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ABSTRACT

Tailoring the Microstructuref Photoactive Ceramic Membran&gposited by
Suspension Plasma Spraying

ElnazsadatAle ebrahim, Ph.D.
Concordia University, 2023

The rise in the global water demand, coupled with the limited water resources readily
usable on the planet, underscores the importance of developingffeative and modern
approaches for safeguarding and reusing available water supplies. Consequently, membrane
separation technologies have garnered increasing interest due to their ability to provide a
sustainable, energgsfficient, and affordable solution for water treatment. Recetyamic
membranes have been increasingly recognized in the commercial sphere due to their
remarkable mechanical, thermal, and chemical stability, along with their hydrophilic properties,
reduced fouling tendency, ease of cleaning, and sustaineddongflux. Nevertheless, the
complex and costly manufacturing processes of these membranes limit their application to areas
where polymer membranes are comparatively less efficient. Therefore, it is essential to
investigate innovative membrane materials and manufacturing methods thereatecost
effective and higkperformance membranes. One promising approach is the utilization of
suspension plasma spray (SPS), a relatively new coating deposition technology that involves
submicron to nanesized feedstock materials. This singtep process holds the potential to
offer a costeffective solution for producing ceramic membranes. Additionally, the SPS process
allows for the incorporation of photocatalysts like titanium dioxide §JiGto the feedstock,
which can facilitate the degradation of organic contaminants on the membrane surface and
enhance the antouling properties of the membranes.

In this projectinitially, the SPS process was used to produce pofd@s coatings with
anaverage pore sizgf around 30 nm, whicls in the range of ultrafiltratiofUF) membranes,
with pore sizesanging from 2 to 100 nnThe coatings were then applied on the surface of the
porous substrates to produgrafiltration membranesThe SPS membranes possess a distinct
porous microstructure, where the porositym®stly defined by the presence of unmelted
feedstock particles retained within the matrbhe unmelted particlegn the ultrafiltration
membranesvere deposited in the form of agglomerates of nanosizegpeiicles foundn the
feedstock suspensiomherefore, the average pore stxaildbe linked to the particle size of the
original feedstock powder. The UF membranes exhibitedlatively high pure water flux,
where the water flux decreased with increasing the thickness of the membranes. Furthermore,
the SPS Ti@ membranes demonstrate photocatalytic propetreder UV andvisible light
conditions due to the generation of oxygen vacancies in the lattice under SPS process



conditions.Additionally, the feasibility of tailoring the level of porosity in the structure of SPS
coatings as a potential approach to control the porosity and permeability of the membranes was
investigated by employing a dual suspension injection method. Two-baged suspensions of

TiO2 with different particle sizes were introduced into the plasma jet using injectors placed at
two different radial distances from the plasma torch exit. The variation in the SPS parameters
led to changes in the proportion of unmelted particles in the coatings originating from the
injector located farther from the torch. Asresult, the total porosity in the duahjected
coatings ranged from approximately 16% to about 36%. The proportion of the unmelted
particles served as a reference for the fine porosity since the gaps among those particles were
identified as the origin of nanosized pores. Among the spray parameters examined, it was found
that the suspension feed rate and the distance between the injectors had the most notable impact
on increasing the porosity levels in the coatingarthermore, based oprevious work
microfiltration TiO; membranes with an average pore size of around 200 nm were deposited
using the SPS process. The ultrafiltration and microfiltration > Ti@embranes were
characterized to assess their particle rejection ratio, where the membranes with high thickness
and narrowpore sizedistribution showed a superior rejection efficiency. The influence of
narrowing the pore size distribution of the membrane on the separation efficiency was
confirmed after compacting the large pores in the membrane structure with the nanosized
particles of the pristine SPS feedstock. Also, the membranes demonstratetkasetfy
propertiesunder visible light
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Chapter lintroduction

1.1 Introduction

In recent decades, the rapid growth of industrialization, climate change, population
growth, and water contaminatidrave become major challengis sustainable development.
The escalating scarcity of water resources has raised significant concerns, highlighting the urgent
need for effective solutions to address this pressing [4sBE To tackle these challenges, there
is a pressing need to develop modern and affordable methods to protect and recycle available
water supplies. Among the available methods is membrane filtration, which has emerged as an
effective, sustainable, and cedficient solution to address the current water c{js

The filtration membrane market has been predominantly controlled by polymeric
membranes, mainly because of their affordability and moderate perforidablcéNonetheless,
the shortcomings of polymer membranes in cer@spects such as their vulnerability to
dissolution in various solvents and their limited applicability at high temperatures, have raised
concerns about their reliability in aggressive environments. In contrast, cdraseid
membranes offer superior mechanical, thermal, and chemical stability, making them a promising
alternative Generally, hese membranes can be cleaned throughtkigiperature sterilization or
backwashing. As a result, the utilization of ceratvased membranes represents a compelling
solution to addressome ofthe limitations associated with polymeric alternatives in various
filtration applications [6,7]. Despite the advantageous characteristics of cerbasied
membranes, their widespread adoption is limited due ta@dhgplexity and high cost of their
manufacturing processesherefore their application is currently constrained to specific areas
where their enhanced properties offer clear benefits over traditional polymer membranes. While
ceramics present a promising solution for overcoming some of the limitations of polymeric
alternatives, their full potential is yet to be realized, and further research and development efforts
are required to make them more accessible and economically viable for broader filtration
applications[8i 11]. Aside from their higher cost, ceramic membranes also face challenges
related to their weight, brittleness, adificulty sealing them within metallic housing$0].
Additionally, there are critical areas of improvement needed for ceramic membranes, such as
enhancing filtration precision, arfftouling properties, and packing density. Moreover,
optimization efforts are required for ceramic membranes to be viable fordeatgeapplications
[12].



Given these limitations and areas for improvement, there is a pressing need to explore
and develop novel membrane materials and manufacturing methods. The ultimate goal is to
explore a novel approach to create exfé¢ctive and efficient membranes offering improved
performance and reliability. By addressing these issues, the development of innovative
membrane technologies can significantly advance filtration applications, enabling their broader
adoption and more effective use in diverse industries.

The application okuspensiorplasmaspray (SPS) as a rather novel coating deposition
technology, utilizing sumicron to nanesized feedstock material, could represent a promising
approach for the cosfffective production of ceramic membrarié@8]. Furthermore, the SPS
process offers the opportunity to incorporate photocatalysts like titanium dioxidg (i@the
membranes, enabling the degradation of organic contaminants and improving the membrane's
anti-fouling capabilitied14].

1.2 ResearchObijectives

Thermal spraying processes emerge as a promising novel avenue for membrane
production. These coating deposition technologies are environmentally friendlyoffer
versatility and rapid processing capabilities, making them highly compatible withdeate
industrial applications. Previous studies have demonstrated the feasibility of producing TiO
waterpermeablemembranes using the SPS prockssfiltration application. Titanium dioxide
(TiO2) SPS porous membranes with an average pore size of around 18&ramroduced based
on unmelted feedstock particles in a matrix built by melted splats. The SPSTME@branes
showed photocatalytic activity byisgoloration of methylene blue (MB) solution under UVC
illumination [15]. However, to unlock th&ull potential of these membranes, further investigation
is crucial to optimize their microstructune terms of pore size and porosity levehabling the
fabrication of diverse classes of membramdsle enhancing fluid flow rates. Moreover, a
comprehensive analysis of the membrane's performance is essential to understand its efficiency
and potential realvorld applications. This research aims to address these objectives and
contribute to the advancement of SBP&ed membrane technologies.

Here, the main objectives of this research respecting the sequence of the chapters of this
thesisareoutlined:

1 Using the SPS coating deposition procdss tailor the microstructure andevelop
photocatalytic ultrafiltration (UF) membranes with a pore size in the ranged@® 2im with
high water flux by optimizing the SPS process parameters.

Investigating the feasibility dfiloring the porosity in porous coatings that coplatentially

be used for tailoring the porosity level in the structure of the s&Pp8ration membranes. This

was done by employing a dual suspension injection system to simultaneously introduce two
suspensions into the plasma jet at different radial distances.



A comprehensive characterization of the SM&filtration and microfiltrationme mbr ane s 6
performance in terms of rejection efficiency, flux recovery,-oiling, and photocatalytic
properties.

1.3 ThesisOrganization

This thesis comprisesx chapters. Each chapter is briefly described herein.

Chapter 1 (Introduction) This chapter introduces the importance of membrane
separation technologieshe advantages and limitations of ceramic membratiesir current
fabrication technologies, and the research objectives of this study.

Chapter 2 (Literature Review)

This chapter providesbackground information about the membranes and their
classifications, conventional fabrication methods of ceramic membranes, and the basic principle
of photocatalytic oxidation using TO Additionally, in Chapter 2, thermal spraying is
introduced, and the technique used in this research, suspension plasma spraying (SPS), is briefly
explained. In the end, a comprehensive review ofiti@turethat employed thermal spraying to
develop membranes and therrsplrayed photocatalytic TgZoatings is presented.

Chapter 3 (Paperl)

This chapter represents the systematic work to prodac&iO, photocatalytic
ultrafiltration membrane with nanosized pores using the suspension plasma epesg pr

Chapter 4 (Paper2)

This chapter represents a systematic approachaftmring the porosity level of the
suspension plasma sprayed coatings using a dual suspension injection system.

Chapter 5 (Paper 3)

This chapter represents a comparative study of thecleglhing and filtration performance of
suspension plasma sprayed Tu@rafiltration and microfiltration membranes.

Chapter 6 (Conclusion and Future Work)

This chapter presents a comprehensive overview of the primary findings, conclusions,
and contributions of this research. It outlines the main outcomes achieved through the study and
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highlights the significance of the results. Additionally, the chapter offers insights into potential
areas for future research, providing recommendations for further investigations and
advancements in the field.



Chapter A.iterature Review

2.1 Classification of CeramicFiltration Membranes

In the context of separation or purification processes, the membrane is basically defined
as fia selective barrier bet ween two environm
passage of specific constituefit$]. Membranes are commonly categorized according to their
pore sizes, resulting in four distinct classes: microfiltration {1@@00 nm), ultrafiltration 2
100 nm), nandfiltration (0-2 nm), and reverse osmosis (less than 0.5 imM)18] Porous
ceramic membrane development traces back to the 1940s when it was initially utilized for U235
enrichmen{7]. By the 1980s, industrial applications began incorporating inorganic membranes
for microfiltration and ultrafiltration[8]. Ceramic membranes utilized in water treatment
applications typically consist o&lumina (Al203), silica (SiQ), titania (TiQ), and zirconia
(ZrOy), along with silicon carbide (S)Cor a combination of those, covering the range from
microfiltration to nanofiltratior{4,10,19,20] In Figure 2.1, the membranes are categorized based
on their pore size, and it shows the potential for rejecting various contaminants depending on the
specific pore size of the membrane.

Suspended solids, Bacteria

Viruses, Monovalent ions, Multivalent ions,
Water

100-10000nm  °

Suspended solids, Bacteria, Viruses

Multivalent ions, Monovalent ions, Water

Suspended solids, Bacteria, Viruses,
Multivalent ions

Monovalent ions, Water

Suspended solids, Bacteria, Viruses,
Multivalent ions, Monaovalent ions

Water

<0.5nm

Figure2.1 Classification of membranes based on the pore size. Adapted from [6].



2.2 Microstructure and Conventional Fabrication Processes

Ceramic filtration membranes are manufactured using a layered arrangement of porous
materials, resulting in an asymmetric microstruct[se Each layer within the asymmetric
structure exhibits variations in pore size and thickness. The few millimeters thick bottom layer
with 1-10 pum pore size serves as the substrate, imparting mechanical strength to the overall
membrane systerf@,20]. In certain cases, additional intermediate layers with a thickness of 1
100 um are incorporated to customize the overall pore size, porosity level, and mechanical
strength of the membrain4,5]. This design allows for a very thin active filtering layer, enabling
higher flow rates to be achiev®il]. Finally, athin top layer, with the smallest pore size among
the layers, isesponsible for the membrane's selectivity and separation effid@nhdyigure 2.2
presents a schematic diagram illustrating #symmetricstructure of a ceramic membrane
Figure 2.2b shows an example of an asymmetric membrane used in water and wastewater
treatment applications.

Active (top) layer

Intermediate layer

Substrate (Support)

Interlayer

Figure2.2 (a) Schematic of the asymmetric microstructure of ceramic membrane in water and wastewater treatment [19], and
(b) SEM image of the cressction of a membrane with the top layer made of cobalt silica film and intermediate layer and
substrate made of alumingt].

The typical techniques used to produce ceramic membranes include extrusigel, sol
slip-casting, phase inversion, and chemical vapor depo$itih@2] A primary challenge linked
to traditional manufacturing methods involves the high sintering temperature and long sintering
time that impacts the quality and cost of the product. Therefore, alternative me#vedseen
developed, such as combined phase inversiotering processei this method, an asymmetric
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nortlayered microstructure is developed shown irFigure2.3. The pore size, morphologsnd
mechanical properties can be controlled through parameters such as the size distribution of the
ceramic particlesand the spinning process parametstgeh as the viscosity of the suspension,
ceramic to polymer ratio, and flow rate. However, the process isist#lconsumingand needs

a long and highemperature sintering processsulting in grain growth and densification of the
finely porous spongéke section[23i 26].

XoE SEIBJ.t_rn '

Figure2.3 Ceramic membrane with asymmetric nlayered structure produced by inversion prodess

2.3 Configuration

Commercial ceramic membranes used in water treatment applications are typically
available in variousmodular forms.To increase theefficiency of themembranesetups,the
membrane modules need to have a high packing density, enHardredynamicproperties to
decrease the effect of fouling and concentration polarizatam, pressure drop during the
filtration processand minimal operational and maintenance 8L Consideing that, he most
predominantcommercial membraneonfigurations includdlat-sheet type, tubular type, and
hollow fiber setups. All theseconfigurations feature multiple channels. Tubular membranes
have garnered significant interestently because of their advantageous high suttagelume
ratio compared to flasheet membrangg]. Some of the typical configurations of commercial
ceramic membranes are presented iui€g.4.



