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ABSTRACT
PHOTOCATALYTIC MEMBRANES FOR VIRUS INACTIVATION
By
Brian J. Starr

Porous ceramic membranes are ideal candidates for use in environmental treatment and
remediation. Ceramic membranes have a high chemical and thermal stability, allowing for
aggressive cleaning and increased life span compared with polymeric membranes. For the same
reasons, they are often used as substrates in photocatalytic membrane reactors. A multitude of
techniques have been proposed to fabricate these photocatalytic membranes. In this study,
Layer-by-layer self-assembly (LbL) and plasma enhanced chemical vapor deposition (PECVD)
were used to create photocatalytic TiO2 coatings on the support structure of ceramic disc
microfiltration membranes. The resulting photocatalytic layers did not measurably reduce the
membrane permeability. The LbL coated membrane degraded methylene blue at a higher rate
compared to the PECVD coated membrane during UV filtration experiments. By assuming a
plug flow reactor (PFR) model and normalizing the measured PFR rate constant by the catalytic
efficiency of each catalyst, it is evident the LbL fabricated membrane benefited from the high
catalytic efficiency of the Degussa P25 photocatalyst. Additionally, the LbL fabricated
membrane’s efficiency at inactivating MS2 and P22 bacteriophages was tested. While P22 was
inactivated at a higher rate in batch reactors, MS2 was more susceptible to inactivation during
UV dead-end filtration, with a maximum log removal value (LRV) of 4.9 achieved at the flow
rate of 4x10° liters per minute for MS2 and only 1.6 LRV of P22 at the lower flow rate 3x1073
liters per minute. With the coating on the permeate side of the membrane, this approach to virus

inactivation is particularly promising in applications to waters with high degree of turbidity.
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CHAPTER 1

A review of titanium dioxide photocatalytic ceramic membranes

Titanium dioxide photocatalytic properties, related reactions, and photocatalytic treatment
processes are reviewed in section 1.1. Section 1.2 highlights ceramic membrane fabrication
techniques and research aimed at reducing costs of manufacturing membranes. Sections 1.3-1.5
discuss photocatalytic membrane processes, fabrication of photocatalytic membranes, and their

application to water treatment.

1.1 Introduction to titanium dioxide, photocatalytic reactions, and

photocatalytic processes

Titanium dioxide is a semiconducting metal capable of splitting water [1]. With irradiation from
UV light, it has been widely shown to generate reactive oxygen species, including «OH and O,
[2-4]. The chain reactions necessary to generate these reactive species are summarized in Table
1[5]. The reactions are initiated when UV light, with a wavelength less than 400 nm, excites
electrons from the valence band (vb) to the conduction band (cb). This excitation leaves a
reactive hole where the electron was previously located. The excited electron and reactive hole
combine with bonded TiO» to migrate the reactive species to the crystal surface and delay
recombination; these reactions are referred to as traps. In the presences of oxygen species, the
trapped electron can combine with O to create superoxide radicals and the reactive hole can

combine with hydroxyl ions to create hydroxyl radicals. These species can then go on to create



other reactive oxygen species (ROS) or react with an organic contaminant. Additionally, the

electron may return to the valence band and not result in a reaction.

Table 1: Summary of UV induced titanium dioxide reactions [5]

Reaction Description
TiO, + UV - e~ + hole* Electron excitation and hole creation
e:;p = e & hole,, = holey, Electron and hole trapping
e + holey, — ey, + heat Electron hole recombination
0, + e — 05° Superoxide radical formation
OH™ + hole; - OH" Hydroxyl radical formation

Overall reaction of organic pollutant and
Organics +TiO, » CO, + H,0 ] ) ] o
TiO2 results in mineralization

Significant research has been aimed at exploiting these pathways for the degradation of organic
pollutants and inactivation of pathogens in water treatment [6-8]. Compared with chemical
disinfection and oxidation, photocatalysis with TiO2 produces significantly fewer disinfection
byproducts (DBP) [9]. Additionally, TiO2 has the ability to degrade DBP precursors that are

present, resulting in fewer produced DBPs when TiO- disinfection is combined with chlorine [9].

Titanium dioxide generally exists in any of four phases; amorphous, brookite, anatase, and rutile,
with anatase and rutile the most commonly generated crystallinity [10]. The crystallinity of TiO-
can be altered by adjusting the catalyst preparation parameters, such as the sintering temperature

[11]. As reviewed by Ismail and Bahnemann, anatase crystallinity is often the objective when

generating TiO2 photocatalyst, due to its high photoactivity [12]. This is not true for all



reactions, as Tay found brookite to be more productive in generating H than anatase [10].
Interestingly, Bacsa and Kiwi showed that pure anatase was less photoactive than a mixture of
rutile and anatase [13]. From their experimental work a ratio of 70% anatase to 30% rutile was
more efficient than Degussa P25, a highly efficient TiO> catalyst. A similar result was obtained
by Bakardjeiva et at, who found 100% anatase exhibited poorer photodegradation of 4-
chlorophenol, while a mixture of ~77% anatase and 33% rutile enhanced degradation [14].
Lastly, the lower surface areas, due to elevated calcination temperatures, associated with rutile
may account for its lower apparent catalytic efficiency [15]. A direct comparison on the inherent
catalytic properties of rutile and anatase must account these physical changes, as well as

differences in the crystal phase composition.

Degussa P25, is a commercially available TiO> nanoparticle often cited as a standard for high
photoactivity [14]. It is frequently reported as a simple mixture of anatase and rutile crystallinity
[16, 17]. Further investigation has shown that although the XRD graphs of P25 and simple
mixtures of pure anatase and pure rutile are similar, images with TEM show that P25 contains
complicated amorphous/anatase and amorphous/rutile regions, that are not present in the simple
mixtures [18]. The high photoactivity of P25 has been attributed to these complicated multi-
crystalline regions. More recently, this finding was contradicted by Ohtani [19], who found the
phases did not interact and suggests there is no evidence of a synergism between the mixed

phases.

Metal doping of titanium dioxide is an active area of research in photocatalysis. Various benefits
have been seen, such as improved bacterial disinfection with Ag-TiO2 membranes [20] and
increased visible light photoactivity with nickel [21]. Experiments testing a multitude of M-TiO>

coatings under visible light have demonstrated that improved reaction kinetics are often pollutant



specific [22]. Interestingly, metal doping TiO2 has been shown to change the anatase-rutile
phase conversion temperature. Specifically, ruthenium inhibited the conversion from anatase to
rutile up to 700°C [22]. This can become important in photocatalytic membrane fabrication

techniques that require high sintering temperatures, such as hollow fiber fabrication.

Photocatalytic processes using TiO2 are generally implemented by either suspending the TiO: in
a photoreactor or immobilizing it on the surface of a contactor [23]. Suspended reactors have the
benefit of higher TiO> loading, but require an additional process unit for photocatalyst recovery
[24]. Immobilized TiO- reactors have lower catalyst loadings, but do not require catalyst

recovery [24].

Immobilized photocatalytic processes require a contactor. Contactors can take various
geometries, such as the smooth surface of a reaction vessel [26] or porous particles [27].
Properties of contactors include high surface area, chemical and thermal stability, and ease of
cleaning. With the addition of a separation layer, a porous contactor may also serve as a
membrane. Depending on where the catalyst is deposited, the use of a membrane as a contactor
provides several benefits to both the membrane and the photocatalytic processes, including
contaminant concentration on the catalyst, reduced turbidity for the improved efficiency of UV
light, and reduced membrane fouling. Due to their mechanical and chemical stability, ceramic

membranes are the most frequently used membrane contactors.

1.2 Ceramic Membranes

Inorganic membranes are available in a wide variety of materials, geometries, and

configurations. Due to their chemical and thermal stability, inorganic membranes are often used



in processes with demanding conditions that justify their additional cost compared to polymeric
membranes. Inorganic membranes can be made of oxide, metal, carbon, or other materials [28].
Commonly available geometries include disk and tubular [29]. Multi-channel tubular
membranes, referred to as monoliths, are commercially available and provide an increased
surface area density [29]. Inorganic membranes can be porous or dense. The pore size cutoff
between porous and dense is not precisely defined, but dense inorganic membranes are used in
gas phase separation processes, whereas porous inorganics are used in water treatment. This
review will focus on porous ceramic membranes, which are suitable for use as photocatalytic

contactors and in water treatment processes.

