ~21 nm.
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Figure 49. (a) Flocculation efficacy of MFs (0.1 gl coated with the different polymers
indicated (SiQrefers to the uncoatdesO4@SiC: particles), toward separation of TAO
nanoparticles (0.1 g-Lin 10 mmol ! aqueous buffers), and (b) zeta potentials of the particles
in the same conditions.

A large difference was observed between the MF formulations, with the
FesO4s@SIO@PDADMAC particles removing a significant fractiontbé TiO: nanoparticles at

all pH values, while the CS coated patrticles exhibited only ~12% removal, and the uncoated and
PAA and PSS coated particles minimally interacted with the &alfove pH 4. The Ti©

suspension was observed to be colloidally unstatyed 2, and therefore all MF particles non
specifically facilitated TiQ settling. These results confirmed that, at least for the PDADMAC
coated MFs, the bound polymers were still sufficiently accessible to interact with suspended
nanoparticles to enable magnetic separation. Furthermore, the superior performance of the
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cationc polymer coated MFs over the negatively charged samples suggested an electrostatic
interaction with the Ti@ the same mechanism by which PEs interact with suspended solids in
conventional CR?2224Therefore, the zeta potential of the particles was studied as a function of
pH (Figure49).

In buffer, the TiQ nanoparticles possessed a nagarieta potential across the pH range, while

the FeO4@ SIO:@PDADMAC particles, the most effective MFs, were the only formulation with

a constant positive charge, supporting electrostatic attraction as the mechanism of interaction.
The FeO4s@SiO: particlesand PAA and PSS coated MFs exhibited negative zeta potential above
pH 4, thus presumably electrostatically repelling the suspended Tdlloidal instability of the

TiO2 nanoparticles near their isoelectric point (shifted to lower pH in phosphate buffer)

accounted for their easy separability by all MF samples at pH 2. Thus as in conventional CF, the
relative charge of the flocculant with respect to the suspended solid was a critical factor to enable
separation.

5.4.3 Magnetic flocculation of metallic nanoparticle suspensions

To further investigate the zeta potential dependence and specificity of the flocculation process,
the MF particles were tested for their ability to remove other types of colloidal nanopatrticles

from suspension: citrate stabilized Au, hexadteitgethylammonium bromide (CTAB)

stabilized Ag, poly(vinylpyrrolidone) (PVP) stabilized Pd, and PVP stabilizeBigare50a).

These nanomaterials also representtizally important targets for magnetic separation, with
applications in plasmonic photocataly3i®2?6water treatmemt?’??2and environmental

analysis?®® Furthermore, controlling environmental release of Ag nanoparticles is a significant
concern for wastewater treatment plaits32 PDADMAC and PSS coated MFs, as positively

and negatively charged particles, were compared against each type of nanoparticle. The
FesO.@SI@PDADMAC particles demonstrated excellent sepamnadf the negatively charged

Au, Pd, and Pt nanopatrticlgsigure50b), while similarly as with Ti@ the FeOs@SIOC@PSS

MFs exhibited minimal interaction with thesaspensions. Notably however, the PSS coated

MFs were efficient at separating cationic Ag nanoparticles, while the PDADMAC MFs failed in
this systemKigure51), thusproviding further evidence of the electrostatic interaction

mechanism. Furthermore, since aqueous nanoparticle colloidal dispersions frequently possess a
surface charge for electrostatic stabilization, these results demonstrate that magnetic flocculation
could serve as a general method for nanoparticle separation.
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Figure 50. Photos of Au, Ag, Pd, and Pt nanoparticle aqueous suspensions, with zeta potentials
indicated, (a) before and (b) after separation by magnetic flocculatibrinei MF particles
indicated (added at 0.316 gL
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Figure 51. Photos of CTAB stabilized Ag nanopatrticle agueous suspensions (a) before and (b)
after separation by magnetic flocculation with the MF particles indicated (added at 0.316 g L

5.4.4 Concentration dependence of nanoparticle separation performance

The success of conventional CF processes for water clarification typically exhibits a strong
concentration dependence, where selecting the correct flocculant dose for optimal separation of a
given suspended solids concentration represents a significdlehgieafaced by water treatment
operators. Therefore a factorial study was used to investigate the separation efficacy of magnetic
flocculation at different concentrations of both Ti@ihdPDADMAC coated MF particles

(Figure52), wherethe Ti@c oncent r at i on ripigtypieal o ghotatdtagytic ( O1 ¢
applications.

Increasing the concentration of MF particles added to the susperSigfnsncreased the Ti©
removal percentage, to ~100%Catr >300 mg L, thereby indicating that the incomplete
separation achieved by thesOs@SiIO@PDADMAC particles in the initial studyHigure49a)
was simply the result of an unoptimized MF:%i@tio. At low MF concentrations, a valley was
observed in the response, with high T&paration achieved at both low and highzliO
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concentations Crio2), but poor recovery attained at intermed@te2. To interpret this result, it
was hypothesized that at Id@io2, the ratio of MF particles was sufficient to bind and remove

the majority of the TiQ while increasingrio2 overwhelmed th&F surface area available for
nanoparticle attachment, and at higio2 of ~1 g L* the TiQ: nanoparticles wersuspended as
micron scale aggregatesther than individually dispersed nanopartiéleand thus susceptible
sweep flocculation at even lo@umr. Finally, the ~100% removal achieved at even a high

MF:TiOz ratio is an important result, as this contrasts with the behaviour of conventional
flocculant polymers, where polymer overdosing cantedsterically restabilize suspended

particles and reduce separation efficiency; thus determining optimal polymer concentration is a
critical implementation challenge for conventional flocculdft$?2224The MF particles do not
appear to exhibit this overdosing issue, since no matter the configuration by which they bind the
suspended nanoparticles, magnetic separation is enabled.
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Figure 52. (a) Third order response surface(ii) of TiO2 nanoparticle recovery by magnetic
flocculation, as a function of the concentration of 7{Orio2) andFes0s@ SIG:@PDADMAC
particles Cwr), and (b) the corresponding standaneeof the estimated response.

Following magnetic flocculationnductively coupled plasma mass spectrom@@yMS) was

used to measure trace residual Zi@noparticles remaining in suspension at concentrations
below the detection limits of UV/Vis speoscopy Figure53). Fes0Os@SiG@PDADMAC
particles, added at 316 mg'to 100 mg L* TiOz, reduced the Ti®nanoparticle concentration

to 0.52 mg L. Subsequent passeBMF particles were therefore investigated for removal of this
nanoparticle residual, and it was found that a second round of flocculation was sufficient to
reduce TiQ concentration to below the ICPMS detection limit (3 pgTL). While further study

is required to probe even lower detection limits, magnetic flocculation apparently provides
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logarithmic reduction in suspended particle concentration, and the process is effective at
separating ultrdow nanoparticle concentrations.

TiO, Concentration (C/C )

0 1 2 3
Flocculation Pass Number

Figure 53. Relative TiQ concentration remaining in suspension after sequential magnetic
flocculation passes #fe304@SIQ@PDADMAC particles (added at 316 mg)L. LOD refers to
the ICPMS limit of detection.