Figure2.4 Examples of commercial ceramic membranes; top) flat sheets from KERAFOL [21}dftttootiowfiber
membrane by Deltapor28], and bottomright) cylindrical from Pall Membralox [10].

2.4 Operational Modes ofFiltration Membranes

Membrane filtration is primarily conducted in deawd and crossflow modeasdepicted
in Figure 2.5. In the deaend configuration, the feed flows perpendicular to the surface of the
membrane. As a result, a filter cake layer made by the accumulated separated particles is built up
on the surface of the membrane. The presence gbdrmiscake layerin the deaeknd setup
enhance the filtration efficiency. However, as the cake layer thickens, the filtration rate
decreases. Eventuallgleaning or replacing the membrane becomes necesdeary the cake
layer reaches a certain thickng28]. Due to therelatively fast decline in flux, deadnd setups
are less used in industrial applications. Nevertheless, it finds effective applications irstalech
and pilotscale experimen{80].

In the crossflow setup, the feed flows parallel to the surface of the membrane. The
continuous feed flow consistently removes the accumulated filtered species from the surface of
the membrane, thereby diminishing the cake bugd Eventually, the flux decline occurs in the
crossflow mode as well. However, it is less severe than theatehthodd16,31]
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Figure2.5 Schematics of deaend and crossflow filtration modes

2.5 Characteristics and Performance of theM embranes

The performance of the membranies terms of rejecting the contaminants che
impacted by a range of factors tied to the characteristics of both the membrane and the feed.
Here, we outlinesomekey parameters related to the membrane itself.

2.5.1Porosity

The permeability in the membranes primarily affected by the pore siz@ore size
distribution,porosity,and the morphology of the pores in the strucf@8. Various methods are
used to detenine the poe size in the membranes. Here, some ofatiemonlyused techniques
are introduced.

1 Direct determination of the pore size using the scanning electron microscopy (SEM)

In this methodSEM images of the surface and crgsstion of the dry membranes are analyzed
by image analysis software to quantify the pore size in the mem{32jne

1 Bubble point pressure

This method determines the pore size distfibution by identifying the pressuneeded to blow
air through a porous membrane compacted with wakbe diameters of the pores are
determined using the Washburn equation ([34).

Yo —— (2.1)



YU is the pressurtal is the pore diametér,is the surface tension of the ligdiduid or airliquid
interface, and d is the wetti n,gnthsmgthogdtheof wa't
minimum pressure at which the bubbles appear is obtained, only the largest pore size in the pore
size distributions determined35]. This method is typically used for the MF membranes, where
relatively lower pressure is need@].

1 MercuryIntrusionPorosimetry(MIP)

MIP is, in fact, avariationof the bubble point pressure methdtiis methodis based on forcing
mercury (a nofwetting liquid with a high surface tension) inside gwees by applying external
pressure. Té primary key to this technique is thatassumes aylindrical shapdor the pores
And the pore size is obtained through applying the Washburn equatioi3{@.1)

This equation relates the pressure required to fill the pores to the corresponding pore size by
employing the surface tension of mercury and the contact angle betweesurtaee and
mercury.The volume of the pores at each size clasteterminedoy measuring the volume of
mercury that intrudes into the sampleeachpressurgoint.

1 SoluteRetentionMethod

This method is the most commonly employed approach for evaluating the UF membranes. It
basically relatethe pore size of the UF membrane to the molecular weight of the solute it can
reject by 90% [36]. The 90% rejection point is identified as the molecular weight cut off
(MWCO) of the membransince the UF membranes were primarily usedeparatgroteins

and macromolecules identified by their molecular weidB8. The common solutes used to
define the MWVCO include various proteins, dextrans, and polyethylene gl\Gdls36,39]
However, parameters such as the form of the molecules, concentatiesure, and temperature
could influence the determination of the MW@OmembranesThus, it is not an absolute value

[40]. As a rule of thumb, embrane manufacturers suggest choosing a membrane with MWCO
that isthree to six times smaller than the size of the solute to be rejected

2.5.2Thickness

The thicknes of the membrane is a significant factor to consider during the
fabrication process, as it inversely affects permealjdity. On the other hand, thhicker the
membrane layer, the higher the separation efficie[3i 44]. The optimal thickness for the
filtration layer remains uncertai\n excessively thick layer is susceptible to cracking during
the drying and sinteringn contrastan overly thin layer is prone to incomplete formation,
failing to cover the entire substrate surfgd®]. Nevertheless, a recommended approach is for
the thickness to exceed 50 times the diameter of the feedstock partieke for its fabrication
[20].
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2.5.3SurfaceProperties

The surface propertie®f membranes can influence critical factors such as selectivity,
fouling resistance, permeability, and overall separation efficiency. Surface roughness and
wettability are two otheimportant surface characteristics in membranes.

1 Surface Roughness

It has been reported that a high surface roughness can increase the fouling tendency of the
membranes. Aargesurface area resulting from high roughness could provide more adherence
sites for the contaminanté\t the same timethe configuration of ridges and valleys could
promote the gatheringf the foulants on the surface, which also could result in lower permeate
flux during the filtration procespi6]. Furthermorean increasein the surface roughness may

alter the hydrophilic nature of the cerarmaatingg47].

1 hydrophilicity/Hydrophobicity

To enhance the hydrophilic or hydrophobic properties in membranes, surface modifa#tion
functional groupss used.Some &amples of the hydrophilic groups includeéOH and-NH>
[48,49] Likewise, examples ahe hydrophobic groups inclugeethoxy (OCHz) and ethoxy |
OC:Hs), which can react with thbBydroxyl groups on the surfacé the ceramic membranes
[50].

Enhancement of the hydrophilic properties is used to improve the fouling resistance in
membranes. Most ceramic membranesrateirally hydrophilic [50]. Therefore they have less
tendency to irreversible foulingndthe foulants can be removedbre effectivelyby physical
washing[51].

Hydrophobic membranes are typically used for desalinatipplications The membrane
desalination (MD) process inclusla hot feed side and a cold permeate side, where the driving
force of the desalination is the vapor pressure difference between these twdaglés.the
hydrophobic property on the surface, the liquid is retained at the feedsdalenly water vapor
can be transported through the highly porous (>80%) membranepaovéh smaller thah pm

[50].

2.6 Membrane Fouling

Membrane fouling is a significant challenge in numerous applications, such as water
treatment, wastewater purification, and industrial processes. It refers to the undesirable
accumulation of materials on the surface or within the pores of a membrane, impeding its proper
functioning. Fouling can result in reduced flow rates, compromised separation efficiency,
increased energy consumption, and elevated maintenance requirdroeititsy can be caused
by various reasons, including pore blocking, cake layer formation, adsorption of organic matter
on the surface, and biological fouliffsR]. Multiple strategies have been employed to reduce the
fouling effect, such as pretreatment of the feed, physical cleaning of the membrane (sponge
balls), intermittent reversal of the feed stream direction (backwashing), pulsing boosts in the
axial flow rate, alteration in feed temperature or compositiashing andback washing with
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cleaning agentdynamic filtration using vibrating and rotating membranes, and ultrasonically
cleaning [30,52 54]. However, constant employment of rigorous cleaning procedures can lead
to a reduction in the longevity of the membranes. Therefore, other approaches to produce
fouling-resistant membranes have been investigated to mitigate the fouling phenomenon. The
methods to integrate antifouling characteristics into membrane technology can be categorized as
passive and active strategies for preventing foybag57].

2.6.1PassiveAntifouling Approach

Passive antifouling strategies are designed to proactively deter fouling occurrences by
impeding or minimizing the attachment of undesired substances onto the surface of membranes.
This is achieved through modifications to the membrane's physical, chemical, and surface
attributes. These alterations collectively discourage the adhesion of fouling agents, contributing
to the prevention of fouling formatigb2]. One main area of investigation has been developing
membranes with hydrophilic arsiiperhydrophilic surfaces. The hydrophilic surface can reduce
fouling by creating a layer of water molecules on the surface. Hydrophilic polymer membranes
have been produced by the incorporation of hydrophilic materials on the d&%ab&]. Some
nanomaterials have also been used to improve the passive antifouling property of the membranes
by mainly enhancing their hydrophilicity, including metal oxides such as, Si@,, Al2Os,

ZrOo, [58i 60], graphene oxidgs1], and carbon nanotubf&?].

2.6.2Active Antifouling Approach

Active antifouling resistance is mainly defined by the capability of the membrane to
actively degrade and eliminate undesirable substances that could lead tq foalimy organic
and biological contaminan{§2]. By actively participating in the degradation of contaminants,
these membranes can maintain their performance efficiency, reomeefor cleaning and
maintenance, and extend their operational lifes@are strategy has been to prepare membranes
that could release antimicrobial agents to kill thiefoulants[63]. Additionally, employing
reactive oxygen species (ROSs) generated through catalytic/photocatalytic reactions has been
explored as an alternative venue to decompose organic and biological matters Ta@®
abundant, stable, and affordable semiconductor recognized for its photocatedytetiesin
water treatment applications.

A photocatalyst is a substance capable of absorbing light, resulting in the generation of
electronhole pairs that drive chemical changes among constityiéais One straightforward
approach to harness the photocatalytic capability of titanium dioxide involves directly dispersing
TiO2 nanoparticles within a solution and subjecting it to UV light expofag This method
offers an economical solutiomhile enhancing reactivityy utilizing a highly reactive surface
area[14]. Nonetheless, retrieving the catalyst particles presents a challenge, necessitating the
inclusion of an additional posteatment proces$65,66] Various approaches have been
investigated to address this issé® et al. employed magnetic nanoparticles with an anatase
coating, facilitating retrieval of the nanoparticleg applyinga magnetic field67]. In another
work, Li et al. utilized sunken ceramic filters to gather Ji@noparticles within a photoreactor
employed for breaking down antibiotif&3]. Immobilizing TiO, photocatalyst particles within a
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membrane layer has the potential to simplify and economize water treatment by eliminating the
requirement for the filtration of photocatalyst particles. This approach also has the added benefit
of enhancing the membrane's separation efficiency through improved antifouling propertes
result, various research works were directed towaradifying the surface of polymer
membranes with Ti® nanoparticles to induce photocatalytic reactivi69i 73]. However,
polymeric membranes atmsuitablefor photocatalytic reactors due to their instability under UV
irradiation [74]. To address this issudiO2 particles coated commercial ceramic membranes
were developedChoi et al. coated alumina substrates withaaastructuredTiO> film with

narrow pore size distribution vieasolgel method withan anatase crystalline size of 9 rji#b].

The drawback ofhe immobilization of catalyst particles was the reduction of the active surface
area [76]. Using a substrate with a catalyst coating agpandsthe application to gaghase
photocatalysisfor examplein air purification systemfs5]. An additional technical challenge in
using TiQ as a photocatalyst involves its bandgap energy of arou&d 8V. Thischaracteristic
enables the creation of charge carriers when exposed to UV light, limiting the possibility of
harnessing the less energetic visible light photons for driving photocatalytic re§66hns

2.7 Photocatalytic Property of TiO 2

In 1972, Fujishima and Hond@7] introduced the concept of the photocatalytic ability of
TiO2. This property enables the disintegration of organic contaminants and microorganisms into
simpler compounds like carbon dioxide, water, and mineral acids. This breakdown process is
facilitated by harnessing the energy of hegtergy photons found in ultraviolet (UV) lighiz.8].
The process involves creating electrons and holes by excitation of the electrons from the valence
band to the conduction band through the absorption of photons with energy equal to or greater
than the bandgap enerf#g9].

TiO2 exists in three different crystalline forms, known as anatase, rutile, and brookite.
Brookite is known as an unstable polymorph of AZiGenerally, anatase, which possesses a band
gap energy of 3.2 eV, has been considered more efficient in terms of photocatalytic activity
compared to rutile (with a band gap energy of 3 [8@). When TiQ is exposed to photons with
an energy greater than its band gap, an electron in the valence band is excited to the conduction
band andan electrorhole pair is created, as shown inuatjon(2.2) [81]:

TiO2+h3Y Ti(0) + TiO: () 2)2.
Followed by the creation of photogenerated electrons and holes and migration of these

species to the surface of the catalyst, a seriegaobusredox reactionsould occur on the
surface Some of theommonreactions arehown by Egations2.3 to 29. [52,81,82]

TiOz2 (W) + HO Y 3F DKE+ H* (2.3)

TiO2(€)+ Y Ti+@E o (24)
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OE+H"Y  HB (25)

OsE +HOEY OHE+ Op + Hz0» (2.6)
2HOE Oz + HO2 (2.7)
TiO2 (€) + H:0,¥ Ti+@H ©OHE (2.8)

OHE+ organic contaminant YOr@@er@®di ate c

Powerful oxidizing species such @$E O:E, HO:E, and HO: have been suggested to be
responsible for the degradation of organic contaminants.

2.8 Important Parameters Affecting the Photocatalytic Activity of TiO 2

The literature hapointed ouseveral factors that can impact the photocatalytic property
of TiO2. Some of the most importaparametersre discusseldelow.