Porous ceramic membranes are typically asymmetrical and can be defined by several layers. The
active layer has the smallest pore size and performs the separative process. This layer is
typically made very thin to reduce its hydraulic resistance. The outer layers have increasingly
larger pore sizes and act to support the thin active layer. Slip casting, tape casting, pressing, and
extrusion are all methods used to fabricate support structures [30]. The active layer is typically
formed via advanced techniques, such as sol-gel precipitation, chemical vapor deposition, or dip

coating [30].

In slip casting, tape casting, and pressing methods a pliable paste of ceramic particles is formed
into a solid structure by removing solvent from the paste. This structure is then dried and
sintered to create a stable support. During slip casting, the ceramic paste is applied to a porous
mold and capillary forces remove the solvent. The tape casting process uses a casting knife to
deposit a film of suspended ceramic and the solvent is removed by evaporation. Pressing
techniques use force to remove the solvent. Extrusion methods force a plastic-like paste through

a nozzle to give it shape. When force is not being applied, the paste has increased rigidity.



When forming the active layer using sol-gel processes, a solution of ceramic precursor is applied
to a support structure and ceramic is then precipitated on the surface. This process has higher
control of pore size, porosity, and film thickness than the casting and pressing methods. With
dip coating, a substrate is submersed in a suspension of ceramic particles. The layers morphology
can be adjusted by varying the suspension viscosity, contact time, and dipping speed. Chemical
vapor deposition uses a carrier gas to bring a flux of precursor to a substrates surface. A reaction
then occurs either in the gas phase or on the substrate itself, resulting in a thin film of deposited

ceramic.

Active research in ceramic membrane fabrication focuses on improving the stability of the
membranes [31-32], separative functionality [33-34], and/or reducing manufacturing costs [35-
36]. While stability is a critical property in processes such as high temperature flue gas
treatment, membranes in water treatment are not typically exposed to such extreme conditions.
Research on improving ceramic membrane separative functionality centers on dense membrane
fabrication, often for gas separation. In water treatment, which uses porous membranes,

important research to allow widespread application is centered on reducing manufacturing cost.

Major costs associated with ceramic membrane fabrication are expensive precursor materials
such as alumina, zirconia, titania, and silica and the energy intensive sintering process [37].
Sintering is an additional cost that polymeric membrane fabrication does not require. Lower cost
materials, such as clay, sawdust, fly ash, calcium carbonate, and quartz have all been
successfully used in creating ceramic membranes. New low cost ceramic membrane fabrication
techniques blend a selection of these precursors in order to create a stable porous membrane.
Clay is used for its low plasticity and high refractory properties [38]. Calcium carbonate is often

used as a pore former [39]. Quartz or similar materials add strength to the membrane [38]. Fly



ash is a readily available byproduct of the coal industry and serves as a filler material.

Membranes utilizing fly ash require binders, such as polyvinyl alcohol [40].

In effort to make ceramic technologies more affordable, recent research has shown ceramic
membranes can be fabricated using locally available natural materials. Belibi et al. fabricated a
microfiltration membrane using only Cameroonian clay, with sawdust as a pore former [40].
Wang et al. developed microfiltration membranes using a mix of Portland cement and quartz,

which did not require any sintering [42].

Membranes fabricated with low cost materials are typically prepared by uniaxial wet or dry
compaction or the paste methodology. In the paste method, the precursors are simply mixed with
a small amount of water, placed in a mold, slowly dried, and then sintered [37]. In the
compaction method, similar to conventional ceramic membrane support fabrication, the
precursors are homogenously mixed with or without water, pressed with mechanical force, and
sintered [39]. A comparison between the two methods showed that uniaxial compaction resulted
in larger pore sizes compared with the paste method, even with the same precursor formulation
[39]. Vasanth et al. has shown these fabrication techniques can produce a ceramic membrane for
approximately $61 per square meter compared to $500 per square meter for a similar ceramic

alumina membrane.

Low cost ceramics have been successfully applied in bacterial separation [36], oil-water
separation [39], and food processing [43]. Further testing is needed to understand the chemical
and thermal stability of these low cost membranes. Only one of the above cited studies
investigated the mechanical strength and hydraulic stability [41], but as Buekenhoud [44]
reviewed, dynamic tests with corrosive fluids are needed to understand the true chemical stability

of these membranes.



1.3 Catalyst-membrane configuration

Photocatalytic membranes can be categorized into three groups based on the catalyst location;
membranes with selective layer coating, membranes with support coating, or embedded reactors.
Locating the photocatalyst on the selective layer is the most commonly reported configuration.
With this configuration (Figure 1A), there are several synergistic benefits to both the membrane
and photocatalytic process. During filtration, the pollutant is concentrated on the catalyst due to
the concentration polarization effect, resulting in faster reaction kinetics. The catalyst reaction
may also benefit the membrane separation process by degrading pollutants that cause fouling
[45]. Additionally, since titanium dioxide is hydrophilic, TiO2 coated selective layers have

shown increased water flux compared to uncoated membranes [46].

In order to reduce the hydraulic resistance of the coated membrane, research has been performed
into creating a dual-purpose selective and photoactive layer of TiOo, referred to as coupled
functionality. With these membranes, the catalyst layer acts as the mechanical barrier to
pollutants and is also the photoactive layer (Figure 1B). This eliminates the need for a separate
catalyst layer and selective layer. The primary drawback of coupled membranes is that the
separative functionality and photoactivity may have distinctly different optimized requirements.
For example, a 3 nm coupled TiO2> membrane produced by Wu et al. [11] had a molecular weight
cut off of 4,000 kDa, while they reported a commercially available non-photoactive membrane
with the same pore size made of silica/zirconia had a MWCO of just 1,000 kDa. This difference
was attributed to the more favorable interaction between the non-photoactive membrane material

and contaminants.
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Figure 1: Photocatalytic membrane configurations A) Selective layer coating B) Coupled
photoactive-selective layer C) Support coating D) Embedded coating



Coating the membrane support (Figure 1C), has the benefit of allowing optimization of the
selective layer and photoactive layers independently. This process arrangement was first
proposed by Bosc et al. [47], though experimental results were not reported. Having the
photoactive layer on the outside of the membrane also allows for a simpler arrangement of
coupling between the source of UV irradiation and the photocatalytic surface, especially when
ceramic tubular membranes are employed. Also, the membrane will remove turbidity prior to
photocatalysis, improving catalytic performance through two mechanisms. First, the less turbid
water will allow for higher fluence on the catalyst. Second, the turbidity causing particles react
with reactive oxygen species, reducing the ROS concentration available for disinfection.
Literature on membrane support side coatings is limited. In one study [48], both the feed and
permeate side of a ceramic support were coated; the authors showed that both layers of TiO>

contributed to the degradation of a model pollutant.

The embedded reactor has catalyst coated or embedded throughout the matrix of the membrane
(Figure 1D.) In contrast to the previous configurations, catalyst is not limited to outer layers on
the feed or support side. Catalytic membrane reactors with this configuration are the most
commonly developed due to the increased pollutant-catalyst contact time. Since photocatalytic
reactions require catalyst exposure to UV light, photocatalytic membranes with this
configuration have seen limited development. An exception are photocatalytic membranes that
use photoactive catalyst as the only membrane material. Zhang et al. [16] created photocatalytic
hollow fibers through membrane spinning and phase inversion that resulted in pure TiO2 hollow
fibers. Due to their small size, hollow fibers have a high specific surface area, which is
beneficial to photocatalytic reactions and membrane separation. A significant limitation of this

technique is that photoactivity decreases with increasing sintering temperature while high

10



sintering temperatures are needed to give mechanical strength to the hollow fibers. In
permeability experiments the authors used hollow fiber membranes prepared with low
photoactivity due to the weak mechanical strength of the hollow fibers with high photoactivity.
Similar to the dual-functionality membranes, the photoactive and membrane separation function

need to optimize simultaneously, which may be a challenge.