The flocculation efficacy of thEesO1@SIO@PDADMAC patrticles was compared to freely
dissolved polymeric PDADMACHKigure54). At low concentrations (<0.5 mg%, the free

polymer was more efficient than the MFs at nanoparticle separation, presumably since in the MF
formulation a large fraction of the PDADMAC geahary ammonium groups were already
consumed through binding to the MF surface, which may have also constricted PDADMAC
conformational configurations and rendered it less available for nanoparticle interaction.
Provided at sufficient concentration howeuwke MFs matched the performance of free

PDADMAC to achieve high Ti@removal rates, while the free polymer exhibited a prominent
overdosing and rstabilization effect at higher concentrations.
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Figure 54. Flocculation efficacyf free polymeric PDADMAC compared to PDADMAC bound
on FesOs@Si:@PDADMAC MFs, toward separation of Ti@anoparticles (0.1 g1). The
concentration of PDADMAC in the MBamplewas calculated from the mafaction of the
terminal PDADMACIayer,taken aone third of the total polymer coating mass measured by
TGA, i.e, 0.51 wt.%.

5.4.5 Microscopic observation of floc structure
Although the magnetic separation process of nanoparticle suspensions qualitatively appeared to

follow a flocculation mechanism, tmixtures were analyzed microscopically to study the
interparticle interactions and aggregate structufegife55). Large aggregates >10 pm in size
were observed &ivr O 1 0 0%, which ihcreased in both size and density with increasing MF
concentration, confirming the magnetic separation proceeded by flocculation. A benefit of
forming such large flocs is that they can be rapidly magnetically collected (withindsg¢co
another advantage of magnetic flocculation over the relatively slow gravitational settling
provided with conventional CF. Only small aggregates <3 um in size were obse@G@d-aB2

mg L* (Figure55a&b), suggesting nanoparticle adsorption to the MF surface may also be a
process occurring at low MF:T¢dnass ratios.
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Figure 55. Optical micrographs of flocs formed in Ti@anoparticle sspensions (0.1 g}
following addition ofFesO4@SI@PDADMAC particles at different concentrations: (a) & (b)
31.6 mg L%, (c) & (d) 100 mg 2, (e) & (f) 316 mg L1, and (g) & (h) 1 g E.

Floc structure was also observed by TEM. At IBw, significant quantities of free unbound
TiO2 was observedHigure56a&b), correlating with the low Ti@recovery measured in this
condition Figure49). In contrast, a€ur O3 1 6 ‘ragsodiated with ~100% recovery, TiO
nanoparticles were completely encompassed by a network of MF parfigjase6e-h). From
these observations, it is hypothesized that magnetic flocculation efficiency is associated with
particle surface area ratios, where the thres@gldfor complete nanoparticle separatioccurs
when the surface area of the MFs and suspended nanoparticles are approximatedygecual (
Crio2 = 100 mg L, this thresholdCwr & 3 1 671, engesponding to surface areas of 5.5 and
3.9 nt L1 for the TiQx and MF particles, respectively). This theory may provide a useful basis
for adapting magnetic flocculation to other nanoparticle systems.
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Figure 56. TEM images of flocs formed in Ti€hanoparticle suspensions (0.1 ¢) following
addition ofFesOs@SiIC:@PDADMAC particles at different concentrations: (a) & (b) 31.6 mg L
1 (c) & (d) 100 mg L, (e) & (f) 316 mg L%, and (g) & (h) 1 g L.

5.4.6 Deflocculation and flocculant recycling
Since the above experiments indicateakaetrostatic mechanism of flocculation, pH shift was

investigated as a deflocculation mechanism to release nanoparticles from separated flocs. While
the TiG: and theFesO4s@SIG@PDADMAC particles possessed opposite surface charge at
neutral pH, resulting in flocculation, below its isoelectric pointzlt&kes on a positive charge
(Figure39), which was expected to induce electrostatic repulsion towards the MF particles
leading to floc disintegration. Importantly, LbL PE coatings are known to be extremely stable
over a wide pH rang€? Flocs formed from addition of PDADMAC coated MFs (at 316 miy L

to a TiQx suspension (100 mg1) were collected and redispersed into acidic solutions, resulting
in ~100% TiQ release at pH ~2.%-{gure57). This deflocculation did not show a strong pH
dependence in the range studied, although Te@ase was strongly inhibited at pH 1,
presumably due to protonation of the PSS in the LbL layer at its pKa. This expetime
confirmed that the magnetic flocculation process was easily reversible.
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Figure 57. TiO2 nanopatrticle recovery following deflocculation of
Fes04s@SIO@PDADMAC/TIO: flocs as a function of pH.

Therefore, to assess the reusability of the MF particles for nanoparticle recycling, three cycles of

flocculation and deflocculation were performed using the same set of
FesO4s@SIiO@PDADMAC and TiQ nanoparticlesKigure58). Flocculation performance

remained the same over the course of the experiment (p > 0.1), confirming that the properties of
the MF particles remain intact over multiple flocculation cycles, anddbosnstrating the

concept of magnetically recyclable flocculants.

Cycle Number

Figure 58. Separation of Ti@nanoparticles from aqueous suspension (0.1)goly magnetic
flocculation and deflocculation recovemth Fes0O1@SIiO@PDADMAC particles, where the
same TiQ and MF particles were recycled and used throughout each test.
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To demonstrate the full closed loop magnetic flocculation proceSst&#mes, TiO2

nanoparticles were used as photocatalysts for the oxidative and reductive treatment of both
organic and inorganic water contaminants, wherein the W&3 recycled by magnetic
flocculation and reused over multiple treatment cydegure59). Inorganic selenium

oxyanions, of recent interest due to the reduction in effluent limit guidelines by the /S*EPA
and a primary source of toxicity in flue gas desulphurization wastewater (FGD%Pwere
removedthrough photocatalytic reduction (Figure 5&)?1°Naphthenic acid fraction extractable
organics (NAs), a complex mixture of bitumedarived water soluble acyclic and cycloaliphatic
compounds and a primary source of toxicity in oil sands preaffssted water (OSPW)}13.237
were degraded through photocatalytic oxidatiBigre59%).79119205The photocatalytic

properties of TiQ nanoparticles remained largely intact following magn#occulation, where
apparent losses in performance may have been due to fouling or aggregation ot theef iO
multiple cycles without rinsing. Extrapolating these results, the particles could be recycled 13
times in FGDW and 5 times in OSPW beforsitg 50% of initial photocatalytic activity. Both
treatments were performed in real wastewater samples, demonstrating practical performance and
tolerance of the MFs to dissolved species.

"51.0-_ e f
S 0.8 \ \. d

~ 0.6-: \

r—r— '
0 5 10 15
UV Dose (kJ)

GO'I.O-'& ! b

o
N

] v 1 v I v ]

5 10 15 20
UV Dose (kJ)

Figure 59. Photocatalytic treatment of)(&e in FGDW and (b) NAs in OSPW using EiO

nanoparticles (0.1 g1) recycled by magnetic flocculation, where the grey bands indicate points
at which the TiQwas magnetically separated, deflocculated into a fresh sample of FGDW or
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OSPW, and equilibrateid the dark. In each experimdigsO4@ SIiO@PDADMAC particles
were used as the flocculant, and the same &i@d MF particles were recycled and used
throughout each test.

As far as limitations of the magnetic flocculation for nanoparticle recovery in waément
applications, the presence of natural suspended solids (TSS) in water could represent a
competing interference. However, this is not anticipated as a practical concern for recycling of
photocatalytic nanopatrticles, as advanced oxidation proc&s9¢€%s) like photocatalysis are
typically applied as tertiary treatments for water that has already beé&egted to remove TSS.
Similarly, dissolved ions or organic matter (NOM) could interfere to reduce flocculation
efficiency, however the above exprent in real FGDW and OSPW demonstrates performance
at even relatively high ion and NOM concentratiohsother practical limitation of the magnetic
flocculation process is the increase in salinity (total dissolved solids, TSS), induced by the pH
swings equired for deflocculation and water reneutralization, which is undesirable from a water
quality perspective. A further treatment stage downstream of the magnetic flocculation process
may therefore be required for desalination.