2.8.1Crystallin Composition

As mentioned earlier, anatase and rutile are the two main polymorphsofGe@erally,
anataséhas been considered to hagperiorphotocatalytic performande rutile [83i 85]. This
distinction arises from the lower recombination rate of eledtar pairs in anatase and its
stronger ability to attract and adsorb organic substaf@@86] The lower electrofole
recombination rate in anatase has been linked to its indirect band lgaschematic of the
direct and indirect bandgaps is depicted inukeg.6. In the direct band gap, the momentum of
electrons and holes aligns in both the conduction and valence bands, allowing electrons to emit
photons directly.Conversely, in the indirect band gap, the emission of photons is hindered
because electrons need to navigate an intermesiaty and transfer momentum to the crystal
lattice before photon emission can ocf&if]. As a result, within semiconductors possessing a
direct bandgap, the recombination of photoinduced electrons and holes takes place more readily.
Consequently, even though anatase exhibits higher bandgap ¢nangutile, it is proposed
that anatase demonstrates enhanced photo reactivity attributed to the prolonged lifespan of
photoexcited electrehole pairg83].
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Figure2.6 Schematic of direct and indirect bandgap

While anatase has demonstrated notable efficiency as a standalone photocatalyst, a
synergistic effect resulting from the combinatioraohtaseand rutile phases has been observed
to yield higher photocatalytic activif$8]. A commonly acknowledged mechanism suggests that
when anatase and rutile both exist in the photocatalyst, a preferred route for electron transfer
from rutile to anatase igeneratedpromoting charge separatiagtability, and hinderingthe
recombinatiorj89,90]

2.8.2Photon Energy

As mentioned earliefiO2 possesses a bandgap energy spanning from 3 eV for rutile to
3.2 eV for anatasd o excite an electron to jump from the valence band to the conduziah,
photonswith energies equal to or higher than that of the bandgap of the semiconductor are
required. Therefore, ér TiO., the wavelength of the light that can generate photos with
adequate energy associates with & < [66]00 nm
Considering that a substantial proportion of solar radiation consists of visible light rather than
UV light, the application o¥isible lightdriven photolysis could offer a favorable alternative for
reducing the energy demand associated with UV utilizg8ah Various approaches have been
investigated to shift the photocatalytic reactivity in Ti©Oward thevisible light range Doping
TiO2 with metallic atoms such as iron (Fenhancedghotocatalytic activity by producing mid
gap energy levels that could trap the phgémerated chargearriersand hinder the electreimole
recombination rat¢92]. Doping TiO2 with nonmetal atoms such as nitrogen has been tased
create midgap levels over the valence band and oxygen vacancies by replacing some of the
oxygen atoms in thiattice[93,94]

Khatibnezhad et alshowed thain TiO. coatings produced bthe suspension plasma
spray (SPS)the bandgagnergy is reduceby theinducement of oxygewacanciescaused by a
phenomenon known as selbping This adjustment enables the SPS slg0atings to display
photocatalytic reactivity when exposed to visible lif#g].
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2.8.3Self-doping

The enhanced photocatalytic activity of the thermally sprayed do@ings under visible
light is attributed to a phenomenon referred to as-dsging [96]. The TiQ: particles are
subjected to very high temperatures in the plasma spray procecussg them to partially or
entirely melt within low oxygen pressure or hydrogech conditions. This process leads to the
creation of oxygervacancies within the solidified particle®7i 99] Oxygen vacancies in the
lattice of TiO, anatasdeadto the generation of stdtoichiometric titanium dioxid€TiO2.x).
While the TiO2 powder is white, the suftoichiometricTiO> coating is dark blueish grey,
absorbingmore visible light{100]. Oxygen deficiencies in anatase providel-gap electronics
states below the conduction baridlue to the generation of a narrower band gap, electron
excitation to the migyap levels can occur by the lower energy photons of the visible light range.
Further, thephotogeneratedelectronsin these bands can jump to the conduction band
contributing tothe photodegradation property of hleotocatalysf101]. Additionally, these sub
level states can act as charge carrier traps, hindering the recombination rate of the electrons and
holes. Thus, oxygendeficient titanium dioxide is regarded as a satfped catalysf96]. This
allows the activation of the photodegradation process at lower photon energies of the visible
illumination [101].

Additionally, other parameters such as concentration of the contaminantarfeH,
temperatureould also affect the photocatalytic efficiency of T{D02].

2.9 Thermal Spray Process

Thermal spray technology comprises a collection of coating deposition processes
wherein the feedstock particles ranging froftQD pum are injected into a higlemperature jet,
which can be generated laycombustion or notombustion heat source. When the feedstock
material interacts with the heat source, it undergoes partial or complete melting and is then
propelled toward a substrate. As these molten or partially molten particles impact the substrate
surface, they flatten and quickly solidifiprming thin layers called splats. The splats experience
very high cooling rates. By repeating the processamtdimulatingmore splats on the substrate
and previously deposited splats, the coatinggiseratedand its thickness is increasid3,104]
In addition to powders, thieedstockmaterial in the form of wire or rod is also used based on the
specificcoatingprocesg105]. Based on the process paramet#dre,microstructures of thermal
spray coatings may contain features such as pores, oxides, and intra ataimelier cracks
[42]. Figure 2.7 illustrates the schematic ttie thermal spray process and the principal features
of the produced coating 06].
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Figure2.7 Schematic of the thermal spray process and the main components of the dd#xiig

Thermal sprayrocessesareperformed ovenrangeof temperatures and velocities that
facilitate the application of avide variety of materials,including metals, refractory alloys,
ceramics, and cerngtThe thermal spray techniques include flame spray, plasma spray, high
velocity oxygenrfuel (HVOF), and cold spraj107,108] Figure 28 summarizes the various
thermal spray processes based on the inflight particle temperatures and velocities.

The presence of a wide array of coating deposition methods and feedstock materials, offering the
capability to generate coatings with diverse morphologies, surface texndatistinct thermal

and electrical attributes, has positioned thermal spraying as an intriguing option across various
applications[106]. Furthermorethe scalability of the thermal spray procedi®ws to coating
largesurface arem andhigh coatingdepositionratesrender it weHlsuited for extensive industrial
applications. Additionallythey offer further benefits, including the flexibility to accommodate
various substrates with varying shapes and $i£23.
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The applicationsof thermal sprayed coatingsover awide range, including but not
limited to heat resistanceoatings[111], corrosion resistat coatingg112], abradable coatings
[113], coatings used in electroni¢s14], andbiomedical, antiviral and photocatéty coatings
[15,95,115%118] The appropriate coating technique can be chosen by considering factors like
feedstock characteristics, substrate properteas] desired coating attributes. Figure92.
illustrates the range of particle velocities and temperatures achievable during various thermal
spray processes for different feedstock matefidl8).
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Figure2.9 Overview of particle temperature versus particle velocity for various types of materials systems in thermal spray
processe§l10].
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Among the thermal spray processes, atmospheric plapnay APS) is one of the
widely usedtechniquedor industrial applicationdn APS, the heat source is a higgmperature
high-velocity plasma jet, where a mixture of gases (typically nitrogen and argon) is used to
initiate the plasm@l04]. The primary benefit of the APS process lies in its adaptability, allowing
for the deposition of a diverse range of materials onto various substrate materials. Another
significant advantage of this coating method is its -effgictiveness compared to certain
alternative surfacengineeringechniqueg§103,119] Additionally, APS offers the advantage of
minimal heat transfer to the substrate matgribéreby the characteristics of the substrate
usually remain unaffectetHowever, In the APS procesthe feedstock particle size cannot be
small er than around 10 em, and tohaveaeasomablel vy i s
flowability of the powdel{120] and preventthe clogging issues in the powder feeding system
[47,121,122] Therefore,submicronsized and nanosized feedstock generally used to produce
nanostructured coatings cannot be used in APS. Larger feedstock particles rethdt in
generation of thicker splats in the coating. Thus, with this techpigpieally macrestructured
coatings can be produced, and the minimum thickness of the coatings that can be obtained with
the APS method would also be limitedn addition to theissues mentioned abqveery fine
particles cannot easily penetrate the plasma jet. This implies that fine particles could potentially
traverse the cooler segments of the plasma jet, encountering diminished heat exchange.
Consequently, employing the APS technique to spray submsized particles mandates a
carrier gas flow rate reaching up to 80 slm. This elevated flow rate significantly disrupts and
considerably reduces the temperature of the plasnip221123] Following that, he suspension
plasma spray (SPS) process was developed to address the limitations associated with the APS
technique

2.10SuspensiorPlasmaSpray (SPS)Process

The SPS process offers several advantages over conventional techniques, such as the
direct deposition of very fine feedstock particldst can be used to produtiein (compared to
the coatings obtained by conventional thermal spray methodshamaktructured coatings,
which are importart for the membrane structure and performaf@é]. The utilization of
exceptionally fine feedstock particles enabthsiner coatings withfiner pores.Iin the SPS
coatings, prosity originates from diverse factors, including gaps between columns, voids
between splats, cracks, and deformed serited and unmelted particlflb,124 126].

SPS is an emerging thermal spray technolitgy can produce thin and nanostructured
coatings by employing a feedstock of particles ranging from submicron to nan@izeten
diameters suspended in a solvErt7,128] The typical solvents used the SPS processmclude
water orethanol[129]. Figure 2.10 shows a schematic of the SPS process.
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Figure2.10 Schematic of The SPS system. Reproduced4i@m

In the SPS process, the suspension can be injected into the plasitiaejgtdially or
axially. The evolution of the inflight particles in the SPS process from entering the plasma up to
the formation of the splats on the substrate has been depictétdgure 2.11. When the
suspension hits the plasma, the droplets experience stages of successive breakup and
atomization. Subsequently, the heat from the plasma causes the solvent enveloping the particles
to evaporate, leaving behind agglomerates of the feedstock particles. ddgisenerates
comprising fine particles, may undergo partial or complete melting or even remain unmelted
based on their thermahd spatiahistory. Upon reaching the substrate, the molten and partially
molten particles flatten to form splafi87,127] Furthermore, in the SPS process, the standoff
distance, denoting the space between the plasma torch exit and the substrate, is notably reduced
compared to conventional thermal spray techniques. This reduction is a consequeitizengf
smaller feedstock in the SPS process. While these fine particles experience rapid acceleration
and heating, they also undergo swift deceleration and cdalatj.
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Figure2.11 The evolution of the suspension and inflight particles during the SPS pRepszduced frorfo7].

In thermal spray processes, including SPS, the coating structure is controlledfegds$teck

and the process variables, defined asfirayparameterdn the literature, around Sfarameters

have been reported to play a potential role in governing APS and SPS procedures, which, in turn,
can definethe coating structur@l27,130,131] This suggests that plasma spraying methods,
including SPS, have the potential to generate a diverse array of microstructures and coatings.
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Figure 2.12 summarizes a series of coating microstructures that can be obtained by the SPS
process. These microstructures can vary from fully dense co§ti8@jsto porous coatings with
vertical cracks, porous coatings with various forms of columnar features that appear in the form
of bumps on the surfadd33], and uniformly porous coatind434]. This versatility allows
producing coatings suitable for a wide range of applicatimt$uding finely porous coatings

that could be used for filtration.

Figure2.12 The various types of microstructures typically obtainable usiagsPS proceséi'c:iudin‘g"(é{)"F_uIIy'déhs{slSZ], (b)
Porous with vertical crack%33], (c &d) porous with columnar featur§s33], and(e) uniformly porou§l34] microstructures.

2.11MembranesProduced with Thermal Spray Processes

Coatings generated by thermal spray methods have been used in many ingdustrias
aerospace, automotive, biomedical, steel, pag papefl104]. However,a limited number of
studies investigatedthe capacity of this group of techniques for ceramic membrane
manufacturing.

Thermal spray processes have been used to produce gas separation membranes. Gas
separation layers need to be dense to decrease gas leakage and have ionic and electronic
conductivity[121]. Kulkarni et al. used the APS and vacuum plasma spray (VPS) processes to
produce dense YSZ gas separation membrdr3&g. Fan et al. used the SPS process to generate
denselanthanum strontium cobalt ferrite membranes for oxygen separation with very low gas
leakage. They were able to increase the density by optimizing the standoff distance and the
plasma torch powdd21].

Producingporousmembraneype layers aslectrods for solid oxide fuel cells (SOFC)
using thermal spraying haalso beerthe subject of investigation in several worksla et al.
generated multiple layers in solid oxide fuel cells (SOFCs) using both APS and solution
precursor plasma spray (SPPS) techniques. They applied the APS method to create a porous
cathode layer, functioning as an oxygen/air electrodeere the macropores were due to the
unmelted and semrmelted particles and the micropores were due to gas entraphhentalso
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produceda highly porousanode layewith submicrorsized poredy the SPPSprocesswhere
unlike the APS layeithe pores had a spherical fof86]. Hui et al. fabricated metaupported
solid oxide fuel cells using thermal spray methoslsere theporous anode layavasdeposited

by the SPSprocesq137]. Fan et aldeposited a porous cathode layer for SOFCs by employing
the SPSprocess, where They used a pore forming a@gambon blackto enhance the formation

of poreg[138].

Furthermoresome research h&scused orprodugng filtration membranes with thermal
spray techniguedMadaeni et alusedwire arc spraying tgroduce relativelythick (0.5mm to
1.25mm)porousstainlesssteel membranewith an average pore sizef 5 to 7 um shown in
Figure 2.13 Theywere able to increase the porosity by optimizing the standoff distance and
reported an increase in the rejection efficiency of the membranes by increasing the thickness
[43].

Figure2.13 Metallic filtration membrane produced by wire arc spraying showingrtfieence of the standoff distance changing
from 15 to 65 cm on thporosity in the membrangt3].

Tung et al. used APS to generate@JNi-Cr cermet microfiltration membranewhere
Ni-Cr powder was used to enhance the binding between #@ particles. They obtained a
variety of poresizesand water flux of 0.20.4 pm and 10®00L m? h * bar?, respectively, at
various standoff distanceand torch powex[139]. Lin et al. employed theAPS to fabricate
photocatalytic microfiltration Ti@ membranes with a pore size of 0.35 um and water flux of
2300 Lm? h 1, shown in Figre 2.14. They also characterized the fouling mechanism of the
membranes for variousodelfoulant [140].
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Figure2.14 The SEM micrographs @) surfaceand (b) crosssection of Ti@membranegproduced with the APS procg$40].

Ramakrishnan et al. used APS and combustion flame $0F$) processe® produce
Al203 microfiltration membranes with pore size and porositthe rangeof 0.82.6 um and 8.5
30%, respectivelyFigure 2.15) This study investigated the influence of the type of feed used in
the CFS process and the impact of spray distance and plasma power in the APS process on the
pore size and porosity of the membrangkey also showed that the water flux decreases by
increasing the thicknessf the membranesA pure water flux of around 5500 Im? h ** was
obtained at the lowest membrane thickr{d2s.

Figure2.15 SEM images of thip) CFS membrane with powder fe@),CFS membrane with rod feed, ddd) APS AD;
membraneg42].