1.4 Membrane-catalyst coating techniques

Methods of fabrication of photocatalytic membranes can be divided broadly into two groups of
techniques: 1) deposition of existing (pre-formed) nanoparticles on the membrane and 2) the use
of TiO2 precursors to precipitate photocatalyst on the membrane. When using existing
nanoparticles, they are typically suspended in solution and the substrate is coated using a dip
coating procedure [49-50]. This has the benefit of simple assembly techniques and the known
high photoactivity of the particle, such as Degussa P25 [51]. The drawback is that the particles
may not be optimally placed on the membrane, resulting in a significant reduction in flux [52].
In dip coating, high concentrations of particles are suspended, often with the aid of a dispersant
[49]. A substrate is then dipped in the catalyst suspension and withdrawn at a constant rate. The
deposited film thickness is dependent on withdrawal speed, suspension viscosity, evaporation

rate, and substrate width [53].

Similar to dip coating, LbL self-assembly is a simple method that has been used to create thin
films from existing nanoparticles. In LbL self-assembly, polyelectrolytes are coated on a
substrate, resulting in a modification of the surface charge characteristics. The polyelectrolyte

coated substrate is then submersed in a low concentration nanoparticle suspension.
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Nanoparticles adhere to the polyelectrolytes via electrostatic interactions. LbL self-assembly can
be completed by either two-step or three-step assembly. In three-step assembly, a substrate is
coated with multiple bilayers of alternatively charged polyelectrolytes [54]. The terminating
layer has the same charge as the substrate. The oppositely charged nanoparticles are then
adhered to this layer. In two-step assembly, a single polyelectrolyte is used [55]. LbL self-
assembly has been applied to non-photoactive catalytic membrane reactors. Dotzauer utilized
LbL self-assembly to create a catalytic wall reactor membrane with a sub-monolayer deposition
of gold particles on a polymeric membrane [56]. A review of literature could not find examples

of LbL self-assembly used in TiO2 photocatalytic membrane fabrication.

Using TiO. precursors, TiO> crystals have been formed in place on various membrane materials,
with the aim of improving flux, selectivity, photoactivity, or all of the above. Sol-gel dip coating
is a common technique that utilizes TiO; precursors. Typically, a precursor, such as titanium
tetraisopropoxide (TTIP), is added to a solution containing surfactants and other reagents that
cause the TTIP to hydrolyze and form TiO2 [57]. The membrane is dipped into the sol, dried,
and then sintered. The surfactants structure the precursors. These organics are removed through

sintering, leaving an organized TiO; structure.

Varying the surfactants and adding copolymers can create unique crystal structures, such as
cylindrical or hexagonal pores [47]. This technique is most beneficial for coupled selective and
photoactive coatings, allowing the pore size to be tuned by varying assembly conditions.
Additionally, varying the drying, stabilizing, and sintering temperature and duration can also
lead to structural changes [47]. The sol-gel dip coating procedure can be repeated, adjusting the
parameters to create a hierarchical structure with improve permeability compared to non-

hierarchical multilayers, while preserving photoactivity [58]. Non-selective nanostructures, such

12



as nano-ribbons and nano-wires, have been generated from TTIP precursors by controlling the
hydrolysis rate [52]. The authors found these coated membranes to have a significantly higher

permeability, while maintaining a similar photoactivity to a P25 coated membrane.

Chemical vapor deposition (CVD) has been used to deposit TiO2 films onto various porous
substrates, including alumina, activated carbon, and silica [27]. This technique has been
extended to produce photoactive TiO> membranes [48]. Stated benefits of CVD are scalability,
reduced manufacturer costs, and improved permeability. Though comprehensive comparisons
on these metrics for dip coating, LbL self-assembly, sol-gel dip coating and CVD could not be
found in literature. One comparison study on the photoactivity found that both CVVD and sol-gel
dip coating could produce equally high photoactivity [59]. A drawback of CVD is the high
temperature required during the deposition. The previously cited study uses temperatures up to
600°C during deposition. With the aid of plasma, the reactor temperature can be lowered to near
room temperature [60]. Plasma enhanced vapor deposition excites the TiO2 precursor in the
vapor phase into a plasma using R.F., causing the photocatalyst to then form on the substrate.
This reduces energy demand of the process and allows for coating on temperature sensitive

materials.

1.5 Photocatalytic Membrane Applications

Titanium dioxide photocatalytic membranes have many potential applications in water treatment,
including: mineralization of organic pollutants, improved membrane flux, and inactivation of
pathogens. There have been several proposed mechanisms for the increased flux of TiO> coated

membranes, including increased hydrophilicity, reduced biofilm generation, and degradation of

13



fouling contaminants. Bae et al. [46] incorporated P25 photocatalyst into the matrix of a
membrane to create an embedded photocatalytic membrane and used phase inversion to create an
asymmetric membrane. In crossflow filtration of activated sludge, this membrane showed a
reduction in fouling compared with a neat membrane. The reduced fouling was attributed solely
to the hydrophilicity of the nanoparticles, as the membranes were not illuminated with UV. The
authors also found that a deposition of catalyst on the selective layer reduced fouling further than
membranes with catalyst embedded in the membrane matrix. For photocatalytic membranes, this
leads to a synergy, as photocatalytic membrane configurations typically have TiO2 coating
externally. The increased hydrophilicity of TiO> coated membranes was confirmed with water
contact angle measurements on Al.Oz membranes that had a thin layer of TiO. deposited on the
surface of a membrane and within the pore channels [61]. This membrane also exhibited an
initial flux increase of 30-40% prior to any fouling compared to the membrane without coating.
This flux increase was maintained throughout fouling experiments using stable oil-water

emulsions.

Bio-fouling can lead to increased operational costs through higher transmembrane pressure
requirements and increased cleaning frequency [62]. Titanium dioxide coatings reduce biofilm
formation by increasing hydrophilicity of the membrane, as discussed earlier, and due to their
photocatalytic reactivity [63]. Ciston et al. delineated the hydrophilic and photocatalytic
contributions by comparing photoactive anatase membranes to non-photoactive rutile TiO-
coatings. The results indicate that the hydrophilic effects are important in preventing the early
adhesion of bacteria to the membrane and photocatalysis prevents long term growth of

established films. The reduction in fouling contributable to photoactivity is only applicable for
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membranes with selective layer catalyst coatings, whereas membranes with only permeate side

surface coatings will not benefit from reduced fouling.

Both suspended and immobilized titanium dioxide has been investigated for application in
mineralizing organic pollutants [26]. As compared to traditional membrane processes,
photocatalytic treatment of organic pollutants mineralizes the pollutant, rather than concentrating
it. Photocatalytic membranes have been studied in this application, most commonly using dyes
as a model [49, 16]. One drawback photocatalytic membranes have is the limited contact time as
compared to suspended TiO> reactors. Wang et al. found the maximum one pass decomposition
of Acid Red 4 dye to be about 65% for dead-end filtration, but this decreases rapidly with
increasing flowrate [49]. Similarly, Zhang et al. demonstrated an 82% removal of Direct Black
168 with TiO2 photocatalytic membrane, though this required an extended run time of 300
minutes [16]. For treatment of highly concentrated dyes, coating the membrane permeate side
may provide improved reaction kinetics from the increased UV fluence, due to reduced dye
concentration by the membrane. In addition to dyes, other organic pollutants have been tested.
Kovaleva et al have studied the removal of benzothiazoles [64], Molinari et al tested the
degradation of 4-nitrophenol with the use of polymeric photocatalytic membranes [65], and
Zhang removed sodium dodecylbenzene sulfonate with composite ceramic nano-rod membranes

[66].

Pharmaceutical and personal care products (PPCPs), such as 4-Methylbenzylidene Camphor and
Octocrylene, have been found to persist through conventional wastewater treatment processes
and be discharged to the environment [67]. Titanium dioxide photocatalytic membranes have
been shown to degrade a number of PCPPs, including norfluxentine, atrazine, and trimethoprim

[68], but suffer from a shortcoming of other treatment options for PPCPs [69], in that the
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reaction rate is very dependent on the particular pollutant [70]. Pharmaceuticals and personal
care products are typically present in minute concentrations and may benefit from active layer
coating configurations, taking advantage of concentration polarization, though data on this

potential synergism for PPCP removal has not been published.