5.5 Conclusions

Magnetic flocculation is presented as an alternative paradigm for nanoparticle recycling by
magnetic separation, without disadvantages associated with immobilizing nanopatrticles in core
shell magnetic nanocomposites. The MF particles were effective atiing a variety of

different nanopatrticles through an electrostatic association mechanism, without the overdosing
issues associated with conventional flocculants, and logarithmic reduction in suspended patrticle
concentration was possible over multiglectulation passes. With the recent research focus on
applications of plasmonic nanoparticles in catalysis and sensing, the effective separation of
several metallic nanoparticles herein is significant, and further studies on metallic nanoparticle
recyclingare warranted. The MFs were also capable of collectingloltra&oncentrations of
nanoparticles, and were reusable over multiple flocculation cycles. Furthermore, given that
flocculant chemicals can be recovered and reused in this process, magnaitlatitocc

represents an environmentally sustainable solution to conventional flocculation challenges, and
may have applications not only for nanocatalyst recycling, but also in remediation of
nanoparticle pollution, algae dewatering, and wastewater treatment
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Chapter 6
Floating photocatalysts for passive solar degradation of
naphthenic acids in oil sands process-affected water™

6.1 Summary

Oil sands procesaffected water (OSPW), generated from bitumen extraction in the Canadian oil
sands, may require treatmenttaable safe discharge to receiving watersheds, as dissolved
naphthenic acids (NAs) and other acid extractable organics (AEO), identified as the primary
toxic components of OSPW, are environmentally persistent and poorly biodegradable. However,
conventiondadvanced oxidation processes (AOPs) are impractically expensive to treat the
volumes of OSPW stockpiled in the Athabasca region. Here we prepared floating photocatalysts
(FPCs) by immobilizing Ti@on glass microbubbles, such that the composite partiokssat

the airwater interface for passive solar photocatalysis. The FPCs were demonstrated to
outperform P25 Ti@nanoparticles in degrading AEO in raw OSPW under natural sunlight and
gentle mixing conditions. The FPCs were also found to be recydtaiieultiple uses through

simple flotation and skimming. This paper thus demonstrates the concept of a fully passive AOP
that may be scalable to oil sands water treatment challenges, achieving efficient NA reduction
solely through the energy provided bysght and natural mixing processes (wind and waves).

6.2 Introduction

Bitumen extraction in Canadabs oil sands uses
the process by compounds leached from the oil sands ore, and referred to as oil sands process
affected water (OSPW). Release of OSPW to the environment is hindered by the toxicity of the
water, due primarily to dissolved naphthenic acids (NAs) and other acid extractable organics
(AEO),113238and thus an estimated 1 billior? of OSPW to date has been retained in tailings

pondson site. NAs are not fully biodegrada§#€°and their toxicity persists over decadés

therefore a water treatment sobn may be required to enable OSPW discharge.

™ This chapter is adapted from a previously published artielghuk, T.; Krishnakumar, H.; de
Oliveira Livera, D.; Gu, F. Floating Photocatalysts for Passive Solar Degradation of Naphthenic
Acids in Oil Sands Procegsifected Water Water2018 10(2), 202.
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Recently the oil sands industry has sought passive, or low energy, water treatment technologies
capable of addressing large volumes of OSP@onsidering the large sunlighkposed surface

area of oil sands tailings ponds, solar photocatalysis is a promising advanced oxidation process
(AOP) with demonstrated capability to fully degrade OSPW AEO through hydroxyl and
superoxide radicainediated midative mineralizatio§®11%2%%In contrast to other advanced

oxidation processes (AOPs) that have been tested for OSPW tre#fifiésmlar photocatalysis
enables complete degradation of even recalcitrant NAs, without the need for chemical
amendment of the water or electrical power consumption. Nevertheless, there remain a number
of key technical challenges towards application of ptetialysis for OSPW treatment. Previous
research has studied photocatalytic nanoparticles dispersed into OSPW as a slurry, and while
slurries enable high treatment rates through efficient mass transfer, they require continuous
mixing to remain suspended, aghout mixing the photocatalyst near the water surface, the
turbidity of OSPW is likely to occlude sunlight from reaching the catalyst. Indeed our previous
measurements indicated the UV light penetrates <1 cm into OSPMce the photocatalytic
reaction thus only occurs at the water surface, the bulk majority of slurried catalyst dispersed in
the dark zone below the surface is not effectively utilizesiilting in unnecessary material
oversupply. Furthermore, slurries present challenges for cost effective nanocatalyst recovery and
reuse at a large scale.

It was hypothesized that immobilizing a photocatalyst onto a buoyant support could address the
abowe challenges, while adapting this promising treatment technology into a passive platform
enabling largescale deployment. On floating cores, the photocatalyst is naturally concentrated
without any mixing at the water surface, where sunlight intensityestest, and the catalyst can

be easily collected by simple skimming. Thus in this work we sought to demonstrate treatment of
AEO in raw OSPW by use of floating photocatalysts under natural sunlight. While buoyant
photocatalysts have been synthesized pteslj4® 242 this report represents the first

demonstration of such materials as a passive treatment for OSPW remediation.

6.3 Experimental

6.3.1 Materials

OSPW collected on March 17, 2014syarovided by Shell Canada, and stored in sealed
polyethylene containers in the dark at 4 °C. The OSPW was homogenized by stirring before each
use, herein referred to as raw OSPW. The OSPW was characterized previously to have a
conductivity of 1.695 mS/cm,450 mg/L total dissolved solids (TDS), 49.5 mg/L total

suspended solids (TSS), and a turbidity >200 NT™JThe AEO concentration was measured by

the FTIR method below to be 26.3 mg/L.
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A commercial mixture of naphthenic acids (technical grade, carbon numb&@, &classes 0

to-4, as baracterized by Damascenoetd., di chl or omet hane (DCM, 09
NaOH (098%, ACS grade) and nitric acid (70 %,
Aldrich and used as received. Sulfuric acid-@8%6, ACS grade, Fisher) and titanium dioxide
nanoparticles (Amxide P25, ~1460 nm particle diameter, 55°g* surface area, Acros) were

used as received. Glass microbubbles (3M iIM30k, Siotaborosilicate glass, ~180 pm

diameter, 0.6 g/cidensity) were washed by 1 mol/L HN@nd 0.1 mol/L NaOH before use (at

125 g/L microbubbles), rinsing thrice with deionized (DI) water after each wash, then drying at

120 °C in air.

6.3.2 Floating Photocatalyst Synthesis and Characterization

TiO2 nanoparticle powder was dispersed at 60 g/L into DI water by probe sonication,aéter w
0.1 mol/L HNG was added to a concentration of 1 mmol/L, thereby adjusting the suspension to
a nominal pH of ~3. This Tigsuspension was then added to microbubble powder (17.75 mL per
g microbubbles), and the mixture was stirred at 500 rpm for 2 h, before transferring to a
separatory funnel. The floating layer was collected after 1 h, vacuum filtered to form a cake,
dried aml crushed to a powder, which was then calcined for 4 h at 500 °C in air (5 °C/min ramp
rate) to form the floating photocatalysts (FPCs).

Particle morphology was analysed by SEM (Zeiss Merlin FESEM), and elemental composition
was measured by EDX (EDAX). Gstal phase was assessed by powder XRD (Bruker D8
Advance, Vanted detector, 1.5405AGK U r adi ati on) .