Tung et al reported the fabrication adn Al2Os microfiltration membrane, where the
porosity wasdncreasedy using wateffilled porous substrate3he origin of the pores in the case
of thedry substrate was identified as the irgptat cracks. On the other hand, in the casbef
wet substrate, the pores resulted due to the vapor pressure dispersing the melted particles that
formed splats on the substrat€he surfaces of the membranes produced on dry and wet
substratesas well as the schematic of the pore formation due to the hot vapor pressure
shown in Figire2.16. [141].
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Figure2.16 (Top) The surface morphologies of membranes sprayed on dry and wet substratgstsord) the influence of
high temperature water vapor induced mechanism in splitting the sfildtk].

Islam et al. usethe APS process tabricateY SZ filtration. After optimizing the process
parametersincluding the plasma power, plasma gas flow rate, powder feedaratestandoff
distance, they produced membraméth 30% porosity andip o r € s i z.€Thepreported 2 Om
an inverse relation between the membrane thickness and the wateviftua maximum flux of
around 400 Lm h -1 bar?, and the salt rejection efficiency of the membrawascharacterized
[44].

Due to tle fabrication process, the pores in porous membrgmesiuced with
conventional thermal spray technigueainly result from interlamellar pores, intsplat cracks,
and gas entrapmenand in a lower degredrom the retained unmelted feedstok][35].
Alebrahim et al.used the SPS process pvoduce a photocatalytic microfiltration Ti@
membrane with around 15% porosity and a pore size under 0.2 um, which was relatively close to
the feedstock particle size. The unique microstructure, showigure 2.17, resulted from the
pile-up of unmelted and fsolidified particles in a matrix of fully melted splagsda water flux
of around 480 Lm?2 h! bar! was obtainedThe main origin of the porasasthe space among
the unmelted and resolidified particleghin the structurgl15].
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Figure2.17 SEM micrograph of the fractured cresection of photocatalytic SPS TiO2 filtration membrane including large pores
(A), unmelted particles (B),-svlidified particles (C), and fully melted zoneq1B)

2.12Photocatalytic Property in the Thermal-Sprayed TiO2 Coatings

As stated earlier, the pivotal role of photocatalytic reactivity in mitigating membrane
fouling by enhancing the degradation of organic contaminants is widely recognized. In this
regard, TiQ stands out as one of the most frequently employed photocatalysts to achieve this
specific objectiveThe thermakpray process has been used to investigate the pi@uo€TiO:
coatings with photocatalytigropertiesn many studiesThrough this set of fabrication methods,
the catalyst particles naturally form an immobilized layer on the substrate's surface bstepone
manufacturing procedure.

As mentioned earlier, the efficiency tife photocatalytic activity of Ti@is commonly
linked to its anatase proportion. Various literature addressing the photocatalytic efficiency of
thermally sprayed Ti@coatingshassimilarly shown increased photoreactivity increasinghe
anatase content within the coatinNd47,142] Maintaining the anatase phase within the high
temperature plasma poses a notable challenge in thermal spray techwignumss research
endeavors have been undertaken to generatecbi@ings using SPS with the primary objective
of retaining the anatase phase in the coating. This specificpfi@se is considered crucial for
effective photocatalytic application97,143,144] In contrast to conventional thermal spray
methods that generally utilize dry powders as feedstock, in the SPS processe®lmatvater
as a solvent, the anatase phase from the original powder can be moreolikelypreserved
within the coating due to the relatively high vaporization enthalpy of wgiér,145]
Nonetheless, it's worth noting thiaie literature alsgoints to additional factors influencing the
photocatalytic behavior of thermally sprayed coatjisgpported byhe evidencevhere thermal
sprayed rutile coatings have displayed photocatalytic ac{@ityl46,147] The efficiency ofthe
photocatalyticactivity of TiO2 is controlled by light absorbance, surface hydroxylation, electron
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hole separationand reactive surface arg80]. Literature suggests that the photocatalytic
property of SPS Ti@ coatings could be influenced by characteristics such as the level of
porosity, surface roughness, and thickness of the cod®@gs00] Moreover, the presence of
rutile in thermally sprayed coatings might enhance photocatalytic performance by hindering
electronhole recombination, as previously indicaj8d,148]

Additionally, during theplasma sprapg process substoichiometric titanium dioxide
(TiO2x) with oxygen vacancies is generated in the coating by heating the feedstock to high
temperatures in a low oxygen pressure or a hydrogen envirof@neb49,150] Consequently,
the rather white color of the TigJpowder turns to various shadesgwéy color in the coatings
resulting in an enhanced absorbancthevisible spectrumWhen hydrogen interacts with TiO
oxygen vacancies and electrons are generdtetlowing that, Ti* ions can be formed by
entrapment of electrons in the lattice sites df ©ins[151]. The darker color appeadsie toa
higher concentration of i ions [100,152] With oxygen vacancies in the lattice of EjO
electronic states below the conduction band are created. Thus, instead of under UV light, the
electrons can get excited at lower photon energies of the visible illumififibj
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Chapter 3TiO2 Photocatalytic Ultrafiltration Membrane Developed with
Suspension Plasma Spray Process

Preface

As mentioned in previous sectigrthe primary origin of the pores in SPS membranes
was identified ashe presence of the unmelted and resolidified particles of the feedstock powder
in the membrane structure. It was also observed that due to the unmelted particles in the
structure, the average pore size in the membrane was very close to the size of the starting sub
micronsized powder particles.

The main objective of this work was to investigate the possibility of using SE$tomizea
porous microstructure with nanosized pores (smaller than 100 nm), in the range of ultrafiltration
membranes (200 nm) with improved water permeability.
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Abstract: The suspension plasma spray process was used to fabricate photocatalytic
ultrafiltration membranes for potential water and wastewater treatment applications. An agqueous
suspension of 30 wt.% titanium dioxide with areragendividual particle size of around 30 nm

was used as feedstock material. The spray parameters, such as suspension solid content,
suspension feed rate, and spray distance, were optimized using anpkagrha to retain a
fraction of unmelted feedstock nanoparticles as the source of fine pores in the membrane
microstructure. The microstructure, porosity, phase composition, and pure water permeability of
the membranes were characterized comprehensively. The average pore size of the membrane
was around 40 nm, which was very close to the particle size of the pristine titanium dioxide
powder. The membranes demonstrated a higter permeability between 2000 and 72001 2

h'! bar!, which was inversely proportional to the thickness. They also exhibited significant
photocatalytic activity under visible light.

Keywords: suspension plasma sprageramic membrane; ultrafiltrationtitanium dioxide;
nanoparticlesnanostructured agglomeratgbotocatalyst

3.1 Introduction

Filtration technologies based on membrane separation are becoming popular by offering
a lowcost, sustainable, and highly enesgfficient solution in water and wastewatezatment
[153].

Currently, polymeric membranes mainly dominate the liquid separation market.
However, ceramienicrofiltration (MF) andultrafiltration (UF) membranes are gaining emerging
commercial attention due to theignificant mechanical, thermal, and chemical stability,
hydrophilic nature lower fouling, ease of cleaning, stable laegm flux, and relatively higher
permeability compared to polymer membraf&d]. UF membranes, with a pore size o100
nm, are one of the most widely used technologies owing to the ability to remove contaminants
with molecules larger than 10 nm at low applied pressures of arowddd@us through a sieving
mechanism[41,154 156]. Ceramic membranes are mainly synthesized in a -taykired
asymmetric structure, includingtlaick, poroussubstrate for mechanicalipport, an intermediate
layer to reduce the pore size, and a top filtration 14¢6i7]. Although ceramic membranes
demonstrate a reliable performance, their application in water treatment is still limited due to the
high costs mainly linked to the muktep fabrication techniques, including shaping, sintering,
and surface modificatiofb0,158] Recently, authors introduced the suspension plasma spray
(SPS) process, an emerging thermal spray process, as a novekwpdiabrication method for
MF membraneg15]. In that work, the space between the unmelted submsired particles
was presented as the source of porosity in the membrane structure, and the pore size was very
close to the feedstock powder particle 4iZ®]. In the SPS process, a feedstock of-sudron
sized to naneized particles suspended in a liquid allows the deposition of thinstarsiured
coatingg[97]. Using a nanaized feedstock would be advantageous in inducing agglomerates of
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unmelted nansized particles in the coatind59], which could be the source of nasiaed

pores in the range of ultrafiltration. Other advantages of the SPS process to the membrane
technology include high scalability, high deposition rate, relatively low operating cost, rather low
thermal input into substrates, and the possibility of deposition of the membrane layer on various
surfaces, including porous ceramic and metallic substf@fe$35] The potential advantages of

the SPS process compared to conventional manufacturing methods of ceramic membranes and
conventional thermal spray (TS) methods were described elseyilagrelypically, feedstock
powders finer than 1@m cannot be thermally sprayed with conventional technologies due to
clogging the feeding system and destabilizing the plasmd§éj. However, conventional TS
processes such as atmospheric plasma spray (APS) andelogity oxyfuel (HVOF) have

been used to produce nasiuctured coatings for structural, biomedical, and thermal barrier
applications, using agglomerated sintered feedstock powders in the range of ave16D].
Recently, agglomerates of submicron to naized powders, produced by the ball milling
process, have also been used to deposit nanocrystalline high entropy alloy coatings and thermal
barrier coatings using APS and HVOF procesddsl,162] However, these coatings were
produced with a low degree of porosity, which is not suitable for filtrgfi66i 162].

Titanium dioxide (TiQ) nanoparticles in a suspension are one of the most frequently
used photocatalysts employed in water treatment applications because of their low cost,
availability, and thermal and chemical stabili6®,163 165]. When TiQ absorbs photons with
energies more than itendgap energy (3.2 eV), the excitation of an electron fronvatemce
band to theconductionband results in the generation of an electiote pair which further
produces oxidizing radicals capable of degrading organic pollutants into water an@2l.0
Immobilizing TiO; particles in the form of a membrane layer on a porous substrate may reduce
the efficiency of the photocatalyst by decreasing the active surface area. However, it may also
reduce the complexity and maintenance costs of the water treatment system by eliminating the
postfiltration process to separate the photocatalyst parti6@s The photocatalytic property in
a filtration membrane has been shown to improve the separation performance by enhancing the
antifouling property{71]. However, the large bandgap energy of Ji€yuires UV illumination
to activate its photocatalytic property, which requires relatively high energy consumption and
adapted safety measures in interior applications.

Moreover, external applications of Ti@s a photocatalyst are of limited efficiency
since more than 52% of the sunlight is visible light while only around 3% i1V Thus,
developing active photocatalytic membranes under UV and visible light could lead to a more
efficient, sustainable filtration process. The SPS method allows the deposition -of sub
stoichiometric TiQx coatings due to the inducement of oxygen vacancies afidons in the
coating. Consequently, the SPS coating shows photocatalytic activity under visible light due to
narrowing the bandgap, which allows the excitation of photogenerated electrons and holes under
lower photon energief5,166] Miao et al. reported around 1.3 times higher photocatalytic
degradation of rhodamine B in TiQTiO> composite compared to TiQinder visible light. In
that work, the TiQ/TiO2 composite was produced by a hydrothermal mefh6d].

The considerable attention to ceramic filtration technology, including UF membranes,
requires exploring new fabrication methof]. In this work, the novel SPS process for

29



membrane fabricatiofl5] was used to produce membranes with rsimed pores to extend the
application to the range of UFurthermore, the process parameters were optimized to preserve a
significant fraction of the pristine Tgagglomerates of nanoparticles in the membrane
microstructure as the origin of naszed pores. In addition, microstructural characteristics and
the photocatalytic activity of the membranes under both UVA and visible illumination were
investigatedand the influence of membrane thickness on pure water permeability was studied.

3.2 Materials and Methodology
3.2.1 Suspension Preparation

A 100 wt.% anatase T#Opowder (PiKem Co, Tamworth,UK) was used to prepare the
aqueous suspensions. The size and morphology of go@der nanoparticles were examined
using a scanning electromicroscope(FESEM Hitachi Regulus 823Qylississauga, ON,
Canada that was set in the secondary electron mode. Figure 3.1a shows the morphology of
TiO2> powder in the feedstock. The nanoparticles formed agglomerates, where the average
diameter of the individual Ti©powder particles was measured to be 27 = 10 nm.

Cumulative volume (%)
Volume frequency (%)

Particle diameter (um)- logarithmic scale

Plasma Gas

Figure3.1 (a) SEM micrograph of thEQ powder,(b) agglomerate size distribution of the Gi@gqueous suspensio(t)
schematic of the 3MB suspension plasma system.
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Figure 3.1b shows the agglomerate size distribution of the Sti€pension measured by
a Spraytec system (Malvern Instruments, Malvern, UK) havingd 1 . 4s50== nB,. 1d ¢ m, and
doo= 6. 3 €m.

For the SPS coating deposition process, suspensions ppdi@ler were prepared by
dispersion and homogenization of 20 wt.% and 30 wt.% solid content in 80 wt.% and 70 wt.%
distilled water, respectively. The suspensions were stabilized by adding 3 wt.% (corresponding
to the weight of TiQ) sodium tripolyphosphate (Sigafddrich Chemicals, Oakville, ON,
Canada) and adjusting the pH to around 10 by adding NaOH (Sigiriah Chemicals,
Oakville, ON, Canada). The suspensions were prepared by adding thendnGparticles to
water agitated with a magnetic stirrer (Huanghua faithful instrument Co., Huanghua, China) and
a probe sonicator (QSonica, LLRewtown,CT, US).

3.2.2 Plasma Spraying

The SPS process was utilized to fabricate the membranes in this study. The coating
deposition process was carried out by a 3 MB plasma torch (Oerlikon Métoblen,
Switzerland) with Ar/H plasma. A schematic of the SPS system is shown ur&8jlc. Details
of the suspension feeding system were descrtselvherd15]. The suspension flow rate and
density remained relatively stable during the deposition process. The density of the suspensions
with 20 wt.% and 30 wt.% solid content was measured as 1.165 g/mL and 1.273 g/mL,
respectively.

The plasma torch operation parameters are summariZeabla 3.1

Table3.1 Plasma torch operation parameters.

Ar H, Current Voltage Power Torch Velocity
(LPM) (LPM) (A) (V) (kW) (m/s)
60 5 500 60 30 1

According to Table 3.2, a preliminary test matrix was designeaaptimize the other
spray parameters for the desired photocatalytic filtration membranes

Table3.2 Test matrix for the optimization process.