Disinfection with UV photocatalysis has obvious benefits due to the generation of reactive
oxygen species that have been shown to inactivate a wide spectrum of pathogens, including
bacteria, fungi, algae, protozoa, viruses, and bacterial toxins [71, 4]. Compared to UV-only
inactivation, photocatalyst can reduce the time required to achieve a 4-log reduction of E. coli by
half [57]. The vast majority of research into photocatalytic disinfection, as extensively
summarized by Foster [4], has been with suspended TiO- or thin films, not membranes. But as
pointed out by Rincon [72], turbidity reduces photocatalytic disinfection by scattering light,
aggregating suspended photocatalyst, and reducing the concentration of reactive oxygen species.
Immobilizing titanium dioxide on the permeate side of the membrane could mitigate these

turbidity related issues.

While titanium dioxide membrane coatings have shown promising results for water treatment,
the application of these coatings as a viable water treatment technology outside of a laboratory
requires additional research. Most studies have focused on the photoactivity, antifouling, and
permeability of these membranes, but only one of the articles reviewed here looked at the
durability of the coatings over wash cycles [20]. Durability becomes critical when separation
and photocatalysis are coupled into one layer and act as the sole barrier, especially when
removing pathogenic microorganisms. Furthermore, to replace existing technology, the TiO>
membranes will need to be more cost efficient than current processes. Only one study [48]

compared the energy requirement of photoactive membrane processes to membrane only
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separation and interestingly found photoactive membranes have the potential to reduce energy
demand. Lastly, combining the low cost ceramic membrane manufacturing techniques reviewed
earlier with the latest research into titanium dioxide photocatalysis may yield a photocatalytic

membrane suitable for widespread adoption.
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CHAPTER 2

Comparison of sub mono-layer and dense photocatalytic coating techniques
for fabrication of photocatalytic membrane supports

2.1 Introduction

Titanium dioxide (TiO2) photocatalysis for application in environmental treatment and
remediation has been an active area of research due to the ability of the highly reactive oxygen
species generated during exposure to UV light to mineralize organic pollutants [1-2]. While
TiO, photocatalytic processes have seen commercial adoption in fields such as air purification,
photocatalytic processes face many challenges in water treatment [3]. Photocatalytic water
treatment processes with TiO> are often categorized by whether the catalyst is suspended or
immobilized [4]. While benefiting from an increased loading, suspended reactors require
additional separation units for catalyst recovery. Immobilized photocatalytic catalytic reactors
have lower catalytic loadings and limited contact times. In water treatment, combining
membrane separation and photocatalysis into a single process unit yields several synergisms. In
this area, research has focused on coupling the selective and catalytic functionalities, where the
catalyst is integrated into the selective layer of the membrane [5]. This results in pollutant

concentration on the catalyst and a reduction in membrane fouling.

Creating photocatalytic coatings on the membrane’s support has not been studied extensively.
The only publications on the subject are by the groups of Bosc [6] and Athanasekou [7]. This
coating configuration has several benefits not available to coupled membranes. First, it allows

the optimization of both the photocatalytic and separation functionalities independently. Also,

25



due to the membranes ability to remove turbidity causing particles, the permeate stream may
have increased transparency and therefore afford a higher photocatalytic efficiency. Lastly,
coating the membrane’s support creates two independent barriers to pollution, which increases
process robustness. Whereas with coupled membranes, the photocatalysis and membrane
separation are combined and act as one barrier, so that a failure in the catalyst layer results in a

loss of both photocatalysis and separation.

Various thin film technologies have been used to create photocatalytic coatings, including dip
coating, LbL self-assembly, sol gel, and chemical vapor deposition (CVD) [8-11]. Recently,
plasma enhanced chemical vapor deposition (PECVD) was used to create thin films at low
temperatures [12]. This reduces energy demand compared with traditional CVD processes and
also allows for deposition on temperature sensitive materials. LbL self-assembly has been
applied to create various TiO film morphologies, but to date has not been applied on porous
ceramic membranes. As illustrated in Figure 2, the objective of this work is to investigate the
generation of sub-mono layer TiO> layers, on membrane support structures, using LbL self-
assembly, with the goal to create photocatalytic membranes with no decrease in membrane
permeability. This work will compare the performance in permeability and photocatalytic

experiments of an LbL coated membrane to one prepared with PECVD techniques.
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2.2 Approach

2.2.1 Fabrication of photoactive membrane layer

LbL self-assembly exploits the surface charge of polyelectrolytes to adhere suspended catalytic
nanoparticles to a surface. This involves a two-step process of i) applying polyelectrolytes to the
surface, and then ii) exposing the polyelectrolyte-modified surface to a nanoparticle suspension to
enable particle-polyelectrolyte adhesion and surface coating of nanoparticles. The morphology of
the resulting coating is dependent on the deposition conditions (e.g. pH and ionic strength of the
deposition catalyst suspension, the degree of polyelectrolyte ionization) and properties of surfaces
involved (e.g. the charge and hydrophilicity of nanoparticles and the membrane). The amount of
catalyst surface aggregation is a balance between the like-like repulsion of the catalyst particles
and the attractive force between the negatively charged terminating polyelectrolyte and the
positively charged catalyst. Manipulation of PE-catalyst interaction was performed by varying the

degree of polyelectrolyte ionization and charge of the particle.

PECVD has been developed by Professor André Ayral’s research group at the European Institute
of Membranes (IEM) [12] as a means of creating dense TiO: layers. This method uses chemical
vapor deposition techniques with the aid of plasma to oxidize titanium dioxide precursors on a
substrate. The parameters used in this experiment have been previously optimized at IEM to create

thick and dense coatings [12].
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2.2.2 Important elements of photocatalytic membrane layers

Both fabrication methods were applied to the same membrane, allowing for interesting
comparisons. PECVD created dense skin coatings, while the objective of the LbL self-assembly
was to create sub-mono layer coatings. Additionally, the LbL self-assembly used a commercially
available photocatalyst with a known high photoactivity, while the PECVD used catalyst
precursors to deposit catalyst in-situ. The approach of this study was to use batch reactions with
a model pollutant (Methylene Blue (MB)) to determine the photoactivity of each catalyst and
evaluate degradation of the same pollutant in a photocatalytic membrane reactor to lend insight

into the coating quality.

The removal of MB is dependent on both the concentration of MB and the concentration of
reactive oxygen species, ROS (eg. 1). Assuming the reactive oxygen specie concentration is
constant (eg. 2), the reaction simplifies to pseudo-first order (eq. 3), which can be measured in a

batch reactor.

dMB

—— = K[MB][ROS]

2. k'=K[ROS]

The ROS concentration is a product of the catalyst yield, Y (mol ROS/m?), and the specific
surface area, S (m?%/L), of photocatalyst in the reactor. Plugging these constants into eq. 2 and

defining k"’ (m/s) as a product of K and Y, results in eq. 6.
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4. [ROS] =Y *S
5. K'=Kx*xY=*S

!
6 k,, _ kbatch _ k, Vbatch *T * pTiOz
) - S - batch * 3 % M
batch TiO,

where k' is the pseudo-first order reaction constant measured in a batch reactor, V4. is the
volume of the batch reactor, r is the radius of the spherical catalyst particle, and My, is the

total mass of catalyst in the reactor.

To find the plug flow reaction constant, k'’ is multiplied by specific surface area, Sppg, Of
catalyst in the reactive zone of the PFR. The reactive zone is defined as the area where both
catalyst and UV light are available. Setting © as the relative surface area of the catalyst to the

total pore surface area in the reactive zone simplifies the equation.

4 %0

7. kpf = k” * SPFR = k” *

pore

The slope of the linearized plug flow equation, k, ¢, can be measured using UV-dead-end filtration
experiments, where t is residence time (eg. 8). By assuming a cylindrical reactive pore shape with
a specific reactor length, residence time is given by the product of membrane cross-sectional
area, A, porosity, ¢, the length of the reactive zone, 1764t and the inverse of flowrate, Q. By
Plotting experimental results against the inverse of flowrate, the product of k, - and Aglreactive,

shown as 1, can be determined. This term is referred to as reactive flux.