6.3.3 Photocatalysis Experiments

Outdoor solar photocatalytic experiments were performed between AugR8t 2015 at the
University of Waterloo (Waterloo, ®, Canada). 1 g of FPC powder (or 0.5 g of P25l as
stirred into 500 mL of raw OSPW in a borosilicate glass beaker (90 mm O.D.). Beakers were
sealed from above with polyethylene film (Glad, measured to be UV transparent by
spectrophotometry) to previeevaporation during the experiments, and wrapped around the sides
with Al foil. The beakers were then placed on a rooftop outdoors (43°28'17.9"N 80°32'32.2"W)
and exposed to sunlight while stirring at 130 rpm, where a control included OSPW exposed to
sunight in the absence of T¥OThe stirring Reynolds number was calculated according to the
formula2 A "®@ f , where'QGis the rotational frequency (130 rpm)is the radius of the stir

bar (1.905 cm) andi is the kinematic viscosity of watét® Following solar treatment, the
photocatalyst was separated from the OSPW by flotation or centrifugation, retaining the water
for analysis (stored at 4 °C in the dark).

Weather datavas obtained from the University of Waterloo Weather Station arcHives
Cumulative insolation was calculated by integrating the incoming shortwave radiation (measured
by the weather station using a Kipp &Zen CM11 pyranometer, spectral range 285 to 2800
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nm) over the duration of the experimé¢higure60). Cumulative UV exposure was estimated on
the basis of thASTM G17303 global tilt solar spectrum as 4.72% of the cumulative insolation.
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Figure 60. Solar irradiance measured throughout the duration of the photocatalytic exgerimen
of Figure 2.

Photocatalyst recyclability experiments were performed under in a custom photoreactor
enclosure, consisting of an array of UVA fluorescent bulbs (Philips F20T12/BL, peak emission
~350 nm Figure18) suspended above the samp&he UV intensity was measured to be ~40
W/m? with a UVA/B light meter (Sper Scientific, NIST certified calibration), which is similar to
the UV content of the solar spectrum (ASTM G1@3 global tilt). Following UV exposure, the
photocatalyst was separated from the OSPW by flotation, and then directly redispersed into a
fresh sample of OSPW for another round of photocatalytic testing.

6.3.4 Analysis

The concentration of AEO was measured by Fourier transform infrared spectroscopy (FTIR)
according to the standard metfot®with minor modifications\(iz., the acidified samples were
extracted thrice with DCM in a 1:12.5 solvent to sample volumetric ratio, with 80 + 4% total
recovery), using the commercial NA mixture to prepare the calibration curve. AEO is a
composite measure of classical NAs, d¥#&s (CiHzn+Ox, where x > 2), and o#n organic

acids® Samples were filtered prior to the analysis (WhatmanM34lass fiber filter). Pseudo
first order rate constants were calculated orbtsds of cumulative incoming solar stveave
insolation (2852800 nm).

6.4 Results and Discussion
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Photocatalysts were immobilized on the outer surface of buoyant microspheres, such that the
composite particles would passively float at theveater interfaceand degrade agueous organic
contaminants under sunlight illuminatiofigure61a). A heterocoagulation and sintering

process was used to adhere photocatalytic M@oparticles to a high strength glass

microbubble (GMB) core, wherein the TA@nd GMBs were mixed together at a pH between

their respective isoelectric points to induce electrostatic attraction, followed by high temperature
calcination to fix the nanopartes in place. Thermal sintering has been previously demonstrated
to promote strong adhesion of immobilized Ti0 glass supporf&4 246 although reducing

specific surface area of the Ti@ the proces$*’ Floating photocatalysts synthesized previously
have used plastic supports susceptible to photocatalytic degratfdtiotor fragile materials

such as perlitég>¥ 256 which sink upon breaking. The floating photocatalyst (FPC) composites
prepared herein are entirely inorganic and resistant to photodissolutiohuantdre suitable
towards long term emplacement in a passive treatment system. The synthesized particles were
observed to readily float at the water surface as intertelgdre61b).
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Figure 61. (a) Schematic of the floating photocatalyst (FPC) structure and mechanism of solar
water treatment for napthenic acid mineralization (not to scale), (b) photograph of the FPCs
added to water, (c) SENiage of a single FPC particle, and (d) XRD pattern of the FPC

powder.

SEM was used to confirm the presence of immobilized Bi®the surface of the GMBSs,
observed as a rough particulate coatigre61c), with a particle diameter of ~25 nm, similar
to the diameter of the T&hanocrystals usedrigure62). SEM images of the uncoated GMBs
are presented iRigure63. EDX analysis further confirmed the presence of Ti, and the TiO
content of the composite particles westimated to be 36.6 + 4.1 wt. %igure64). TiO2
nanocrystals are known to partially sinter at the temperatures applied during the syhthesis
which is proposed to be the mechanism ofzla@hesiort®>’:258XRD revealed the presence of
anatase and rutile phases in the FPCs, characteristic of the-phiasd TiQ nanocrystals
used®® confirming that the calcination step didt significantly affect the crystal phase of the
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particles. In fact, mild calcination at the temperatures applied herein has been reported to
enhance the photocatalytic activity of Bi@anoparticles*’

.. e
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Figure 62. SEM image of TiQ nanostructures on the surface of a FPC patrticle.
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Figure 63. SEM images of uncoated glass microbubbles (GMBs) at (a) 500x and (b) 3000x
magnification. GMBs were sputtered with Au prior to imaging.
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Figure 64. (a)(c) SEM regions used for EDX elemental analysis @)dypical EDX spectrum,
as obtained from region (b).

The photocatalytic activity of the FPC particles was assessed under natural sunlight for the
degradation of AEO in raw OSPW under gentle mixing conditibigufe65). The FPC
particles degraded >80% of the AEO within 22 h of sunlight exposure (~33:4 dunhulative
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solar UV), from a starting concentration of ~30 m§down to 4 mg t*. The oxidized
intermediatecompounds produced during photocatalytic AEO degradation have been thoroughly
characterized in our previous work, where photocatalysis was demonstrated to result in nearly
complete mineralization of organic carbBf?°>The kinetics were apparently first order, as
observed previousit® and the pseudbirst order rate constant for the FPCs was 3.46 + 0.20 x
108 m? J1. The FPCs compared favourably to P25:Ia® a benchmark photochsst, which

had a pseudfirst order rate constant of 4.15 + 0.34 x81@° J1, where the measured rate
constants were indistinguishable from each other (p > 0.1). However, normalized amaa$iO
basis, the FPCs outperformed the P25;Ti@th a rate onstant of 9.45 x 1®m? J1 g*

compared to 8.30 x ¥om? J! g1, respectively. Conventionally, nanoparticle slurries would be
expected to outperform immobilized photocatalysts, such as the FPCs, due to enhanced
contaminant mass transfer and highereasible catalyst surface aréd’However, in the low

mixing regimes studied herein, the advantages provided by the FPCs of concentrating the
photocatalysat the water surface where sunlight intensity is highest apparently outweighed the
typical disadvantages of immobilized systems. Thus the FPCs exceeded the activity of a known
excellent photocatalyst formulation while enabling a convenient means ofingcthaiough their
buoyant properties.
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Figure 65. Photocatalytic degradation of AEO in raw OSPW under natural sunlight, Where
andCo are the concentration and initial concentration of AEO, respectively.

The Reynolds number of mixing during the test was calculated to be 786, characteristic of a
gentle laminar flow regime. The OSPW cap layer in oil sands tailings ponds is known to be well
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mixed by wind and wave®$9262and NAs are furthermore constantly replenished to the interface
by methanogenic bubbling in a similar process to dissolved gas flotation (estimated flux of 12 g
CHa m2 day?).263 Thus as the above photocatalytic results were gbdainder gentle mixing
conditions, it is anticipated that the natural mixing processes provided in the tailings ponds could
be sufficient for OSPW treatment, although this question will be the topic of future studies.
These results suggest the possibiltyphotocatalysis to serve as a truly passive AOP process
with no electrical power input, where energy is provided solely by sunlight and wind.