_ Suspension Spray Injector
| Solid content . g f
Sample (WE. %) feedrate  distance iameter No. of passes
(mL/min) (mm) (mm)
1 20 45 50 0.254 30
2 30 45 50 0.254 24
3 20 20 50 0.15 29
4 20 20 40 0.15 30
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As previously shown, the presence of unmelted particles in the membrane structure
plays an essential role in the formation of pores in the membrane stijd&lre addition, it is
reported that the quantity of anatase improves the photocatalytic activity of theda@hgs
[117]. Furthermorea finely porous coating with a uniform microstructure to increase the water
permeability of the produced membranes was desired. Thus, the spray parameters were varied to
increase the number of unmelted particles as the primary source of fine pores and anatase content
in the coatings. For this purpose, we compared the microstructure of the coatings at two levels of
solid content, suspension feed rate and spray distance

Dense 304 stainless steel substrates with the dimension of 25 x 25 X Warerused
for the optimization process. Before the coating deposition prottessiense steeubstrates
were gritblasted with AJOs particles (80grit) and cleaned by sonication in acetone. The
resulting surfacaoughness was measured ag=R3.5 + 0.5 pm. Further details about the
optimization process are discussed later in Section 3.3.1.

In this work, the term "membrane” refers to the optimized coatings sprayed on porous
stainless steel substrates. The membranes were sprayed on porbuseBilgss steel discs with
a diameter of 38 mm and thickness of 1.6 mm designed for filtering particles with sizes down to
2 mm (9446135, McMaste€arr, ElImhurst, IL, US). Porous substrates were used without grit
blasting. The surface roughness of porous substratesawa8.®+ 1 um. The temperature of the
substratesvas monitored with an infrared camera (A310, FLWisonville, OR, US). The
average substrate/coating temperature during the spray process was arcifvd 300

3.2.3 Characterization

The surface roughness of the samples was measured with a confocal laser microscope
(LEXT OLS4000 Olympus, Toront®N, Canada), and the arithmetic average surface roughness
(Ra) has been reported. In addition, therphology of the powder, as well as the polished and
fractured crossections of the samples, was observed with an optical microscope-$ZHOE,
Keyence CorporatiorQsakaJapan) and a field emission scanning electron microscope (FESEM
JSM 7600TFE, JEOLTokyo, Japan, and FESEM Hitachi Regulus 828dssissauga, ON,
Canada

The phase analysis of the samples was carried out by tay Miffraction (XRD)
technique (X'Pert pMRD, Malvern PANalyticalMalvern,UK) i n a range of 20
KU radiation and a step size of 0. 0®Md&évennHi ghSc
UK) was used to quantify the phase content by Rietveld refinement analysis.

The porosity of the samples was measured with a mercury intrpsiosimete{MIP)
(Autopore IV, MicrometricNorcross, GAUS) on freestanding coatings deposited on325 x
5 mn? flat dense 304 stainless steel substrafes MIP analysis, the coatings were separated
from the substrate by mechanically bending the substrate.

The optical absorption spectra of the feedstock powder asdraged membrane were
obtained using a UWis-NIR spectrometer (Lambda 750, Perkin EIm&igltham, MA,USA).
The measurements were carried out in the range af6B@®nm with a resolution of 1 nm.
Bandgap energies of the coatings were measured accordinguttides} (3.1), and (3.2)
[82,168}
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| 'O 50 (0 (3.1)

E photon(ev): Q — (3.2)

WhereEpnotonis the photon energy at each wavelergth is the absorption coefficient,
A'is the slope of the linear region in pl&i Broton) " - Ephoton Eg is the bandgap energy obtained
from extrapolation oEpnoton, t04 = 0, andn is the characteristic of the optical transition process
type. The value of for direct and indirect bandgap equals 2 and 0.5, respectively.

3.2.4 Membrane Performance

A deadend stirred cell (Sterlitech, HP475Quburn, WA, US) was used to determine
the water permeation of the membranes using deionized (DI) water. Water permeate flux was
calculated according tequation 38.3) [154]:

o — (3.3)

WhereJ is the permeation flux (Im'2 h'Y), Vis the permeation volume (L),is the
permeation time (h), and B is the effective surface area of the membraneThe slope of the
line in the permeate flupressure plot corresponds to the pure water permeability of the
membrane in (Im'? h'! bar?).

In this work, thephotocatalytic performance of the samples was evaluated by measuring
the discoloration of methylene blue (MB) (Sigim#sdrich Chemicals Oakville, ON, Canada
under both UVA (Fisher Scientifi©ttawa, ON,Canada) and visible light irradiation. Two UVA
(&= = 365 nm) |l amps with a power of 1cB2. W eac |
Visible light irradiation was provided with two xenon arc lamps with the power &V 38ach
with an irradiance of 2.16 m\ahi2. A UV cut-off filter (54056, Edmundptics,Barrington, NJ,
USA) was used to measure photocatalytic performance under visible light. The experiment was
carried out under a fume hood at room temperature.

A schematic of the photoreactor is shown inur@B.2. In both UVA and visible light
illumination conditions, the samples were placed in a test cell consisting Retria dish
containing around 30 maf MB solution with an initial MB concentration of 2 x"1®M, and the
distance between the lamps and the top of the samples was adjusted to around 3 cm. The solution
samples taken every 30 minutes were used to monitor the MB degradation (discoloration). The
MB discoloration degree was analyzed with W6 spetrophotometer (Cary 8454, Agilent,
Mississauga, ON, Canadat the fixed wavelength of 664 nm corresponding to the maximum
absorbance of MB. The test cell was coalsthg a water bath araih electric fan.
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Figure3.2 Schematic of the photoreactor.

Each sample was immersed in MB solution in the dark for 60 min before exposure to
UVA or visible light illumination to complete the adsorptiequilibrium[169].

The variation in MB concentration with time is determined by assuming eofutst
kinetic equation, which applies to las@ncentration§l46], according to Egation(3.4):

| .
w QO (3.4)

<

which after integration results in Eation(3.5):
a&e Qo (3.5)

Where C is the MB concentratio(ppm) at each time intervaCC 7dits initial
concentration (ppm) after residence time in the daskthe irradiation timgmin), andk is the
apparent rate constant mifiotocatalytic activitymin' 3.

The MB degradation efficiency was determined witlu&pn (3.6):

QQQ HQPdO Qépt —)3100 (3.6)

3.3 Results and Discussion
3.3.10ptimization Process

In the SPS process, several spray parameters may influence the quality of the coatings.
For the filtration application, coatings with high porosity are desired. As mentioned earlier, in an
SPS membrane, the porosity depends ompthsence of unmelted particles in the strucflig.
Therefore, m this work, the spray parameters chosen to optimize the portion of melted and
unmelted particles were the suspension solid content, suspension feed rate, and standoff distance,
according to Table 3.2. By increasing the suspension solid content and feed rate, we intended to

34


https://www.sciencedirect.com/topics/physics-and-astronomy/photocatalytic-activity

introduce mordeedstockinto the plasma jet to decrease the heat transfer to the inflight particles
[170]. Mainly two goals were followed through this approach: i) to retain anatase from the
feedstock powder in the membrane by avoiding the anatase to rutile transfoiiafipand ii)

to produce a significant proportion of fine pores in the membrane corresponding to the space
between the unmelted nanoparticles. In addition, the standoff distance may influence the
microstructure of the coating through the temperature and residence time of the particles in the
plasma jef171].

The main criteria for choosing the optimizembating for the membrane were
homogeneity of the microstructure, porosity, low surface roughness, anatase quantity, and
photocatalytic performance. The importance of these parameters is discussed in the following
paragraphs.

To study the microstructural homogeneity and distribution of pores in the coatings,
which may result in a higher permeation flux and a uniform filtepegformance[20], the
polished crossections of the produced coatings were analyzed by the optical microscope.
Figure 3.3 shows the microstructure of the four coatings produced based on the spray parameters
listed in Table 3.2. The detachment of the coating from the substrate observed in samples 1 and 2
is due to the low adhesion of these coatings to the dense substrate. However, detachment did not
occur in the case of the membranes deposited on the porous substrates.

10.0pm 10.0pm

100pm 10.0pm

Figure3.3 Optical microscope images of the craegstions of samples 2, 3 and 4 sprayed for the optimization process
according to Tablg.2.
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In samples 1 and 2, a relatively homogenous distribution of dark grey regions
corresponding to the finer pores can be seen in the microstructure. However, in samples 3 and 4,
the microstructure seems less porous, and a higher number of large pores (black regions) can be
observed.

Fouling is one of the most challenging aspects of the membrane filtration process
[20,172] Among other parameters, lower surface roughness in the membranes could result in
better foulingcontrol through a more effective cleaning process. The surface roughness of
samples 1, 2, 3, and 4 were obtained as R6 £ 0.3 um, R=2.4 + 0.1 pm, R= 3.3 £ 0.4 um,
and R=5.3 £ 0.7 um, respectively. The bumps on the surface of sample 4 are common features
observed in SPS coatings but were not desired for this work. A detailed description of the
membrane microstructure is discussed in Section 3.3.2.1.

The phase composition of the samples in terms of the mass fraction is listed in Table
3.3, showing that the coatings contain both anatase and rutile phases.

Table3.3 The phase composition and anatase crystallite size of sampi?e8 and 4.

Anatase Rutile
Sample
(%) (%)
1 50.5 49.5
2 52.4 47.6
3 40.3 59.7
4 334 66.6

As mentioned before, the photocatalytic performance of; Ti@s one of the main
reasons for choosing this material for the filtration application. The photocatalytic property may
assist in mitigating the membrane fouling, allowing a higher flux and decomposition of the
organic contaminant$61]. For the optimization process, the photocatalytic activity of the
samples was measured under UVA illumination for 90 minutesul&i@.4). The MB
degradation after 90 min, the rate constarthefreaction (k), and the correlation coefficient)(R
are summarized in Tab®&4. A blank test without coating showed very limited MB photolysis
under UVA irradiation.
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Figure3.4 Photocatalytic degradation of MB solution for the optimization process samples sprayed according to Table 3.2 under
UVA light.

Table3.4 Photocatalytic performance of the optimization process samples sprayed according to Table 3.2.

MB Degradation after 90 min Rate Constant (k) x10'?  cqrrelation

Sample %) (min-) Coefficient (R?)
UVA lamp
) ) 9.6 0.01 0.93
(without coating)
1 53 1.0 1.00
2 61 1.1 0.99
3 45 0.06 0.88
4 44 0.06 0.9

The photocatalytic performance of Ti@epends on the light absorbance, surface
hydroxylation, and electrehole recombination ratg80]. The higher anatase content in the
coatings may improve the photocatalytic activity due to the higher levels of radicals adsorbed on
its surface and lower electrdmole recombination ratg 17]. The iterature also suggests that in
thermally sprayed coatings, other parameters such as porosity, surface properties, and coating
thickness may play a role in the photocatalytic performance of the cog&ijgs

After optimization, the desired spray parameters corresponding to sample 2 were chosen
to deposit the filtration membrane with three different thicknesses. The thickness of the
membranes was controlled through the number of passes of the spray raster. In this-&jork, M
M-4, and M8 correspond to the membranes sprayed with 2, 4, and 8 spray passes.
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3.3.2 Membrane Characterization

3.3.2.1 MicrostructuraAnalysis

Figure 3.5 illustrates the lowagnification SEM micrographs of membrane2(MM-4
and M8 sprayed on porous stainless steel substrates. By increasing the number of spray passes
by a factor of two, the thickness of the membranes showed an increase by a factor of around two.
The thickness and surface roughness of the membranes are listed i8.9.able

Figure3.5 Lown- magnification SEM micrographs of2A(2 passes), M(4 passes), and 18 (8 passes) membranes.

Table3.5 Thickness and surface roughness e2 MA4, and M8 membranes.

Sample Thickness (um) Surface Roughness (Ra) (um)
M-2 1711 57+0.7
M-4 30.5+0.8 3+0.2
M-8 654+1 35+0.3

The general overview of the membranes in all three cases shows a microstructure
including layers of light gray and dark gray regions and some black regions indicating the
presence of large poreSince the microstructures of the three membranes mentioned above were
similar, sample M8 was chosen as a reference for a more detailed analysis. As explained in
section 3.3.2.2, anatase and rutile are the only phases present in the mer@lorasidsring that
titanium and oxygen are the only elements present enntembranes, the color difference
between light and dark gray regions does not attribute to the difference in the mean atomic
number but either existence of a significant number of small pores or a difference in the densities
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[173]. Evidence of the presence of a significant number of fine pores in the dark gray areas is
discussed in this section.

Figure 3.@shows specific details of the microstructure in an area close to the surface of
the substrate. The microstructure of the membrane consists of four main @Qneght gray
areas corresponding to melted regiq@3 black areas corresponding to large paf@sdark gray
areas corresponding to loosely packed unmelted/sintered agglomerates of the feedstdgk, and
dark gray areas corresponding to tightly packed unmelted/sintered agglomerates of the feedstock.
The loosely packed agglomerates are mainly present inside the pores of the stainless steel
substrate, while tightly packed agglomerates can be observed in the microstructure from the
surface of the substrate toward the top surface of the membrane. A detailed microstructural
inspection of both loosely and tightly packed zones, shown in the dashed areas &S feay
revealed that the porous agglomerates in both zones were formed by nanosizpdriiel®s
seen in Figre 3.6b. Figure 3.a shows a closep of a nanostructured agglomerate in the
fractured crossection of the membrane. Moreover, in the higher magnification image of the
agglomerates in Fige 3.7b, the presence of TiOparticles similar to the nanosized BiO
particles of the starting powder presented previously inrEig.1a can be observed. The space
between the nanoparticles is indeed the origin of the fine pores in the membrane sffheture.
composite layered microstructure could be explained by the plasma temperature heterogeneity
and the size of the inflightarticles[174i 176].