30



8. In <£) =k .T =k Ad)lreactive % (l)
Co pf pf 0

9 n= kpqublreactive

Using equations 7 and 9, a ratio can be taken between two coating techniques. With the use of
the same membrane, the cross-sectional area, porosity, and pore diameter are equal, leaving eq.
10. Here we can see the importance of both a long reactive zone and a dense coating to in
creating a highly efficient photocatalytic reactor. A ratio greater than 1 indicates the LbL
method has a higher quality coating and less than 1 indicates PECVD resulted in a better coating
with this membrane. Herein high quality refers to both higher amount of catalyst surface area
and optimal placement of the catalyst. The length of the reactive zone is a function of pore
morphology and depth of coating. By using the same membrane, the relative parameters, [ and
0, are attributed solely to the coating technique. The constants used in this approach are

summarized in Table 2.

ILbL * OppL, _ (MWive . kpecvp

10 lpecvp * Opgcyp - kl,,’bL (M)pEcvp
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Table 2: Summary of constants used in approach

Constant Units Description
K Lol s Overall reaction constant for the degration of methylene blue by reactive
‘mol s .
oxygen species
k' st Product of [ROS] and K, pseudo-first order reaction constant
k" Lstm? k' normalized by the specific surface area of TiO, in the reactor
L Reactive flux, slope of In(C/Co) vs 1/Q, where C is concentration of meyhtlene
min-
n blue
Q L-min™ Flowrate through membrane
| m Length of reactive area in pore
A m?’ Cross-sectional area of membrane
C] Dimensionless Ratio of catalyst surface area in pore to total pore wall area in reactive zone
I ¥O 1 Dimensionless Coating quality ratio, value larger than 1 indicates LbL results in a higher quality
lpecvn ¥ Opecvbd coating. Value less than 1 indicates PECVD yields a higher quality coating
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2.3 Experimental

2.3.1 Reagents

Polyelectrolytes used for the LbL deposition of catalyst included reagent grade
polydiallyldimethylammonium chloride (Aldrich, MW 100,000-200,000), polyacrylic acid
(Aldrich, MW 1,800), poly(sodium styrene sulfonate) (Aldrich, MW 70,000), and
poly(allylamine hydrochloride) (Aldrich, MW 70,000). Commercially available titanium dioxide
(Degussa P25) was used as a catalyst in all LbL self-assembly coatings. Titanium tetra-
isopropoxide (TTIP) (Sigma-Aldrich) was used as a precursor in plasma enhanced chemical
vapor deposition coatings. Methylene blue (Sigma) was used as a model pollutant in both batch
and photocatalytic filtration experiments. Potassium iodine (Jade Scientific), iodate (EM
Industries), and borate buffer (Sigma-Aldrich) solutions were used in chemical actinometry to
quantify UV fluence [13, 14]. All membranes were cleaned in nitric acid (EMD Performance
Materials) and sodium hydroxide (Sigma-Aldrich) solutions. Glass slides were cleaned with
detergent (Alconox), hydrochloric acid (EDM Performance Materials), and acetone (Sigma-
Aldrich). Piranha solution was prepared with a mixture of sulfuric acid (J.T. Baker) and
hydrogen peroxide (Fisher Scientific). Additionally, hydrochloric acid (EMD Performance

Materials) and sodium hydroxide (Sigma-Aldrich) were used for pH adjustments.

2.3.2 LbL assembly

LbL self-assembly involves a two-step coating process. First the polyelectrolytes are coated on a

substrate to modify the surface charge and then the polyelectrolyte-coated substrate is dipped in

33



suspended catalyst to adhere catalyst particles. Initial LbL deposition was performed on glass
slides (VWR, 24x60 mm). The slides were cleaned by consecutively sonicating in solutions of
detergent, hydrochloric acid, and acetone. After cleaning, the slides were oxidized with a 3:1
mixture of sulfuric acid and hydrogen peroxide. The clean slides were alternately dip coated in
anionic and cationic 0.02 M solutions of polyelectrolytes. After each layer of polyelectrolyte,
the samples were rinsed with DI water. The two polyelectrolyte systems used were PAH&PSS
and PDADMAC&PAA. With both systems, cationic polyelectrolytes were used as initiating
layers and anionic polyelectrolytes were used as the terminating layer. A complete coating of
polyelectrolytes consisted of 4 bilayers, with each bilayer having 1 anionic and 1 cationic
polyelectrolyte. After coating 4 bilayers of polyelectrolytes, the glass slides were dried in a
gentle stream of compressed air. The polyelectrolyte coated slides were then submerged in a 300
mg/L suspension of Degussa P25 photocatalyst for 30 minutes. To prepare the catalyst
suspension, the TiO2 was suspended in DI water and sonicated using a bath sonicator. Prior to
sonication, the pH of the catalyst suspension was adjusted to match the pH of the terminating
polyelectrolyte layer. Both 0.01 M and 0 M ionic strength catalyst suspensions were used for

investigation of double layer charge compression effects on deposited catalyst morphology.

Flat disc ceramic membranes (TAMI Industries, FR) with a 0.14 um pore size were used for
fabrication of LbL self-assembled photocatalytic membranes. The membranes were cleaned
prior to coating by soaking for 30 minutes in 20 g/L sodium hydroxide at 80°C, followed by
soaking for 15 minutes in 5 ml/L nitric acid. The first LbL membrane was prepared with 4
bilayers of PDADMAC&PAA and 1 layer TiO2. The pH of the PAA solution and TiO2 were
adjusted to 5 and the TiO2 suspension had 0 M ionic strength. Additionally, a second membrane

was prepared with 5 total layers of TiO2 by repeating the alternating layers of
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(PDADMAC&PAA), and TiO2. During coating, only the support structure of the membrane
was exposed to polyelectrolytes and catalyst. Following deposition of catalyst, the membranes

were sintered at 500°C for 45 minutes (RHF 15/3, Carbolite Ltd).

2.3.3 Plasma enhanced chemical vapor deposition

Photocatalytic membranes fabricated with PECVD were prepared using the same flat disc
ceramic membranes used with the LbL technique. Membranes were coated at the European
Institute of Membranes, using a process previously developed and optimized [12]. Prior to the
deposition of catalyst, the membranes were cleaned by soaking for 30 minutes in 20 g/L sodium
hydroxide at 80°C, followed by soaking for 15 minutes in 5 ml/L nitric acid. The membrane was
then placed in the deposition chamber and a vacuum was applied. The membrane was heated to
150°C throughout deposition. Using argon as a carrier gas, titanium tetra-isopropoxide (TTIP)
was feed to the chamber along with oxygen. The flux ratio of TTIP to oxygen had been
previously optimized for maximum coating thickness and homogeneity. The carrier gas line was
heated to 100°C to prevent condensation of precursor. An R.F. induced plasma was applied for
20 minutes, resulting in the formation of titanium dioxide catalyst on the substrate. The
deposition process was repeated to create 1 and 2 layer PECVD coated membranes. During

deposition, only the membrane support was exposed to PECVD.
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2.3.4 Batch experiments

The photocatalytic efficiency of P25 and PECVD generated catalysts were measured in a UV
batch reactor. The batch reactor consisted of a UV exposure box, UV lamp (16 W, model
GPH330T5L/4, Atlantic Ultraviolet Corp), stir plate, and a beaker (Figure 3B). The UV lamp
emitted within the germicidal range, with 95% of emitted energy at the 254 nm wavelength.
Batch experiments with P25 and PECVD generated catalysts were conducted using MB as a
model pollutant. The catalyst suspension was prepared by suspending catalyst particles in DI
water and adjusting the pH using HCIl. The Degussa P25 suspension had pH 4 and the PECVD
generated catalyst had pH 3.1. MB was added to the catalyst suspensions and allowed to
equilibrate for 30 minutes prior to UV exposure. During the batch test, the fluid remained stirred

and samples were taken at periodic intervals of UV exposure.