Finally, the recyclability of the FPC patrticles for treating multiple batches of raw OSPW was
tested under cdrolled illumination conditionsKigure66), simply separating the catalyst by
flotation. The catalyst was found to be reusable with equivalent activity for aBlegsles.

Some deterioration in treatment performance was observed after the third cycle, possibly due to
experimental difficulties in transferring 100% of the FPC material between cycles with small
sample volumes, or alternatively due to progressive saifffauling of the catalyst. Effects of

long term FPC exposure to raw OSPW is the topic of ongoing investigations in our laboratory.
Signficantly, the durability of the FPCs to freebaw cycling musalsobe evéuated to

determine whether solar OSPéatment would need to be paused over the winter marehs (
collection & redeployment of the FPCs seasonally).
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Figure 66. Recyclability of a single batch of FPC particles to degrade AEO in raw OSPW, where
C andCo are the concentration and initial concentration of AEO, respectively.

6.5 Conclusions
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A floating photocatalyst composite was demonstrated to match the photocatalytic activity of P25
TiO2 in raw OSPW under natural sunlight. This is a significant finding espimotocatalytic

activity was not sacrificed through this immobilization strategy, while the following advantages
were gained:

91 Due to their buoyancy, FPCs naturally concentrate at theader interface where
sunlight intensity and dissolved oxygen corications are highest (i.e., the optimal
treatment zone);

1 Substantially less photocatalyst material is needed to achieve the same treatment rate as
slurry deployment, since T#&xomprises only a minority of the buoyant composite mass,
while in photocatalytic slurries, the vast majority of particles suspended below the
illuminated airwater interface do not participate in the treatment process;

1 NAs are naturally enriched at the-aiater interface due to their surfactant properties,
and are replenished to the surface from deeper OSPW in tailings ponds by methane
bubbling, and through natural mixing provided by wind and waves;

1 FPCs can be easily contained and collected by skimmng the surface, compared
with the significant technical challenges of collecting colloidal nanoparticles from a
slurry.

The use of sunlight and low energyxing suggests the possibility that photocatalysis could
serve as a truly passive water treatmeatess amenable to large scale deployment in the oil
sands.
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Chapter 7
Petroleomic analysis of the treatment of naphthenic organics
in oil sands process-affected water with buoyant
photocatalysts”

7.1 Summary

The persistence of toxicity associated with
the solible naphthenic organic compounds
(NOCs) of oil sands procesdfected water
(OSPW) implies that a treatment solution
may be necessary to enable safe return of 1§
water to the environment. Due to recent
advances in highesolution mass
spectrometry (HRMS)the majority of the
toxicity of OSPW is currently understood to
derive from a subset of toxic classes, comprising only a minority of the total NOCs. Herein,
oxidative treatment of OSPW with buoyant photocatalysts was evaluated under a petroleomics
paradgm: chemical changes across acithse and neutrakxtractable organic fractions were
tracked throughout the treatment with both positive and negative ion mode electrospray
ionization (ESI) Orbitrap MSTransformatiorof OS" and NO classes of concern the earliest
stages of the treatment, along with preferential degradation of high eaunbdrered @ acids,
suggest that photocatalysis may detoxify OSPW with higher efficiency than previously thought.
Application of petroleomic level analysis offers uapedented insights into the treatment of
petroleum impacted water, allowing reaction trends to be followed across multiple fractions and
thousands of compounds simultaneously.

Passive water Petroleomic-
treatment > level kinetics

ﬁg,,‘m'...‘aow»mwo

(S PV

7.2 Introduction

"This chapter is adapted from a paper that has been submitted for publicasbuk, T.;Peru,
K. M.; de Oliveira Livera, D.Tripp, A.; Bardo, P.; Headley, J. \Gu, F.Petroleomic analysis
of the treatment of naphtherocganics in oil sands proceaffected water with buoyant
photocatalystsWaterRes.Submitted Feb. 4, 2018 (Manuscript No.: WR43113)
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The Clark process used f or andsgenaates largervolumés b i t u

of water as a byroduct, referred to as oil sands proeafscted water (OSPW), which is stored

on site in tailings ponds for water recycling. The oil sands mining companies are obligated to
eventually return this water toegtenvironment 2 but currently are operating on a zelischarge
policy, due in part to the waterdés toxicity,
derived organicé.” Fractions of these organics are highly persist€and remain potently toxic

even dter decades of aging.Thus treatment of OSPW may be required to enable safe

discharge, and the industry is currently exploring passive remediation sofdtions.

In the past, the organic constituents of OSPW were thouglmfdy comprise naphthenic acids
(NAs), of the classical formulacd82c+zO2, whereZ indicates hydrogen deficiency from rings or
double bond$? However, with the advance of analytical capabilities such asreigiution
mass spectrometry ®MS), far more complexity has been revedtett*110OSPW is now
understood to contain not only these conventional MAsalso oxidized and heteroatomic
classe€® and noracid neutral and basic spect€sreferredto collectively herein as naphthenic
organiccompoung (NOCs, of general formulacB2c+zNnOo0Ss). While classic NAs are known
toxicants? recent effectalirected analyses have also shown these-bastal organics
contribute significantly to the toxicity of OSP%22%¢and may also be implicated in its
endocrine disruptive effect§!28With the petroleomic level insights afforded by such rich
HRMS datasetg°270it has even been proposed recently that the whole efflaeiaity (WET)

of OSPW may be predictable simply through mass spectral andlysis.

While many of these analytical advances have been driven by the goals of environmental
forensicsit®>?72274 it is important for water treatment techngies to keep pace with the

scientific progress and be evaluated with the same analytical rigor, to provide validated
remediation tools for emergent environmental priorities. In terms of technologies studied for
OSPW treatment, solar photocatalysis (PC)bd®en shown to be particularly effective at
eliminating NAs%9:119.20523.276 gnd may be the only advanced oxidative process (AOP) with the
potential for deployment in passive treatment systems, given the vast serfigised surface
area of tailings ponds. However, the capacity of PC to treatrimageal fraction NOCs lsanot

been previously studied.

The objective of this work was to evaluate the performance of buoyant photocatalysts (BPCs) to
degrade NOCs in OSPW, while tracking chemical changes acrosstasd and neutral

extractable organic fractions with HRMS. ®ligh combining pH fractionation with both

positive and negative ion mode MS, we aimed to gain an unprecedented petroleomic perspective
of the PC treatment of OSPWY following molecular transformations across thousands of

species simultaneously. To ourdamledge, this is the first time PC has been studied through the
lens of petroleomics, not only capturing a more holistic picture of the chemical changes

occurring during NOC oxidation, but also exposing new insights into treatment of emerging
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classes of aacern (COCs). As not all OSPW organics are equakic,>*'3tracking
transformatiorof specific COCs in a complex mixture, rather than simply measuring reduction
of bulk organic metrics, may represent a new standard for evaluating treatment solutions for
petroleum inpacted waters.

7.3 Experimental

7.3.1 Materials

OSPWwas provided byan industrial producer operating in the Athabasca oil samikstored
in sealed polyethylene containers in the darék °C The OSPW was homogenized by stirring
before each usend then centrifuged (14,000 xg) or filte@hatman 934AH glass fiber filter)
to remove suspended solids.