TiO2 membrane

— Intermediate

= layer

\— Substrate

Porous stainless-steel substrate

Figure3.6 (a) SEM micrograph of ¥ inside the large pores of the substrate and close to the surface of the substrate. Including
1: melted splats (light gray), 2: large pores(black), 3: loosely packed unmelted nanostructured agglomerates (dark gtay), and
tightly packed unmelted nanostructured agglomerates (dark gra#), Highrmagnification SEM micrograph of the
microstructure in the dark grey areas, af) Schematic of the asymmetric microstructure of ceramic membranes.
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Figure 3.7 (a) SEM micrograph of a porous nanostructured agglomerate in the fractured-saossn of M8, (b) high
magnification SEM micrograph of the nanostructured agglomerates demonstrating the presence of unmelted/sintgred TiO
nanoparticles.

In general, when the suspension is radially injected into the plasma jet, it is subjected to
intense shear stress from the plasma plume, and fragmentation to smaller droplets occurs
[130,133] The inflight particles include molten Ti(particles and droplets of suspension that
may agglomerate after full or partial water evaporation. Additionally, some particles and
agglomerates that experience high enough temperatures may sinter without melting. Sintering
could occur due to traveling in the plasma periphery, where they experience a lower heat transfer
from the plasma jet or larger agglomerate $&4. Using water as a solvent may also promote
the preservation of unmelted particles by reducing the heat transfer to the large droplets carrying
the agglomerates of nanoparticles due to the relatively high water vaporization enthalpy (2.3 x
10° Jkg' $[118].

The presence of loosely packed nanostructured agglomerates inside the pores of the
substrate could be explained through the influence of the particle size on the normal velocity
component of the inflight particles. The size of these nanostructured agglomerates (around 1 to 5
pm) is close to the diameter of the particle agglomeratgs 811 um) in the starting suspension,
as shown in Figre 3.1b. Therefore, these large agglomerates do not easily deviate from the
normal flow in the vicinity of the substrate and impact the substrate with a higher normal
velocity componentBy increasing the distance from the plasma torch, the velocity of the
agglomerates decreadé37]. Hence, inside the pores of the substrate, the agglomerates may not
have sufficient momentum upon impact to become fully packed. Thus, the large pores of the
substrate would be mostly bridged with relatively loosely packed agglomerates. Following the
filling of the large pores of the substrate with the loosely packed agglomerates, a new surface
with much less roughness compared to the original porous substrate is created.
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The layered microstructure of the membranes, which was built mainly on top of this
newly formed surface, could be explained through the different temperature histories of the
inflight particles traveling in the plasma jet. During the deposition process, when the plasma
torch begins to scan the surface, the particles and agglomerates within the peripheral regions of
the plasma jet impact the surface. In this region, the agglomerates experience lower temperatures
than the core of the plasma. Thus, they may remain unmelted and/or experience some degree of
sintering. However, they may receive high enough momentum to become fully packed upon
impingement to the substrate. Upon the movement of the torch, the fully molten particles closer
to the centerline of the plasma jet will impact upon previously deposigddy packed
agglomerates. These fully molten particles were exposed to the highest temperature and
momentum transfer and impacted the surface, forming dense lamellae (ligh{1@®ly)The
alternation between unmelted porous and melted dense zones leads to the formation of a layered
microstructure, as shown in kigs 3.5 andrigure3.6. The large pores (1 torBn black) seem
to be formed due to a random pip of the molten particles and the porous agglomerates of
unmelted/sintered nanoparticles. Moreover, some large pores may also result from gas
entrapment in the splaf$78] and intersplat boundaries.

An interesting feature in the SPS membrane is the deposition of an intermediate layer in
the microstructure. A schematic of the asymmetric microstructure of the conventional ceramic
membranes is illustrated in kige 3.6¢. In this configuration, e thick substrate with the largest
pores provides mechanical strength for the membrane system. The role of the intermediate
layer(s) with medium pore size is to prepare a relatively smooth surface for applying the filtering
layer and adjusting the pressure gradient through the membrane system. The top filtration layer
has the smallest pore sifb7,179] Interestingly, as seen in kige 3.6a the preferential build
up of the loosely packed nasstructured agglomerates inside the pores of the staistiesk
substrate has created a natural intermediate layer preventing the membrane structure from
collapsing into the large pores of the substrate.

3.3.2.2 Phase Composition

Figure 3.8 illustrates the XRD patterns of membranes and thefdédstock powder.
As listed in Table 3.6, the phase composition of the three membranes is relatively similar,
containing anatase and rutile, with ICDD code number0ZI01272 and 08)21-1276,
respectively(180]. Thisresult was expected since the spray conditions of the membsanes
similar.

A A: anatase
R R: Rutile

Intensity a.u.

TiO2 powder

20 30 40 50 60 70 80
28

Figure3.8 XRD patterns dhe TiQ feedstock powdei-2, M-4, and M8 membranes.
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Table3.6 Phase composition of 4, M-4, and M8 membranes.

Sample Anatase (%) Rutile (%)
M-2 55.2 44.8
M-4 57.7 42.3
M-8 54.3 45.7

In thermal sprayed coatings, anatase may correspond to unmelted and partially melted
feedstock anatase powd¢il17,181] and nucleation fromthe molten particles[35,50]
Thermodynamically, rutile has lower free energy than anatase. Thereftole,is the stable
polymorph at all pressures and temperatures ir. TiHDwever, in thermally sprayed coatings,
with a high degree of undercooling, the nucleation of anatase from the liquid phase may also
occur. In a rapid solidification condition, rutile nucleation occurs at temperatures from#®.88 T
up to Tm (Tm is the melting temperature of T4 On the other hand, at temperatures below 0.88
Tm, due to the lower interfacial energy between anatase and liquid, anatase may nucleate from
the molten phasd43,183]

The narrower XRD peaks in the membranes than those of thepduier observed in
Figure 3.8 correspond to the crystallite size. The anatase crystallite size in the feedstock powder
was 13.3 nm. However, an increase in the anatase crystallite size to 24.7 nm was observed in the
membranes. The increase in the crystallite size could be due to the recrystallization of some of
the inflight nanoparticles that get heated but do not {i84]. It also could correspond to the
presence of rgolidified anatase in the melted zones under rapid solidification conditltinh
might grow below the transformation temperature

In thermally sprayed Ti©coatings, some authors have linked the melting degree with
the phasecomposition[95,181] Looking at Figire 3.6a, one origin of the anatase in the
membrane could most probably be related to the significant number of unmelted particles
observed in the dark @y regions, whereas rutile may correspond to the fully medieds
[95,181] In this work, the substrate temperature during the spray process was measured at
around 300 °C, decreasing the influence of substrate temperature on anatase to rutile
transformation[143]. In addition we must consider thaa significant fraction of the inflight
droplets was most likely not in the molten state at the deposition gwimhay have limited the
possibility of phase transformation on the surface of the substrate.

Moreover, one reason for observing a color difference between light and dark gray
regions in the structure of the membrane could be due to the difference in the densities. Rutile
shows about 10% higher density than anatase. Therefore, combined with the presence of fine
pores in the dark gray areas, it can be assumed that lighter areas may mostly correspond to rutile
[173]. However, as explained before, the presence of anatase in the fully melted regions is also
possible due to the rapid quenching of molten particles in thermally spragiedgg95].

3.3.2.3 Porosity Measurement

The porosity of the membrane was measured as 27%. Rgundustrates a muki
modal pore size distribution for the membrane. In this plot, the vertical axis shows the
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differential pore volumentrusion[185]. The black regios corresponding to intemgglomerate

and intrasplat pores with the size of around 1 to 5, |sfmown in Figure 3,6could be the source

of the peak observed at point A. The next peak, at point B, could correspond to smaller intra
splat and intetamellarpores[42]. Finally, the peaks at point C could indicate the fine porosity
due to the space between the unmelted nanopartidiesaverage pore diameteas measured

as 36 nmin addition most of the porearein the range of 10 to 50 nm.

5

[} w IS
L
[v=]

Diffrential Intrusion (mL/g)

[y

" )

10 1 0.1 0.01 0.001

Pore Diameter (um)

Figure3.9 Pore size distribution of the membrane measured with mercury intrusion porosimetry.

According to the results, the average pore sizéhe membranés very close to the
individual TiO, powder particles ithe feedstock powddshown in Figure 3.1a)This outcome
seems consistent with a relatively large number of unmeltedsiaed particles observed in the
microstructure. This result is similar to our previous watk],[ which used submicresized
TiO2 powder to deposit the MF membranes. In that work, the pore size of the microfiltration SPS
TiO2> membrane was very close to the particle size of the subrszed feedstocKL5].

3.3.3 Membrane Performance
3.3.3.1 Clean Water Permeability Measurement

Figure 3.10a showshe experimental measurements of clean water flux for the porous
substrate, M2, M-4, and M8 membranes. The water flux was measured as a function of
pressure. It can be seen that the flux increases almost linearly with the pressure, implying the

mechanical stability of thmembrane$169]. The pure water permeability of the membranes has
been listed in Table 3.7.
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Figure3.10 (a) Clean water flux as a function of pressure for porous substrat®, M4, and M8 membranes, and (b)
Normalized water flux as a function of membrane thickness.

Table3.7 Clean water permeability of M, M-4, and M8 membranes.

Water permeability

Sample
(L m2hbar?)
Porous substrate 9000
M-2 7270
M-4 3619
M-8 2025

44



The water permeability of the membranes has been reported to be inversely proportional
to theirthickness[41,43,186] Figure 3.1® shows the correlation between the thickness of the
membranes and the normalized water fluxofH8 1 bar, gbeing the pure water flux of the-®1
As seen in Figre 3.1(b, by an approximately twdold increase in the thickness of-#M
compared to M2, the water flux dropped by a factor of about 2.3. Similarly, by almost doubling
the thickness in MB compared to M, a flux decrease of about 1.7 was observed.

The practical water flux for commercial ukfidtration ceramic membranes reaches
around 180@ m'2 h'! bar! [187]. Ben Aliet al.reported a pure water flux of 2263m'? h' at
1 bar for UF ceramic membranes with 27% porosity and an average pore size of 0.09 um for
natural kaolineillitic clay membranes fabricated by the eipating method188]. Yu et al. used
the phase inversion method to produce alumina micro sheet membranes with a thickness of 0.5
mm, a pore size of 8020 nm, and a porosity of &D%. They reported a pure water flux of
ar ound nZ%h8eadand oil/water emulsion flux of around 2300m' %h" *bar! [189].

In this work, the relatively high water permeability in the membranes could be
attributed to the 27% porosity corresponding to the significant number oflorksd pores
produced by the presence of nanostructured porous agglomerates providing a more efficient
water passage through the thickness of the membrane. Also, thenadél pore distribution of
the membrane and the presence of some larger pores could serve toward more effortless water
flow across the membrane.

Figure 3.11 shows two different positions on the cs®sgion of M4 after measuring
the pure water fix. The details of the microstructure were thoroughly discussed in section
3.3.2.1. Compared to the original microstructure o#4Mhown in Figre 3.5, no significant
damage to the microstructure was observed after the watemiéasurement. Therefore, a
similar microstructure before and after the waterx fmeasurement test could be another
indication of the mechanical stability of the SPS membrane. However, investigating the
durability of the membranes requires a more intensive study through measuring the flux
recovery, antifouling activity, and a detailed microstructural assessment after thteriong
working condition, which has been planned in our future work.

Figure 3.11 SEM micrographs of two positions on the polished eseston of M4 after the pure water permeability
measurement.
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3.3.3.2 Photocatalytic Performance

The photocatalytic activity of the membranes under UVA and visible light illuminations
are illustrated in Figre 3.12a, b respectively.The MB degradation after 90 min, the rate
constant of the reaction (k), and the correlation coefficiefjtgre listed in Table 3.8. The blank
test without the membrane shows minor photolysis of MB solution under UVA and visible light
irradiation. After 90 minutes, A2, M-4, and M8 membranes demonstrated a rather similar
degradation of the dye solution under UVA. The maximum difference in the degradation by the
three membranes is roughly 9% under UVA illumination. Likewise, the degradation of dye
solution under visible light was also relatively similar for the three membranes, with maximum
variability of around 12%.
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Figure3.12 (a) Photocatalytic degradation of MB for-8] M-4, and M8 membranes under UVA, afit) under visible light
illumination.
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Table3.8 Photocatalytic performance of 4, M-4, and M8 membranes under UVA and visible light.

MB degradation

Rate constant (k) x10'2

Sample after 90 min . R?
) (min-t)
M-2 58.1 0.91 0.985
g M-4 67.4 1.1 0.982
> M-8 59.1 0.95 0.996
M-2 70.2 1.2 0.924
% M-4 82 18 0.997
> M-8 745 1.7 0.997

Toma et al. reported around -30% degradation of methylene blue (MB) for
suspensiotHVOF TiO. coatings obtained by internal and external suspension injejdtfifij
and around 15% degradation of MB for suspensid©OF TiO» coatings treated with direct laser
interferencepatterning[191] after3 hours under UVA irradiation. Fu et al. reported around 60%
and 80% MB degradation in Onigike carbon (OLC) modified Ti@coating produced by SPS
under UV and visible light, respectively, afterh6urs[166]. Compared to thermally sprayed
coatings above, SPS Tithembranes in our work show higher photocatalytic activity.