To prepare PECVD generated catalyst powder, thin layers of catalyst were deposited on silicon
wafers and sintered at 500°C for 1 hour. Using a micro-spatula, the coatings were then scraped
to generate loose powder. This powder was suspended with DI water and sonicated for 2 hours.
The particle diameters of the suspended catalyst were measured prior to MB experiments

(Brookhaven, ZetaPALS).

2.3.5 Dead-end filtration experiments

A UV dead-end filtration test apparatus was constructed by machining a permeate window in a
47 mm diameter stainless steel dead-end filtration cell (Sterlitech). A 1/8” thick quartz glass disc

(Technical Glass Products) was fit into the window with a glass hose barb to capture the
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permeate stream. During UV dead-end filtration experiments, the membrane holder was
positioned such that the permeate window was uniformly exposed to UV light. The dead-end
filtration experiments utilized the same UV exposure box and UV lamp as the batch reaction
experiments. All dead-end filtration experiments were conducted in the constant pressure
regime. The first stage of filtration was performed in the absence of UV until constant a
permeate concentration of MB was achieved. After reaching a steady permeate concentration,
the permeate was exposed to UV through the quartz window and permeate samples were

collected at regular intervals. Flux was recorded using a data acquisition system.
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Figure 3: UV-microfiltration test apparatus. A: 1) Compressed air cylinder 2) Stainless steel
feed tank 3) UV exposure box 4) Germicidal UV lamp 5) Membrane filtration cell with permeate
UV window 6) Collection beaker with data acquisition system B: 1) UV exposure box 2)
Germicidal UV lamp 3) Beaker and stir plate.
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2.3.6 Measuring concentration of Methylene Blue

Methylene Blue sample absorbance was measured at 663 nm and converted to concentration

using the Beer-Lambert Law, eq. 11.
11. abs =€ * Cpp * |
Where € is the extinction coefficient, C,,;is the MB molar concentration, and [ is the optical path

L
mol cm

length. An extinction coefficient of 69,362 at 663 nm was determined by measuring the

absorbance (MultiSpec, 1501, Shimadzu) from a series of MB dilutions. The optical path length

was 1.cm.

2.3.7 UV fluence quantification

The UV fluence was measured using chemical actinometry. A stock solution of 0.1 M iodate
and 0.01 M sodium borate was prepared and the pH was adjusted to 9.25. For each sample, 100
mL of stock solution was added to a beaker with 0.6 M potassium iodide. The quantum yield
was calculated according to eq. 12, where T is temperature in Celsius and C is the molar
concentration [13]. The sample was placed in the UV exposure box and exposed to UV light
while under continuous stirring for a given period of time. The absorbance at 352 nm of an
irradiated and non-irradiated baseline sample were measured. The fluence was calculated

according to eq. 13 [15].
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mol

12. @

) = 0.75[1 + 0.02(T — 20.7)][1 + 0.23(C — 0.577)],

einstein

13, F (L) = 1adsse?

cm? exSxd '

where 1 is a conversion factor, 4.72x10° J/Einstein, AA;s,is the difference in absorbance from
the baseline to the irradiated sample at 352 nm, V is the volume of the sample, € is the molar
absorption coefficient at 352 nm, 26,400 L/mol, S is the exposed surface area, cm?, and @ is the

quantum yield as calculated in eq. 12.

2.3.8 Scanning electron microscope imaging

Scanning electron microscopy (SEM) images of the LbL coated glass slides and membranes
were recorded (JEOL 6610LV SEM) under various magnifications. Samples of membrane and
glass slides for SEM imaging were obtained by breaking the sample, mounting a piece onto an
aluminum stub, and coating the mounted sample with ~ 20 nm thick layer of gold (Emscope
Sputter Coater, model SC 500, Quorum Technologies). The sample was then scanned to ensure

uniform appearance and images were taken of representative areas.

2.4 Results and Discussion

The experimental parameters are summarized in Table 3. Preliminary results indicated the single
layer LbL membrane had limited photoactivity and UV dead-end filtration experiments were not

continued with this membrane. Photocatalytic results with methylene blue are reported for the 1

40



and 2 layer PECVD membranes and the 5 layer LbL membrane. SEM images were taken of 1

LbL coatings on glass slides and membrane pieces.

Table 3: LbL and PECVD experimental parameters

Layers of
Coating Technique Catalyst Catalyst Experiments Model Pollutant Imaging
Glass Slides
1 Membrane
Layer-by-layer Self-Assembly Degussa P25 Batch
atc
5 Methylene Blue
Dead-end v
PECVD
Plasma Ehanced Chemical Vapor 1 Batch
. Generated Methylene Blue
Deposition Dead-end
Catalyst 2

2.4.1 Titanium dioxide LbL assembly characterization

The polyelectrolyte systems employed in LbL self-assembly were PAH+PSS and
PDADMAC+PAA. A primary difference between the two systems is the degree of dissociation
of the terminating polyelectrolyte. PSS is a strong polyelectrolyte and fully dissociated in
solution. In contrast, PAA is weak polyelectrolyte and the level of dissociation is dependent on
solution pH. Additionally, the initiating polyelectrolytes layers differ. PAH is classified as a
weak polyelectrolyte and PDADMAC is a strong polyelectrolyte. Figure 4A shows an image of
the (PAH+PSS)4+TiO> coating on a glass slide. The coating technique resulted in a sub-
monolayer deposition of TiO,. With the aid of an image processing software (ImageJ), the
deposited particle radius was estimated to be approximately 20 nm. This is slightly larger than
reported values for Degussa P25, indicating either measurement error or possibly aggregates

consisting of several particles [16]. This morphology is in contrast to previously reported thin
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film morphologies of (PAH+PSS)+TiO2, which showed dense layers of catalyst [17]. This
difference may be attributed to the lower pH of the catalyst in our study; a lower pH is expected

to increase electrostatic repulsion between catalyst nanoparticles.

The impact of pH on morphology with weak polyelectrolytes is shown in Figure 4C and 4D.
The pH of PAA was 2.5 in Figure 4C and 5 in Figure 4D. In both images, the pH of the TiO>
was matched to PAA. The lower pH system results in a denser coating. Over this pH range the
PAA degree of ionization increases from approximately 20% at pH 2.5 to 40% at pH 5 [18].
Since the lower pH results in a denser coating, even with a less ionized polyelectrolyte, the more
highly charged catalyst at pH 2.5 appears to be the prevailing force to create denser coatings

under these conditions.

During LbL deposition experiments, the morphology is very sensitive to processing parameters,
such as sonication. Figures 4E and 4F show the same film with the only difference in assembly
being the amount of sonication. Additionally, experiments using a catalyst suspension with a

0.01 M ionic strength resulted in large surface aggregation, Figure 4B.

A ceramic membrane was broken in several pieces and coated with (PDADMAC+PAA)4+TiOz,
Figure 5, using the same technique as the glass slide in Figure 4D. The PAA solution and TiO:
were adjusted to pH 5. Compared with the coating on glass slides, the coating on the membrane
appears to be more heterogeneous, with both well-coated and barren (i.e. uncoated) areas
present. Based on SEM images, the average pore size of the support was measured to be 1.8 pm.