A commercial mixture of naphthenic acids (technical grade, carbon numb@@®, B number

to -4, as characterized by Damasceno &} aichlo r o me t h a n e 9%, BRL®Igrad€),9 9 .
NH4OH (2830%, ACS grade), HN§(70%, ACS grade), HCI (37%, ACS grade)
tetraethylorthosilicate (TEOS, 98%) and Pluronic Fiv&re purchased from Sigr#ddrich and
used as received. Sulfuricid (9598%, ACS grade, Higr), ethanol (EtOH, ACS gradehd

TiO2 nanoparticles (Aeroxide P25, ~B0 nm particle diameter, 55°mg* surface area, Acros)
were used as receivadollow glass microspheres (HGMs, 3M iIM30k, sdaae-borosilicate
glass, ~1B0 um diameter, 0.6 g/chdensity) were washed by 1 mol/L HNOr H2SOs before

use (at 125 g/L microspheres}s3imeswith deionized (DI) water by flotation, then dried at 120
°Cin air.

7.3.2 Buoyant photocatalyst (BPC) synthesis

A silica sotgel solution was prepared as previolgRBriefly, anacidic ethanolic TEOS

solution of molar ratio TEOS:EtOH#®:HCI = 1:4:10:0.01 was hydrolysed at 60 °C for 1 h, and

then cooled to room temperature before use2 Téhoparticles and Pluronic F127 were then

dispersed into DI kD by probe sonication, afterhich silica solgel solution and 1 mol/L HN©

were added to achieve a molar ratio of Ti:Si:F127 = 1:1:0.01, 0.1 mol/LsHN@ 25 g/L TiQ.

This TiOz suspension was then added to HGM powder at a 2:1 volumeratias®nd dried at

room temperature for 024 h. The dried cake wa
400 °C in air to remove the polymeric templates, and then washed witbbbyAflotation and

dried. Particle morphology was analyzed by SEMi¢s Merlin FESEM).

7.3.3 Photocatalytic experiments

Photocatalytic experiments were performed in a custom photoreactor enclosure, consisting of an
array of UVA fluorescent bulbs (Philips F20T12/BL, peak emission ~350-igure 18)
suspended above the sampR&sThe UV intensity was measured to be ~36 \WWith a UVA/B
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light meter (Sper Scientific, NIST certified calibration), which isi&nto the UV content of the
solar spectrumASTM G17303 global til).

BPCs were added at 300 g/tna 1 3 .28iO2ptd Im of OSPW in a borosilicate glass beaker

(11 cm 1.D., sides wrapped with Al foil), which was sealed with-ttBhsparent polyethylen

film. Beakers were equilibrated in the dark for 1 h, thixcedin the photoreactor and exposed

to UV light while stirring at300 rom(PTFE coated stir bar, 3.81 x 0.95 cm | x d), with

periodically sampling (1 mL for U0 and addition of DI O (Millip or e , 015 MqgqAcm)
correct for evaporation lossé=ollowing the UV treatment, the OSPW mixtuveas vacuum

filtered Whaman 934AH glass fiber filter) to remove BPC particlesd the filtrate retained

for analysis (stored at 4 °C in the dark).

Preliminay experiments on the effect of depth, mixing intensity, catalyst concentration and
recyclability Figure69-Figure72) were conducted in 500 mL PTFE beakers (7.2 cm I1.D.) at a
UV intensity of ~26 W/, with typical BPC coverage of 125 gfh & 5 . 8TiOg),/300 mL
OSPW, and 130 rpm stirring, with kinetics measured by Vor the recyclability study,
between UV exposures BPCs were separated by flotation, rinsed thrice wit®Dthien added
to fresh OSPW foanother treatment cycle.

7.3.4 Liquid-liquid extraction (pH fractionation)

For organics extraction, 200 mL OSPW was adjusted wiB(hito either pH 2.0 for acid
extractable organics (AEO), pH 7.0 £ 0.1 for neu&aractable organics (NEO), or with

NH4OH to H 10.5 for basextractable organics (BEO), then extracted with 100 mL DCM (40,
40, and 20 mL sequentially), after which the extract was dried under N

For total extractable organics, 400 mL OSPW was first adjusted to pH 10.5 witbHN&hd
extracted witllOO mL DCM, then to pH 7.0 + 0.1 with.BOs and again extracted with 100 mL
DCM, then to pH 2.0 with BE5Qs and again extracted with 100 mL DCM, after which the
extracts were combined and dried under This extract was used to prepare a standard curve fo
UV 220 (Figure67), and from the absorbance of OSPW, extraction efficiency was determined to
be 49.1%.
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Figure 67. Calibration curve for determination of total extractable orgar€) (concentration
from OSPW absorbance at 220 nm (2.

7.3.5 Analysis

AEOFTr Wwasmeasured by Fourier transform infrared spectroscopy (FTIR) according to the
standard methdé’®with minor modifications ¢iz., the acidified samples were extracteddéri
with DCM in a 1:12.5 solvergample volumetric ratio, witB0 + 4% total recovery), using the
commercial NA mixture to prepare the calibration cut¥&.absorbance at 220 nm (lWJd) was
measured vih a spectrophotometer (BioTek Epoé)Chemical oxygen demand (COD) was
measured with a test kit (Hach, APHA 5220D1dl aganic carbon (TOC, APHA 5310B)
biochemical oxygen demand (BOD, APHA 5210B), anion concentration by ion chromatography
(EPA 3001), alkalinity (as CaC& EPA 310.2)anddissolved metals by inductively coupled
plasma mass spectrometry (ICPM$&HA 3030B/6020A were measured according to standard
methods by ALS Environmental (Waterloo, ON, Canada), a laboratory accredited by the
Canadian Association for Laboratory Accrediitn (CALA) according to international standards
(ISO 17025).

7.3.5.1 HRMS Analysis

Dried extracts from the pH fractionation ligdiduid extractions as described above (AEO,
NEO and BEO) were each individually-déssolved in DCM. Each DCM solution was spfita
two equal portions (with the exception of the NEO extract) and again brought to dryness under a
gentle stream of N The split dried extracts were thendissolved in a solvent system based on
the corresponding HRMS analysis listed below. For the &Ettact: one dried extract was re
dissolved in 50:50 acetonitrile (ACN):water with 0.1% #IHH, and run in negative ion mode
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with 50:50 ACN:HO with 0.1% NHOH as the LC eluent; the second extract wedissolved

in 50:50 ACN:RO with no pH modifier, andun in positive ion mode with 0.1% formic acid
(HCOONH) as the LC eluent. For the BEO extract: one dried extract whssaved in 50:50
ACN:H20 with 0.1% HCOOH, and run in positive ion mode with 50:50 ACXDkvith 0.1%
HCOOH as the mobile phase; the satextract was relissolved in 50:50 ACN:kD with no

pH modifier, and run in negative ion mode with 0.1%40H as the mobile phase. For the NEO
extract: the dried extract was-dessolved in in 50:50 ACN:£D with no pH modifier, and run in
positive ion wih 50:50 ACN:HO with 0.1% ACN:HO as the mobile phase, and again in
negative ion mode with 50:50 ACNzB with 0.1% NHOH as the mobile phase.

Mass spectrometry analysis was preformed using an LTQ Orbitrap Elite (Thermo Fisher
Scientific, San Jose, CA) ofaing in full scan in negative and positive ion mode. Mass

resolution was set to 240,000 with an m/z scan range e6Q00For negative ion mode the ESI
source was operated as follows: sheath gas flow rate 10 (arbitrary units), spray voltage 2.90 kV,
auxiiary gas flow rate 5 (arbitrary units), S lens RF level 67 %, heater temperati€e &td

capillary temperature 27&. For positive ion mode the ESI source was operated as follows:
sheath gas flow rate 10 (arbitrary units), spray voltage 3.00 kV jayxgas flow rate 5

(arbitrary units), S lens RF level 63 %, heater temperatuf€ 58nd capillary temperature 275

°C. As per Composer data analysis, the mass accuracy was < 2 ppm error for all mass
assignments.