Generally, the species responsible for the photodegradation of organic compounds are
presumed to be hydroxyl radical®HA )
activity in TiOp is based on the diffusion of charge carriers to the surface. WhensTé®posed
to photons with energies exceeding its bandgap, photocatalytic activity is triggered by generating
electrons and holes in the conduction and valence bands, respectively. Electrons and holes
diffuse to the surface of the catalyst, where the photogenerated holes may oxidize #vel OH
H-O to produceOHA Furthermore, the photexcited electrons may react with the oxygen
molecules on the surface to produce superexcited aniongs {@ich may prevent electremole
recombination. @ mayalso go through a number of reactions to produg@Hwhich then, in
reaction with electrons or£Q generates moi@HA78,97,163]

due
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As mentioned before, one of the critical factors for the degradation of MB is the
absorption of energetic photons. Tiendgap energy of Tgds within the range of 3:8.2 eV,
allowing the absorption of photons in the UV rarj§é]. The photocatalytic reactivity of the
thermally sprayed Ti®coatings under visible light is due to a phenomenon known as self
doping, which decreases the bandgap energy of the semicond@&t8&]. In the plasma spray
process, TiQparticles are heated to their melting temperatures in a low oxygen pressure or a
hydrogen environment, resulting in oxygen vacancies in the solidified splats and generation of
substoichiometric TiQx [97,99,149,151]Moreover, by entrapment of electrons irt*Tattice
sites, TF* ions aregenerated151]. While the TiQ powder is white, the sustoichiometric TiQ.

x membrane is dark blueishagrdue to a high concentration offTions. Hence the membrane
absorbs more visible light allowing the activation of the photodegradatiocess at lower
photon energies of thasible illumination[100,192,193]
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Figure 3.13 shows the UWVvis absorption spectra of the -84 membrane and the
original TiG, powder. Membrane M, which showed a slightly higher photocatalytic reactivity
under UVA and visible light, was used as a reference for absorbance measurements. While TiO
powder does not have any absorption in the visible range, a shift of the absorbance edge toward
the visible range and a much higher absorption in the visible range can be detected in the
membrane suggesting a decrease in the bandgap energy. The indirect and direct bandgaps of
TiO2> powder and M4 membrane were obtained respectively from extrapolation of the linear
section 6% 3t hmedhUpBot s asressSid wTheiindirecEandg
direct bandgap energies in Ti@owder were measured as 3.02 eV and 3.22 eV, respectively.
The indirect and direct bandgap energies in the membrane were decreased to 1.94 eV and 2.81
eV, respectively. Therefore, phetoaduced charge carriers could be formed in the membrane in
the range of visible illumination.
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Figure3.13 (a) U\tvis absorption spectrd) 0 @Kk A~ 0(G vy RB-K Motsiof TiQfeedstock powder and M membrane.

Another factor in the efficiency of photocatalytic activity is the recombination rate of
the chargecarriers[82]. Literaturesuggests that in Ti&, the TF* ions and oxygen vacancies
introduce subevel energy states below the conduction band, which decreases the recombination
rate and enhances the excitation of electrons from the valence to the conduction band, thus
improving the photocatalytiperformancg151,192]

As can be seen in Table 3.8, the membranes show a rather similar rate constant under
both visible and UVA illuminations. Although, the illumination of the visible light used in this
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work is around R higher than the UVA. Therefore, the photocatalytic activity of the membranes
under visible illumination is, in fact, lower than that under UVA illumination. However, it shall
be considered that the fraction of visible illumination in the sunlight is around 17 times more
than UVillumination [91], makingthe membranes more efficient in photocatalytic performance
under direct sunlight as a sustainable energy source.

3.4Conclusion
This study showed:

SPS technology can be used to produéemembranesvith pore size smaller than 100 nm by
using ananasized feedstock and optimizing the process parameters

The unmelted agglomerates of nargized feedstock are essential to introduce rsned
porosity and a network of creisked pores in the SPS UF membrane.

Since the pores mainly originate from the space between the unmelted particles, there is a
relatively closecorrelationbetween the feedstock particle size and the membrane pore size.
Thereforethe pore size and porosity of the membrane can be tailored by retaining a balanced
fraction of unmelted agglomerates of nasiped feedstock in the microstructure. This outcome is
also in agreement with the results of our previous work [15].

Thepermeabilityof the membranes can be adjusted by optimizing the thickness and porosity.

Furthermore, these membranes could offer an attractive solution for outdoor
filtration/photocatalysis applications under sunlight with approximately 52% visible illumination
by proposing a more efficient use of solar energy as a renewable energy Scheoefore, ar
future work mainly focuses on the performance assessment of the SPS membranes. More
specifically, the filtration efficiency, the setteaning and photocatalytic, and the leegm
stability of the membranes in filtering/cleaning cycles will be characterized in detalil.
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Chapter 4Tailoring the Porosity Level of the Suspension Plasma
Sprayed Coatings Using a Dual Suspension Injection System

Preface to Chapter 4

The previous chapter demonstrated the possibility of using SPS to produce a porous
microstructure with nanosized porééhe main objective of this chapter was to investigate the
feasibility of customizing the porosity in porous coatings that could be used for tailoring the
porosity level in the structure of the SPS separatiembrane. This was done by employing a
novel approach using a dual suspension injection system to simultaneously introduce two
suspensions into the plasma jet at different radial distances.
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Abstract: This study investigated theasibility of tailoring the porosity in suspension plasma
sprayed (SPS) coatings using a dual suspension injection system. Two titanium dioxide water
based suspensions with different particle sizes were injected into the plasma jet through two
injectors located at different radial distances from the exit of the plasma torch. By varying the
spray parameters, the fraction of unmelted particles in the coatings coming from the injector
located farther from the torch changed. The total porosity was evaluated to range from
approximately 16% to 36%, and the variation was related principally to the gaps between the
unmelted particles. Among the selected spray parameters, the suspension feed rate and distance
between the injectors were found to have the most significant effect on increasing the porosity.
The samples were analyzed using SEM, XRD, and Raman spectroscopy.

Keywords: Suspension plasma spray; dual suspension injection; unmelted particles; porosity

4.1 Introduction

Thermal spray technology is a group of processes involving the melting and spraying of
particles ranging typically from-80 pum at high temperatures and velocities to deposit
coatings. When the molten or partially molten inflight particles hit the surface of the substrate,
they rapidly solidify, forming thin layers known as splats. The process continues as more splats
accumulate and mechanically bond to produce-aefiered deposi{d94]. Suspension plasma
spray (SPS) is a relatively recent thermal spray deposition process that was primarily developed
to facilitate the introduction of fine stricron to nanosized particles into the plasma jet to
produce finely structured coatings with enhanced structural and functional properties. In the
SPS process, submicron and naimmed particles are suspended in a slurry using ethanol or
water. Introducing very fine particles into the plasma in the form of suspension enhances the
flowability of those particles, which cannot be obtained in the other conventional thermal spray
technique$127,195,196]

Typically, SPS coatings with diverse microstructures such as dense, segmented, columnar,
and porous can be produced by controlling the process parameters that could be used for a wide
array of application$197]. In SPS, it is possible to produce thinner coatings with finer pores
due to the possibility of using very fine feedstock particle size. Porosity can be generated from
various sources such as intmlumnar gaps, integplat and intresplat voids, cracks, and
deformed semmelted and unmelted particlg24i 126].

Porous SPS coatings can be used for various applications. The functionality of SPS
thermal barrier coatings (TBCs) relies on the presence of pores and segmentation cracks or
columns in their microstructure. In TBCs, the porosity allows for effective thermal insulation,
while the presence of cracks or columns provides the coating with a higher strain tolerance
[124,125] The SPS process is also being investigated for producing the electrode layers in
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solid oxide fuel cells. Specifically, for the cathod®8] and anodd170], the SPS process
appears to be a viable option, as it allows the production of coatings with high porosity levels
combined with fine pore sizes. Recently, authors have introduced SPS as a potential fabrication
method for ceramic filtration membranes with submicron and nanosized pores. Fine pores in
the SPS membrane structure were identified as the gaps between unmelted feedstock particles
embedded in a matrix formed by the splats. Therefore, the average pore size in the membranes
was very close to the feedstock particle size, providing a way to control the pore size for
specific filtration applicationgl5,199]

The existence of pores holds crucial significance in SPS coatings, underscoring the
importance of effectively controlling the porosity proportion. In SPS filtration membranes, the
porosity can determine the level of permeability. Generally, in thermal spray coatings, the
porosity is controlled by adjustment of the spray param§2é3,201] However, considering
the voids between the unmelted particles as one possible origin of fine pores, another approach
could be keeping a controlled fraction of unmelted feedstock in the coating structure by
simultaneously injecting two suspensions at two radial distances from the plasma torch exit

Different studies investigated the use of the dual feedstock injection system in the
thermal spray process. Cuglietta et al. used a hybrid suspension and powder system to plasma
spray anodes for solid oxide fuel cells, where they introduced a suspension of GO®,a0d
NiO axially, and samaridoped ceria (SDC) powder radially into the plasma jet. Depending on
the spray parameters, they obtained structures with layered or mixed SDC and metal phases
[202]. Bolelli et al. ceinjected MCrAlY powder with AJOsz suspension at the same point in the
plasma jet using a dual injection system to produce a sliding-nesigtant composite at high
temperaturef203]. Hazel et al. invented a suspension injection method with multiple injection
points, where the injectors were located normally to the plasma axis around a circle at various
angles[204]. Bjorklund et al. proposed the concept of axial and radiapraying of micron
sized powder and submicr@ized suspensions in the same spot in the plasma jet to produce
composite and layered coatinfZ05]. Nowakowaska et al. simultaneously sprayed alumina
(Al203) and titanium dioxide (Tig) suspensions with two injectors at the same point in the
plasma to produce highly porous coatings with columnar structure with a gradient of TiO
contenf206].

Although the cenjection of feedstock material has been studied in thermal spraying for
various applications, to our knowledge, the concept eh@etion of the suspensions in the
plasma jet at twoadial distances has not been investigated. The primary purpose of this study
was to use the unmelted feedstock particles in the SPS coating to regulate the porosity level and
pore size for photocatalytic filtration membrane application, which was developed in our
previous works[15,199] In addition, in photocatalytic Ti©coatings, anatase content is
believed to be one of the important factors enhancing photocatalytic reaction efficiency. One
significant contributor to anatase content in thermal spray coatings is the preserved anatase
from the unmelted original feedstadk00,145] The dual injection approach could provide the
possibility of retaining a controlled level of anatase in the SPS coatings, which could influence
the photocatalytic and setfeaning properties of the SPS membranes. Another potential
application could be to embed and control the level of-beasitive feedstock, such as
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graphene, in the coatings to improve photocatalytic or wear resistance perfof2@H268]
or to obtain controlled oxidation of feedstocks such as Cu to produce antiviral c¢ati6ps

In this study, a dual suspension injection system was employed to investigate the
potential of customizing the quantity of unmelted feedstock particles and, consequently, the
porosity levels in SPS coatings. By adjusting the spray parameters, samples with varying degrees
of porosity were produced, and the impact of different spray conditions and suspension trajectory
on the microstructure was discussed. Furthermore, the findings were analyzed using image
analysis, Xray diffraction (XRD), and Raman spectroscopy.

4.2 Experimental
4.2.1Plasma Spraying Process

Coatings were fabricated using the suspension plasma spray process (SPS) utilizing a
3MB plasma torch (Oerlikon Metco, Switzerland) with a gas mixture of Ar andAHluat
suspension injection system, illustrated in Fig4t4, was developed to introduce two
suspensions simultaneously into the plasma jet. The suspensions were sprayed radially at two
distances from the exit of the torch. In this work, the injector located closer to the exit of the
plasma gun is designated as injector 1, while the suspension sprayed using injector 1 is referred
to as suspension 1. Similarly, the injector situated farther from the torch exit is labeled as injector
2, and the corresponding suspension is referred to as suspension 2. The primary aim of this setup
was to investigate the feasibility of generating porous microstructures and tailoring the porosity
by introducing unmelted particles downstream into the plasma jet. It was assumed that injecting
suspension closer to the exit of the plasma torch would result in creating a matrix composed of
melted splats. This was attributed to the particles in suspension 1 being exposed to-the high
temperature regions of the plasma jet. A matrix of fully melted splats would enhance the
mechanical strength of the porous coating structure. Conversely, injecting suspension 2 farther
from the plasma jet could potentially introduce a portion of unmelted or sintered particles into
the matrix due to the reduced exposure to the hot core of the plag@@9jetrevious findings
by the authors have demonstrated that including unmelted particles in the coating plays a
significant role in generating porosity, where the pores originate from the vacant spaces among
these unmelted particl¢s5,199]
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Figure4.1 Schematic of the dual suspension injection system. Suspension 1, made by subimecdri@ was injected via
injector 1, and suspension 2, made by nanosized, TW@s injected via injector 2. Unmelted submiesired particles and
unmelted nanosized particles in the coatings come from injector 1 and 2, respectively.

Table4.1 shows the SPS parameters used to produce thecd&fings. To enhance the
formation of a strong matrix and promote the melting of particles from suspension 1 during the
production of TiQ coatings, a 3MB torctwith high power was employed. Additionally, to
preserve a high level of unmelted particles, the injection of suspension 2 was carried out
downstream, where the temperature and speed of the plasmlawer.

Table4.1 SPS parameters used to deposit; Ti@atings.

Ar H> Current Voltage Power  Torch velocity Injector diameter Spray distance
(SLPM)  (SLPM) (A) V) (kW) (m/s) (mm) (mm)
60 5 600 60 36 1 0.2 50

Table 4.2 summarizes the test matrix used to produce nine coatings by varying three
spray parameters: the distance between injector 1 and injector 2, the solid content of suspension
2, and the feed rate of suspensioinlall casesa two-step process was employed to position the
combined suspension jet approximately at the center of the plasma jet. Initially, suspension 1 was
introduced at a specific feed rate, followed by the introduction of suspension 2 in the second
step. During this stage, the feed rate @pgmsion 2 was adjusted to ensure that both suspensions
remained in close proximity to the centerline of the plasma jet. This alignment was confirmed by
visually inspecting through the Accura spray system caniéraughout the entirexperiment,
the distance from the center of injector 1 to the exit of the torch was consistently maintained at
approximately 8 mm. The distance between the two injectors was changed by adjusting the
position of injector 2By increasing the distance between the two injectors, suspension 2 was
introduced into the plasma at a longer distance from the torch exit. It was assumed that this
increased distance would result in less heating of inflight particles from inje2a0R which
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in turn could increase the likelihood of retaining unmelted particles from suspension 2 within the
coating. An increase in the solid content of the suspension and suspension feed rate could
potentially lead to higher porosity due to promoting the incomplete melting of the inflight
particles since less energy is available to evaporate the solvent and melt the feedstock powder
[211,212]

To gain a deeper understanding of the impact of incorporating the second injector on the
microstructure of the coatings, control samples D1 and D2 were prepared to be used as baseline
conditions. These control samples served as reference points to compare and analyze the specific
effects resulting from the inclusion of the second injector. In the case of D1, the coating was
deposited with only suspension 1 injected using injector 1. In addition, for sample D2, water was
sprayed through injector 2 instead of suspension. Sample D9 did not yield a mechanically stable
coating due to the spray parameters used, resulting in an excessive amount of unmelted feedstock
particles[212]. Consequently, in the case of D9, a powdery coating was deposited. Therefore,
this sample was excluded from the subsequent discussion and analysis.