Currently, the PECVD membrane coatings have not been imaged.
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Figure 4: SEM images of LbL assembly of TiO. nanoparticles on glass slides:
A) (PAH+PSS)+TiO;

B) (PDADMAC+PAA)4+TiO, with catalyst in 0.01 M ionic strength solution;
C) (PDADMAC+PAA)4+TiO2 with PAA and TiOz pH 2.5;

D) (PDADMAC+PAA)4+TiO2 with PAA and TiOz pH 5;

E) (PDADMAC+PAA)4+TiO2 using high power probe sonicator;

F) (PDADMAC+PAA)4+TiO2 using bath sonicator.
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Figure 5: SEM images of (PDADMAC+PAA)4+TiO coated ceramic membranes

2.4.2 Batch experiments on photocatalytic oxidation of methylene blue

Batch experiments with MB were performed with Degussa P25, the catalyst used to fabricate the
LbL membrane, and PECVD generated catalyst (Figure 6). The initial concentration of MB was
approximately 2 mg/L in all experiments. There was limited MB degradation in batch
experiments performed without catalyst (-o-, Figure 6). A catalyst loading of 10 mg/L was used
in experiments with P25 and 17 mg/L was used for experiments with PECVD. These loadings
were chosen to result in a measurable degradation of MB, while not creating an opaque solution

that would shield UV. Prior to the addition of MB, the particle size for each catalyst was
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measured. The suspended P25 catalyst was 268 + 14 nm. This is approximately 10 times larger
than reported values for individual P25 particles and it is likely that the suspension consisted of
aggregated particles. The suspended PECVD catalyst was 6.7 £ 3.3 um, significantly larger than
P25. Both catalystic reactions followed a linear natural log dependence on time, indicating
pseudo-first order reaction kinetics. From Figure 6, it appears that P25 is more
photocatalytically active than PECVD catalyst, but after normalizing the first order reaction

constant by specific surface in the reactor, assuming spherical particles, the two catalysts have a

similar photoactivity. The normalized first order reaction constants are 0.008 + 0.0015 ﬁ and

0.006 % for P25 and PECVD generated catalysts, respectively. Batch testing for PECVD

generated catalyst was only completed once, due to a limited quantity of powdered catalyst

available.
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Figure 6: MB batch experiments with A) 10 mg/L Degussa P25 catalyst B) 17 mg/L PECVD
generated catalyst

2.4.3 LbL and PECVD layer permeability

The permeability of the membranes before and after applying the LBL and PECVD coatings was

compared using a clean water flux test (Figure 7). In all experiments, the membranes

permeability decreased with time. As this test was performed with clean DI water, this decrease

in permeability for both the coated and uncoated membrane was attributed to permeation-

induced changes in the membrane structure, not fouling. In Figure 7A, the 0.14 um membrane
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coated with 5 layers of LbL assembled catalyst exhibits the same permeability to DI water as the
membrane before coated. Comparing Figures 7B and 7C shows that both 1 and 2-layer PECVD

on 0.14 um membranes also did not decrease permeability.

A

2000
]
2
T 1500 o
= 2 @
S A A O < o
- A A ADAD <O O e o O
Z 1000 ACAa 4 %
a gO
8 <& Un-coated membrane, exp 1
g 500 Oun-coated membrane, exp 2
o A Coated Membrane
0
0 1 2 3
B Permeate Volume, L
2000
@
2 1500
§ & 5 A
A
- 45 adAno CAOAG
> 1000
E
©
g 500 <©No coating
5 ACoated
o
0
0 1 2 3
C Permeate volume, L
2000
3
2
% 1500
3 Ty
! 8% kown 0 B so
= 1000 A4 A AA
§ éNo coating, exp 1
No coating, exp 2
g 500 A Coated, exp 1
[ X Coated, exp 2
o X Coated, exp 3
0
0 1 2 3 4

Permeate volume, L

Figure 7: Clean water flux tests with photocatalytic 0.14 um membranes A) 5-layer LbL; B) 1-
layer PECVD; C) 2-layer PECVD.
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2.4.4 UV MB dead-end filtration and analysis

Comparison of the photocatalytic efficiency of the PECVD and LbL fabricated membranes was
performed using UV dead-end filtration experiments with MB (Figure 8). Each experiment was
repeated 3 times under the same conditions and all data are plotted with the linearized plug flow
reactor equation (eg. 8). Results are shown for membranes coated with 1 and 2-layers of PECVD
and 5-layers of LbL. Experiments show a strong linear dependence when MB degradation is
plotted against the inverse of flow rate, which is proportional to residence time. A 95%
confidence interval was generated for the linear regression model in comparison to the
experimental values (Table 4). From the results, the photocatalytic degradation of MB in the
first two experiments with the 5-layer LbL membrane are equivalent, while the third experiment
appears significantly lower. This could be indication of poor catalyst adhesion. Comparison of
the first and third experiment with the 1-layer PECVD membrane indicates there was not a
change in photocatalytic activity during this set of experiments. Similar to the 5-layer LbL, the
third experiment of the 2-layer PECVD membrane has a slope significantly less than the first
two. Comparing the photocatalytic efficiency of coating technique, with o = 0.1, shows that the
LbL membrane has a significantly different photocatalytic activity than the 1-layer PECVD
membrane. There is not a difference between the 1 and 2-layer PECVD and 2 -layer PECVD

and LbL self-assembly.
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Figure 8: MB UV dead-end filtration experiments A) 0.14 um, 1 layer PECVD B) 0.14 um 2
layers PECVD C) 0.14 um, 5-layer LbL
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Table 4: Experimental results of MB UV dead-end filtration experiments

Experiment n +/-
oL 1 8.00E-04 _ 2.10E-04
& lere 2 8.66E-04  2.72E-05
Y 3 6.74E-04  2.69E-05
1 7.30E-04  1.74E-04
PlElg\;[r) 2 542E-04  5.72E-05
Y 3 505E-04  1.37E-05
1 741E-04  2.33E-05
Z'f;;’g 2 6.82E-04  7.66E-05
y 3 6.44E-04  2.48E-05

As shown in Figure 9A, 5-layer LbL self-assembly fabrication resulted in the highest reactive
flux, determined according to equation 8. The photocatalytic efficiency of the coating is
dependent on how reactive the catalyst is, the amount of catalyst, and its placement. To separate
the influence of catalyst reactivity and focus on coating quality, the n/k" value was calculated for
each membrane, where k" was calculated from batch experiment data (Table 5). When taking
the n/k" ratio between coating techniques, according to equation 10, the coating qualities are all
within the propagated error. Since both coating techniques result in a similar coating quality, the
improved dead-end-filtration Kinetics seen with 5-layer LbL membrane is attributed to the higher

catalytic efficiency of Degussa P25.
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Table 5: LbL self-assembly and PECVD coating quality

Coating Technique n, +/- K", +/- n/k", +/- O,L/O,, +/-
P2E|§3\//eDr: 6.89E-04 2.81E-05 6.0E-03 3.72E-06 1.15E-01 4.68E-03 1.00E+00 5.77E-02
PECVD: ’

1 layer 6.22E-04 5.59E-05 6.0E-03 3.72E-06 1.04E-01 9.32E-03 9.03E-01 8.92E-02
5 Ilj;l_e:rs 8.10E-04 6.83E-05 7.9E-03 7.5E-04 1.03E-01 1.30E-02 8.93E-01 1.19E-01
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Figure 9: Comparison of Photocatalytic Coatings A) Reactive flux B) @xlx/@Oyly, where X is the
coating used in the column and y is the PECVD coating with 2 layers
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2.5 Conclusion

A sub-mono layer fabrication technique using LbL self-assembly has been developed for
deposition of titanium dioxide photocatalyst on ceramic membrane support structures. The
resulting photocatalytic layers do not reduce the membrane permeability. In comparison with
established PECVD processes, the membrane had a higher overall rate of pollutant removal
during UV dead-end filtration experiments. Insight into the relative coating quality was
determined by normalizing the dead-end filtration results with catalyst efficiency. This indicated
that both coating techniques result in a similar coating-quality and therefore the higher rate of
removal seen with LbL self-assembly is attributed to the improved catalyst efficiency of P25.
This analysis points to pathways for improving each coating technique. LbL, with its high
catalyst efficiency, should target increasing the amount of catalyst in the reactive zone. In
contrast, PECVD, with a lower catalyst reactivity, should focus on increasing catalytic
efficiency. While this study analyzed two coating techniques using the same substrate, a similar
comparison can be made to find the optimal substrate geometry by coating different substrates

with the same coating technique.
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CHAPTER 3

Photocatalytic membranes for virus inactivation

3.1 Introduction

Photocatalysis has been proposed as a means of disinfection since 1985, when Matsunga et al
successfully inactivated Lactobacillus acidophilus, Saccharomyces cerevisiae, and Eschericia
coli in suspended TiO2/Pt catalyst [1]. This work has since been extended to other
microorganisms, including the photocatalytic inactivation of bacteriophages [2] and human
viruses [3]. As shown by Cho, viruses pose a more significant challenge for photocatalytic
inactivation than bacteria, which the authors attributed to the lack of enzymes and other sensitive

systems in viruses [4].