For negative ion analysis, the mobile phase solvent used was 50:50 ATBbHtaining 0.1 %

NH4OH, while positive ion analysis used 50:50 AChHcontaining 0.1 % HCOOHGiven that

the same mobile phase was used for all samples in each ionization mssiémization

efficiency was assumed to be independent of extraction pH when comparing between the

different pH fractions. A flow rate of 200 uL miwas used for both, delivered by an Accela

1250 solvent pump (Thermo Fisher Scientific, San Jose, CApb Ay me of 5 &L was i
into the mobile phase stream using a Thermo#PAIC Accela autosampler (Thermo Fisher

Scientific, San Jose, CA). Quantitation was performed using linear regression obtained from a 5
point external calibratiop.

The software used for instrumertntrol/data acquisition and molecular analysis was Xcalibur
version 2.1 (Thermo Fisher Scientific, San Jose, CA) and Composer version 1.5.2 (Sierra
Analytics, Inc., Modesto, CA) respectively. Psedust order rate constants were fit to thef O

class da based on initial trends of when congeners were first detected in the reaction (since
some congeners displayed complex trends of intensity increasing initially, but decreasing later in
the treatment). For comparisons between the different pH fractionas iassumed that the

ionization efficiency of a given class was independent of extraction pH, given that pH of the
mobile phase was the same
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7.4 Results and Discussion

7.4.1 Buoyant photocatalyst (BPC) design

Previous OSPW treatment studies have evaluated naictgatiotocatalysts dispersed as

slurries in the OSPWE,"%11%hich, while useful as performance benchmarks, are impractical for
passive deployment due to the requirement for vigorous mixing to keep the particles suspended,
challenges of cataét recovery, and concern of environmental release of nanopatrticles. Since
solar PC is driven by sunlight absorption at the water surface, we hypothesized that by
immobilization on buoyant supports, photocatalysts could remain suspended in the illuminated
zone without the requirement for vigorous mixing. Such a design should also result in more
efficient materials utilization, since any photocatalyst particles dispersed in the dark zone below
the water surface are unreactive, resulting in catalyst ovessipglurry deployments where the
catalyst is dispersed throughout the water column. BPCs have been successfully demonstrated
for treatment of simulated oil spills and dissolved orgafif€$° Therefore we sought to
demonstrate BPCs for OSPW treatment.

BPC composite particles were synthesized by coating fi@oparticles on hollow glass
microspheres, using mesapas silica as a bindeFigure68). Purely inorganic materials were
selected for the composites to resist photocatalytic att&é¥-?2'and a porous silica binder was
used to enhance nanoparticle adhesion to the microsphere stipprite still allowing access

of solution to the catalyst via mesopofésThe synthesized BPC material was hydrophilic, and
floated at the surface of water as a frothy filfgre68d&e).
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b mesoporous silica

TiOy/silica TiO,
coating nanocrystals

Figure 68. Schematic drawings of (a) BPC composite structure and (k) ria@oparticles
immobilized in mesoporous silica, (c) SEM image of a BPC composite particle, and photographs
of a BPC film floating on OSPW, from (d) side and (e) top views.

The PC performance of the BPCs were evaluated in OSPW. Treatment rate diminshed as
function of water column deptlrigure69), consistent with a surface driven reaction. Notably,

the apparent rate of the BPCs (~4.3 ¢ $0) was similar to thaof a TiOx nanoparticle slurry

(P25) at low concentrations (<5 ¢fifiOz2, Figure70) and gentle mixing conditions (Re < 1000,
Figure71), although the Ti@slurry was more efficient under vigorous mixing and at higher
concentrations. The BPCs were also found to maintain their performance over 10 batch treatment
cycles Figure72). Thus when operating under nturbulent flow regimes anticipated for

passive deployment, BPCs match the performance of dli@ries, while enabling easier

retention ad recycling than free nanoparticle dispersions.

131



154 &
o) 10 -
X \\“\
% 5_ \\\_‘
X e
0 bl T v T bl 1
4 6 8 10
Depth (cm)

Figure 69. Variation of BPC apparent pseuficst order rate constankdpp) with OSPW depth.
Depth was changed by varying the volume of OSBRC concentration wak25g/nf( a 5. 8
g/m? asTiO»), and beakers were stirred at 130 rpm.
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Figure 70. Variation of apparent pseudist order rate constankdp of BPC and P25 as a

function of equivalent Ti@concentrationOSPW volume was 300 mL (7.4 cmpdle), and
beakers were stirred at 130 rpm.
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Figure 71. Variation of apparent pseudinst order rate constanksp of BPC and P25 as a
function of the stirring Reynolds numb&@SPW volume was 300 mL (7.4 cm depth), and BPC
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Figure 72. Relative activity of BPCs over multiple treatment cyclesC(Co)i/(1-C/Co)s, i.e., the
fraction of NAs degraded on cylcleelative to the first cycle.
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7.4.2 Overall treatment kinetics

Following these preliminary experiments, the transformatidd@Cs during the photocatalytic
process was thoroughly investigated. The initial organics concentrations in the OSPW were
measured by several methodslple16; inorganicparameters given ihable17). The difference

of AEO concentrations measured by FTIR and MS is likely due to the use of a commercial NA
mixture (with low average madellar weight) as the calibration standard for the FTIR metfiod.

In terms of fractionation, the most orgesi(by ESK) MS) were extracted at neutral pH with
113.5 mg/LNEO, ~42% more than the acidic extract, and-fdll more than the basic extract,
where previous studies have similarly measured reduced extraction of negative ion species at
high pH&3284This comparison assumes class response factors are independent of extraction pH
for a given ionization mode. The high NEO:AEO ratio may be evidence of polaaaids
partitioning to the neutral fraction.

Table 16. Measures of dissolved organics in raw OSPW.

Parameter Concentration (mg/L)
AEOFrTIR 409+24

AEOwms? 79.9

NEOws? 1135

BEOwms? 6.0

Total EO(UV220) 789+1.9

TOC 54

COD 153

BOD 3.0

aConcentrations calculated only from negative ion MS data, assuming an extraction efficiency of

49.1%.

Table 17. Water quality characteristics of OSPW

Parameter Value
pH 8.30
Turbidity (NTU) 5.79
TSS (mg/L) 5.8
TDS (mg/L) 1080

134




Conductivity (mS/cm) 1.630
Anions

Bromide (mg/L) <0.50
Chloride (mg/L) 172
Fluoride (mg/L) 3.00
Nitrate (mg/L) <0.10
Nitrite (mg/L) <0.050
Sulphate (mg/L) 207
él(;a:g)lty (mg/L as 400
Dissolved Metals