Table4.2 Test matrix used to produce Ti€batings.

Distance between Solid content Feed rate Feed rate
Sample the injectors Suspension 2 Suspension 1 Suspension 2

(mm) (%) (mL/min) (ml/min)
D1 - No suspension/ water 30 -
D2 16 Water 30 29
D3 16 20 30 25
D4 20 20 30 25
D5 16 30 30 29
D6 20 30 30 29
D7 16 20 25 25
D8 25 20 25 25
D9 25 20 30 29

Dense 304 stainless steel coupons measuring 25 x 25 x 5 mm?3 were used as substrates.
Before the coating deposition, tsebstrates underwent grit blasting using@l particles (80
grit) and were subsequently cleaned by sonication in acetone. The resulting surface roughness
was measured to be,R 3.0 + 0.5 umThe substrates were fixed on a stationary substrate holder
with no cooling. Coatings were deposited by 30 passes of a full spray raster with an overlay
di stance of 3 mm.

Accuraspray 4.0 system (Tecnar, S@ntno-de-Montarville, QC, Canadawith a 3%
accuracy for the particle velocity measurememhs used to determine the inflight particle
velocity during the SPS process. The velocity was measured at the spray distance of 50 mm. Due
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to technical limitations, the Accuraspray system cannot accurately measure the temperature of
TiO2 particles in the suspension. The substrate temperature during the SPS process was measured
using an infrared camera (A310, FLIR, Wilsonville, OR, USA), and the average temperature was
reported.

The setup details used for imaging the suspension trajectory and the inflight particles
during the SPS process have been described elsef#igjeln summary, a higispeed camera
(Photron, FASTCAM SA1.1, HIS Inc., Uxbridge, ON, Canada) with a maximum resolution of
1024 x 1024 pixels equipped with a Nikon lens {8RViicro NIKKOR 105mm /2.8, Nikon
Canada Inc., Mississauga, ON, Canada) was employed to capture the images. The number of
captured frames was set at 15000 f/s. The inflight particles were illuminated by a 5 Hz pulse
laser, creating a laser sheet with a thickness of 500 um. A prism was placed in front of the laser
to position the laser sheet in front of the camera. The camera and laser positions remained
unchanged throughout the experiments. To effectively eliminate plasma radiation, a set of three
filters was employed. These filters included a bandpass filter with a 1 nm bandwidth to allow the
passage of the 532 nm wavelength, a gray filter with an optical density (OD) of 1.2 to reduce
intensity across all wavelengths, and a short pass filter to block wavelengths ranging from 610 to
1000 nm. The images covered a field of view with an area of approximately 40 x 30Ten
number of images captured for each set of spray parameters@yaghtch were superimposed
to obtain a single image using the Image J egaress software.

4.2.2SuspensiorPreparation

In alignment with our previous works fdevelopingof photocatalyticSPS membranes,
TiO2 was used as the feedstock material due to its photocatalytic prod@&i@99] To
facilitate the distinction between the unmelted particles originating from each suspension in the
microstructure of the coating, Ti@owders with two distinct particle sizes were utilized in the
preparation of the suspensions. These powders exhibited different morphologies and sizes,
allowing for clear recognition within the coating. Figdr presents the particle size distribution
and the SEM images ofthe i@ owder s used in this work. A col
anatase submicresized power (KS203A/B, TKB Trading, US) was used to prepare the 20
wt.% waterbased suspension The concentration of suspension 1 was constant in all
conditions.Furthermore, a 100 wt.% anatase nanospetder (PiKem Co., Tamworth, UK)
was used to prepare the 20 wt.% and 30 wt.% wadsed suspensions 2. The decision to use
water as a solvent is supported by the fact that the total amount of heat needed to vaporize water
is higherthanthat of other common solvents like ethari@lLl4]. This higher heat requirement
increases the chances opartion of the inflight particles retaining their solid, unmelted state in
the coating. The particle size distribution of the F8Dspensions was obtained by a Spraytec
system (Malvern Instruments, Malvern, UK). The submiesimed TiQ exhibited a particle size
distribution withdo= 0. 1 %=¢ @, 28 &m, 0 a B\dos tle. average particle size
of the submicrossized TiQ was measured as 137 = 40 n@n the other hand, the nanosized
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TiO2 showed a particle size distribution withod= 1. 4508 m3 . H e @.N3I  adm.
Furthermore, the average particle size of the nanosizeg pa®@der was obtained as 27 + 10

nm. The variation observed between the particle size observed in SEM images and the
measurements obtained from the Spraytec systesattributed to the agglomeration tendency

of nanosized materials in suspensions, which affects the particle size distrif2ti@n
Nanoparticles are difficult to disperse due to their high specific surface. They tend to form
micronsizedagglomerates that have been previously shown to promote the introduction of nan
sized pores in the membrane microstructinering the SPS process, the density of suspension

1, containing submicresized TiQ particles, was determined to be approximately 1.173 g/mL.

As for suspension 2, which contained nanosized, Ti@tticles, the density was around 1.170
g/mL for a solid content of 20 wt.% and 1.280 g/mL for a solid content of 30 wt.%. The density
and flow rate of the suspensions remained relatively constant during the spray process as
determined by a Coriolis flow meter (Endress+Hauser, Canada).

The details of the suspension preparation process for the subrsizeohTiQ powder
[15] and the nanosized T¥powder[199] were previously described.
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Figure4.2 (a) Particle size distribution of submicrsized Ti@powder.(b) SEM micrograph of the submicreized Ti@powder.
(c) particle size distribution of nanosized JpOwder.(d) SEM micrograph of the nanosized;pGwder.

The viscosity of suspensions was measured using a viscosimeter system (DNVext,
Brookfield Amatek, US).
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4.2.3Coating Characterization

The surface roughness of the samples was assessed using a confocal laser microscope
(LEXT OLS4000 Olympus, Toronto, ON, Canada), and the reported values were the arithmetic
average surface roughness (Ra). The powder morphology, as well as the polishedatioss
and coating surfaces, were examined using -Behission scanning electron microscopes
(FESEM JSM 7600TFE, JEOL, Tokyo, Japan, and FESEM Hitachi Regulus 8230, Mississauga,
ON, Canada). The thickness of the coating was measured at sixteen points on thectimss
backscatteretmages of the coatings with a magnification of 2000x. The phase composition of
the coatings was analyzed to determine anatase content, which is important for photocatalytic
membrane application. Phase analysis of the samples was conducted usinguttaifikaction
(XRD) technique (XPert preMRD, Malvern PANalytical, Malvern, UK) over a range of
2071 80 A wjatstep siZeuof KOPFhe scan step time of 2 s, with the voltage of 45 kV, and
the current of 35 mAThe phase conteandcrystallite size of anatase and ruti@s quantified
using Rietveld refinement analysis performed with HighScore Plus a@ftwMalvern
PANalytical, Malvern, UK).

In general, one main source of anatase in the thermal spray coatings is believed to be
from the unmelted or partially melted zorj@45]. To better understand the source of anatase in
the coatings, Raman spectroscopy was carried out on the melted and unmelted zones of the
coatings. Raman analysis was conducted on the polishedsaassn of the coatings using a
Raman spectrometer (inVia Reflex, UK). The spectrometer utilized a laser with a wavelength of
532 nm and a spot size of approximately 2 &m.
the exposure time for each measurement was 10 seconds. Prior to the analysis, the system was
calibrated using a silicon reference.

In the coatings, the proportion of large pores, unmelted submicron particles introduced
through injector 1, and unmelted agglomerates of nanosized particles introduced through injector
2 were assessed by image analysis using@ty@pus Stream basic software The variations in
the fraction of unmelted agglomerates of nanosizec Pddticles injected through injector 2
were associated with the development of nanosized porosity within the coatings, where the
nanosized pores were attributed to the gaps between the unmelted/sintered nanosized TiO
particles in the coatingfl99]. Therefore, in this work, increasing the fraction of unmelted
agglomerates of nanosized particles would be translated to an increase in the porosity of the
coatings. Five SEM images of the polished cremstions of each coating, captured using a
backscatter electron detector at a magnification of 2000x%, were utilized for the image analyzing
process.

4 .3 Results and Discussion
4.3.1Microstructural Features

Figure 4.3 illustrates lowmagnification images of the control samples D1 and D2,
providing a general overview of their microstructurbese coatings exhibit three similar distinct
regions, visually distinguished by grey level: black, light grey, and dark grey. Furthermore,
Figure 4 presents a highagnification image of sample D1, demonstrating the presence of these
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regions in greater detail. The black areas, identified by number 1, correspond to large pores,
while the light grey areas, identified by number 2, are fully dense splats formed from melted
particles. On the other hand, the dark grey areas, labeled by number 3, indicate the presence of
unmelted particles retained from the feedstock powder and/or resolidified particles. Indeed,
filling larger intersplats pores with unmelted particles of the pristine feedstock leads to forming

a network of fine pores within the coat[t§,199] The splats were formed from the melted
inflight particles traveling closer to the centreline of the plasma jet, where the plasma
temperature was highest. On the other hand, the particles that remained unmelted likely traveled
through the outer regions of the plasma jet, encountering lower momentum and less heat transfer
from the plasmg212,215,216]

Sample D1gsprayed using the submicrsized particles through only injector 1, exhibits
a distinctive columnar microstructure found typically in SPS coatings due to a phenomenon
known as the shadow effect. During the coating deposition in the SPS process, the larger inflight
particles mainly move in a direction perpendicular to the substrate surface, while the plasma drag
influences the trajectory of the smaller particles. As a result, the smaller particles tend to travel
almost parallel to the surface near the substrate and become attached to the sides of the surface
asperities and irregularities. The lateral and vertical growth of the coating leads to the formation
of columnar features and porous bands between the columns as the underlying surfaces are
shielded from the impact of new partic[@47,218]

Compared to D1, in sample D2, where water was sprayed through injector 2, the coating
thickness was reduced by approximately 50%. The columnar feateresstill visible in the
structure butwere less pronounced. Furthermore, the overall microstructure appeared more
densely packed, with a decreased presence of large pores (indicated by black regions) and
unmelted submicrosized particles (dark grey areas).

Columnar features

Columnar features

Soum 50 ym

Figure4.3 Low magnification SEM micrographs of control samples D1 (Subnsizexh Ti@injected through only injector 1),
and D2 (Submicresized Ti@ injected through injector 1, and water through injector 2) coatings.
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Figure4.4 SEM micrograph of the polished crasxtion of sample D1, displayi(l) large pores(2) splats from the melted
particles, and3) unmelted submicregized particles.

SEM micrographs of samples D3 to D8 are presented in Figure 4.5, based on the
variation in the spray parameters. Figure 5 shows a comparable coating thickness to the control
sample D2. The effect of the spray parameters on the porosity level in the coatings is discussed
in the following sectionsAll coatings displayed a firm mechanical bond to the substrate, and no
detachment was observed.

Like the control samples, these samples exhibit three distinct regions: black, light grey,
and dark grey areas. Also, some columnar features in the form of bumps can be observed on the
top sections of the coatings.

Among these samples, D5 was selected for a more detailed examination of the
microstructure, as depicted in Figure 6. Like in the control samples, the black regions (number 1)
correspond to the large pores, and the light grey areas labeled by number 2, are the splats.
Moreover, the high magnification SEM images of sample D5 reveal that the unmelted regions
appear in two different shades of grey, which can be distinguished by the size of the unmelted
particles. The lighter grey sections, identified by number 3, correspond to the unmelted
submicronrsized particles introduced through injector 1. In comparison, the darker grey areas,
shown by number 4, correspond to the unmeltedoaggiates of nanosized particles injected via
injector 2. Figure 4.7 displays the fractured cresstion of D5, providing a detailed
representation of the esxistence of the unmelted submicisired and nanosized particles from
injectors 1 and 2, respectively. The unmelted particles may result from the deposition of
agglomerated submicron or nanosized particles or the impact of suspension droplets in which all
the water was not evaporated in flight. The remanent water was evaporated on the hot substrate,
leaving the unmelted feedstock particles deposited on the substrate surface. Indeed, most of the
individual submicron particles likely do not reach the substrate due to their low mass.
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Figure4.5 SEM micrographs of samples D3 to D8 classified based on the spray parameters. Spray condition D9 resulted in a
powdery deposition on the substrate (no coating was obtained).
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Figure4.6 (a) SEM micrograph of a polished crgsstion of the D5 coating showin() large pores(2) splats from the fully
melted particles, and the eexistence of(3) submicrorsized particles from suspension and injector 1, &jdnanosized
particles from suspension and injector(2) High magnification SEM micrograph of the submigiaad particles, ant) High
magnification SEM micrograph of the nanosized particles.

T

Figure4.7) SEM micrograph of a fractured cresstion of the coating D5 showin() large pores(2) splats from the fully
melted particles, and the eexistence of(3) submicrorsized particles from suspension and injector 1, é)dnanosized
particles from suspension and injector 2.
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4.3.1.1Surface Morphology and Roughness

Table4.3 summarizes the surface roughness measurements represendedlasR The
data shows that D1, sprayed with one injector, exhibits the highestli®, while D5 and D8
demonstrate the lowestaRalues among the samples. The remaining samples exhibit surface
roughness values falling between these extremes. Hdgidisplays the surface morphology of
samples D1 to D8, where various degrees of columnar features in the form of bumps are seen on
the surfaces of the coatings. In alignment with thenfeasurements in Table 3, the most
significant columnar feature appears on the surface of D1. At the same time, D5 and D8 exhibit a
much smoother surface structure compared to the other coatings. The possible reasons for the
generation of the columnar shapes on the surface of these coatings are discussed in the following
sections.

Table4.3 Surface roughness measurementg fBr coatings D1 to D8 obtained by confocal laser microscopy.
Sample D1 D2 D3 D4 D5 D6 D7 D8
Ra (um) 15.740.2 6.3%0.1 7.4+0.1 8.1+0.1 5.2+0.1 7+0.1 8.1+0.2 4.1+0.2
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Figure4.8 SEM micrographs of the surfaces of coatings D1 to D8.
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