While a majority of photocatalytic disinfection research has focused on using suspended catalytic
reactors, thin film technologies have been proposed as a practical means of implementing
photocatalytic disinfection [5]. This application eliminates concerns of catalyst aggregation and
the need for catalyst recovery systems. Using a membrane as a thin film contactor, the resulting
photocatalytic membrane, depending on the catalyst location, has several benefits to the
photocatalytic and separative functions; the benefits include reduced fouling, reduced turbidity

during photocatalysis, and concentration of pollutants near catalyst surfaces.

As described in Chapter 2, a novel photocatalytic membrane was prepared using LbL self-
assembly to apply TiO- catalyst to the support structure of a ceramic disc membrane. This study
investigates the use of this photocatalytic membrane for inactivation of MS2 and P22

bacteriophages. The inactivation of the bacteriophages using a photocatalyst is a multi-step
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process that includes diffusion of the phage through the boundary layer, absorption to the
catalyst, inactivation of the phage, and desorption away from the catalyst. In this context, testing
the photocatalytic inactivation of MS2, a 20 nm spherical RNA phage and P22, a 60 nm DNA
phage with a tail, provides an interesting comparison and can lend insight into the selection and

design of photocatalytic processes.

3.2 Experimental

3.2.1 Reagents

The membrane modified by a 5-layer LbL self-assembled coating (see Chapter 2) was used in all
photocatalytic filtration experiments. Degussa P25 TiO> nanoparticles were used for batch
experiments. MS2 was acquired from ATCC (15597-B1) and P22 was acquired from Professor

Charles P. Gerba at the University of Arizona.

3.2.2 Batch Experiments

The batch reactor consisted of a UV exposure box, UV lamp (16 W, model GPH330T5L/4,
Atlantic Ultraviolet Corp), stir plate, and a beaker (Figure 1b). The UV lamp is within the
germicidal range, with 95% of emitted energy at 254 nm. Details on fluence quantification are
provided in chapter 2. Batch experiments with P25 were conducted with MS2 and P22

bacteriophages. A 1,000 mg/L catalyst suspension was prepared by suspending P25 in DI water
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and adjusting the pH to 5 using HCI. This suspension was sonicated for 30 minutes using a
probe sonicator. A prescribed amount of the suspended catalyst was then added to the
bacteriophage spiked solutions, resulting in a 1.25 mg/L suspension of catalyst. After the
catalyst was added, the solution was stirred and allowed to equilibrate for 10 minutes prior to UV
exposure. During the batch test, the fluid remained stirred and samples were taken at periodic

intervals.

3.2.3 Dead-end filtration experiments

A UV dead-end filtration test apparatus was constructed by machining a permeate window in a
47 mm diameter stainless steel dead-end filtration cell (Sterlitech). A 1/8” thick quartz glass disc
(Technical Glass Products) was fit into the window with a glass hose barb to capture the
permeate stream. During UV dead-end filtration experiments, the membrane holder was
positioned such that the permeate window was uniformly exposed to UV light. The dead-end
filtration experiments utilized the same UV exposure box and UV lamp as the batch reaction
experiments. All dead-end filtration experiments were conducted with a constant pressure
configuration and permeate samples were collected for 20 minutes prior to UV exposure to
account for adsorption of bacteriophages to the membrane, filtration cell, and tubing. Permeate
samples where then taken periodically after exposure to UV. Permeate flow rate was recorded

with a data acquisition system.
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3.2.4 Quantification of bacteriophage concentration

Bacteriophage culturing and quantification was performed by The Water Quality,
Environmental, and Molecular Microbiology Laboratory at Michigan State University. Samples
were diluted in phosphate buffered water and replicate volumes of the dilution series were
analyzed by double agar overlay, using a host bacterium in the logarithmic growth phase to
produce plates with countable plaques after 16-24 hour incubation at 37°C. The host bacterium
for MS2 was E.coli Famp (ATCC # 700891). E.coli Famp was grown and maintained in Tryptic
Soy Broth (Becton Dickson) with ampicillin and streptomycin to maintain the F+ plasmid. The
host bacterium for P22 was Salmonella LT2 (pLM2) 1217 (HER #1023). Each replicate plate is
an assay of 2ml of the sample, either undiluted or diluted. MS2 and P22 were cultured overnight
and then filtered through a 0.22 um membrane to remove bacterial cells. This filtrate was used
as the spiking suspension. The MS2 and P22 suspensions used for the photocatalytic batch and
dead-end filtration experiments were created by mixing the spiking suspension with laboratory
reagent water (Type 2) that had been sterilized by autoclaving. The pH of the suspension was
adjusted to below 5 with HCI. The target concentration of the viral suspensions was 108 plaque

forming units (PFU) per ml.
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3.3 Results and Discussion

3.3.1 Bacteriophage batch experiments

Photocatalytic inactivation of MS2 and P22 in a batch reactor was performed with Degussa P25
catalyst, Figure 10. The initial MS2 concentration was 2.5x108 PFU/mL and the initial P22
solution contained 4.0x10° PFU/mL. A 5.5 log removal of MS2 was achieved after 734 mJ/cm?
fluence exposure. A 2.9 log removal of P22 was achieved after 73.5 mJ/cm? UV fluence. Both
bacteriophages show a log-linear dependence on exposure time to UV, indicating pseudo-first
order kinetics, with MS2 having a reaction constant of 0.011 s and P22 having a constant of
0.054 s The reaction constant for MS2 is in line with reported values by Koizumi [2], who
demonstrated a reaction constant of 0.012 s, but using a higher catalyst loading and slightly
higher wattage lamp. Literature data on using Degussa P25 in a batch reactor to inactivate P22

could not be found for comparison.
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Figure 10: Bacteriophage batch testing using 1.25 mg/L Degussa P25 photocatalyst: A) MS2; B)
p22
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3.3.2 UV Bacteriophage dead-end filtration

Photocatalytic inactivation of MS2 and P22 was investigated with a UV dead-end filtration
experiment, Figure 11. Several experiments were performed for each bacteriophage, with each
experiment using a new suspension of phages. The Figure plots the log removal value from the
photocatalytic activity, not including removal from the membrane. The membrane removed 1.5
LRV of MS2 and 0.7 LRV of P22 prior to UV exposure. As evident from Figure 10A, the MS2
experiments displayed a wide range of LRV. For example, at 3.3x107 liters per minute, the log
removal value varied between experiments from 2.1 to 4.1. Similarly for P22, at 9.0x107 liters
per minute the log removal varied from 1.8 to 1.1. With a limited data set and high variability,
statistical inference is difficult. Qualitatively, MS2 appears to have a generally higher rate of
removal than P22. This is an interesting result since P22 had higher kinetics in batch

experiments.
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3.4 Conclusion

The inactivation of MS2 and P22 was tested using a batch reactor with suspended Degussa P25
photocatalyst and a UV dead-end filtration process using a photocatalytic membrane. During
batch testing both phages displayed first order kinetics. A 0.3 log removal of MS2 was achieved
with 73.5 mJ/cm? fluence compared to 2.9 log removal of P22 at the same fluence dose. With
UV dead-end filtration, significant variation occurred between experiments and made a
quantitative conclusion difficult, though in contrast to batch experiments, during UV dead-end
filtration, MS2 appears to be more susceptible to inactivation than P22.  This contrast may be
attributed to differences in the physical properties of P22 and MS2. P22, due to its larger size,
has a smaller diffusion coefficient, resulting in a lower concentration of available phages at the
catalyst surface. Additionally, the larger size of P22 may result in more damage to the phage as
it permeates the membrane. Differences in the surface properties may have affected the
adsorption-desorption rate of each phage on the catalyst surface, resulting in different
inactivation Kinetics. Also bacteriophage aggregation, such as caused by a change in pH during
batch experiments, may have reduced the apparent viable phage count. Lastly, the contrasting
results may be attributed to experimental error, such as not reaching the dead-end test apparatus
absorption capacity for P22 prior to UV exposure. This study resulted in an interesting
comparison on the suitability of UV dead-end filtration and batch processes for bacteriophage
inactivation. Further investigation to determine the cause of the contrasting results will provide

useful knowledge in the selection and design of photocatalytic processes for virus inactivation.
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