Aluminum (Al) (mg/L) <0.050
Antimony (Sb)(mg/L) 0.0011
Arsenic (As)(mg/L) 0.0027
Barium (Ba)(mg/L) 0.0976
Beryllium (Be)(mg/L) <0.0010
Bismuth (Bi)(mg/L) <0.00050
Boron (B)(mg/L) 2.00
Cadmium (CdYmg/L) <0.00010
Calcium (Ca)Ymg/L) 15.7
Cesium (CsJmg/L) <0.00010
Chromium (Cr)(mg/L) <0.0050
Cobalt (Co)mg/L) 0.0022
Copper (CuYmg/L) 0.0021
Iron (Fe)(mg/L) <0.10
Lead (Pb)Ymg/L) <0.00050
Lithium (Li) (mg/L) 0.140
Magnesium (Mg)Ymg/L) 14.4
Manganese (Mnjmg/L) 0.0205
Molybdenum (Mo)(mg/L) | 0.0613
Nickel (Ni) (mg/L) 0.0075
Phosphorus (Rmg/L) <0.50
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Potassium (KYmg/L) 15.6
Rubidium (Rb)(mg/L) 0.0144
Selenium (Sejmg/L) 0.00056
Silicon (Si)(mg/L) 2.81
Silver (Ag) (mg/L) <0.00050
Sodium (Na)Xmg/L) 300
Strontium (Sr\mg/L) 0.468
Sulfur (S)(mg/L) 71.0
Tellurium (Te)(mg/L) <0.0020
Thallium (TI) (mg/L) <0.00010
Thorium (Th)(mg/L) <0.0010
Tin (Sn)(mg/L) <0.0010
Titanium (Ti) (mg/L) <0.0030
Tungsten (WY mg/L) 0.0047
Uranium (U)(mg/L) 0.00376
Vanadium (V)(mg/L) <0.0050
Zinc (Zn) (mg/L) <0.010
Zirconium (Zr)(mg/L) <0.0030

During the photocatalytic reaction, FTIR was found to be a good surrogate measure for MS
kinetics, with the apparent pseuticst order rate constankdpp of AEOFTr removal, 9.2 + 0.4 x

10° s, matching closely to that of AB@ removal, 11.4 + 0.4 x 10s! (Figure73a)28328The

NEO and BEO were eliminated significantly more quickly than the AEO, k= 25.1 + 0.7

x 10®stand 14.9 + 1.3 x 10s! respectively, which is reasonable on the basis thatajireging
photocatalytic reactions form carboxylic acid grot{{#s26288 which would lead to accumulation

of originally baseneutral species in the AEf@action over the course of the treatmdfigre

73b). Continuation of photocatalytic exposure resulted in final organics mineralization (reduced
COD and TOCFigure73a), in contrast to weaker oxidation processes such as ozonation, which
have been shown to leave a toxic organic residual in OSPW even aftershighedL6.83.289
Fastertransformatiorof extractable organics compared to 43/ COD, and TOC, confirms that
photocatalytic oxidation rapidlyncreases the polarity of the organics to the point where they are
no longer extractable by DCM at any pH, after which they are steadily minerdllzedpparent
increase in TOC at Time 2 is likely an analytical artefact arising from interference of bac#gr
salinity in the sample.
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Figure 73. (a) Photocatalytic treatment kinetics by various organics measures. (b) Ratios of
AEO, NEO, and BEO negative ion concentrations throughout the photocatalytic reaction, with
time indices corresponding to those labeled in (a).

7.4.3 Heteroatomic class transformations

Recently, heteroatomic and positive ion classes have been implicated in the toxicity of
OSPW?!13266.2%0herefore it is important to understand their transformations durindt RC.
important to note that the scope of the current study is limited to the extractable orgaeres, wh
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it is understood that a variety pblar organics remain neextractable with DCM at any pH.
However, as the aquatic toxicity of OSPW has been repeatedly found to be correlated only with
the extractable organics, the rextractables are not a priorityom a water treatment

perspective.

In terms of initial speciation of negative ions, the neutral and basic fractions were dominated by
Oz (classic NAs), while the AEO additionally contained minority, @4 and QS classes
(Figure74), where a high @ratio (relative to @ classes witlo >2) may indicate a relatively

fresh OSPW sample, asncreases with environmental agifiés observed previoush}* a

greater diversity of heteroatomic classes were detected in positive ion Figdie{5), with the

BEO primarily characterized by O88%), Os* (23%) and NGQ* (26%) classes, the AEO by

SGs* (5%%), and the NEO by O2%%) and QS' (32%), along with minor NO (3.8%), O*

(7.76), Os" (4.2%), Os" (5.8%) and QS' (3.6%).
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Figure 74. Initial relative abundance of species by heteroatom class within each extract from raw
OSPW by negative ion mode MS. Relative abundances within each extract should not be
compared as concentrations between extracts.
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Figure 75. Initial relative abundance of species by heteroatom class within each extract from raw
OSPW by positive ion mode MS. Note that fldhd [Na} ions were counted together. Relative
abundances within each extract should not be compared as concentrati@enhesttracts.

In terms of environmental implicationsyMas been repeatedly confirmed as one of the most

acutely toxic negative ion classeS3%%®wi t h a nar cotic mechanism ar.i
surfactant properties, while higher oxygen numbered species are less acutéy@eSiecnay

comprise sulfonic acids, and thus impart similar surfactant modes of toRio@y positive ions

likely contain hydroxyl or ketone groups, and may be implicated in the endocrine disrupting

effects of OSPW®The G*and NG@*s i gnal s may be -liketetralence of Al
carboxylate€?? 2°4which would mark their first detection in OSPW. TheSOclass is thought

to comprise thiophenic hydroxylated aldehyé®s?¢ and has previously been found in romric

NOC fractions''3266The @, O" and OS classes have among the highest measured membrane
partitioning ratios, with potential to kaecumulat&®’?%8 While typically measured at lower

intensity than the ®NAs, OS and NO species are also thought to be potent toxicdhtsith

potential to inhibit membrane transport proteins and d@niaNA through oxidative

stressz.66'29°'296

During the photocatalytic treatment, both positive and negative ions of the heteroat&@nic O
family were initially preferentially degraded, such that the class distrifmishifted to almost
exclusively Q at intermediate time point&igure76). These changes in relative composition of
heteroatomic classes, especially in the positwedata (where the Lraction increases to ~90%
from ~20% in the raw OSPW), are much larger than observed previously following OSPW
treatment with @ UV/H202 and Fe(VI) (relative changes of only ~203%)potentially
indicating a more selective oxidation mectsamifor PC, in accordance with previous
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observationsd!® In the final stages of the photocatalytic reaction, the ratio8f @nd

NnOo*/NnOoSs* increasedagain in the AEO/NEO and NEO/BEO extracts, respectively,
concurrently with decreasing AEO fractidaigure73b). Under the assumption that ionization
efficiency of agiven class is similar across all samples investigated, it is hypothesized that while
raw QSs species are initially the most reactive NOCs, oxidized intermediates produced during
the photocatalytic process are more reactive still, possibly due to pitedeeaglsorption of acidic

and catecholic moieties to Ti31such that in the final stages of the treatment acidic O
compounds are preferentially degraded over-pesdral heteroatomics.
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Figure 76. Relative distribution of heteroatomic families within each time point, where time
indices correspond to those labelladrigure73a.

7.4.4 Class oxidation trends

Oxygen numbeo > 2 has been generally shown to be inversely correlated with acute toxicity for
OSPW NOC:s, as the polarity of added oxygef unct i onal iti es counterac
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surfactant properties8302While the intensity of the negative ions was significantly diminished
by the first sampling time poinE{gure77), clear trends of increasimmwith time were observed
in all extracts for both ®@and QS classesKigure78). In the AEO, average increased from

2.5 in the raw OSPW to 4.3 by the third time point of photocatalytic expashieh is once

again a stronger shift than was reported for OSPW AEO tiaidasing other AOP¥° while a
similarly large increase io has been observed previously for photocatalytic OSPW AEO
oxidation!!® Apparent deviation from this trend in some extracts at the final two time poits
simply be due to poor extraction efficiency in DCM.

141



Figure 77. Trends in oxygen numbeo)with time for different heteroatomic classes. Relative
abundance of species by oxygen number is presented normalized to the maximum intensity
measured within each class, where time indices correspond to those labElpde73a.
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