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Bacterial attachment is an initial stage in biofilm formation that leads to flux decline in membrane water
filtration. This study compares bacterial attachment among three photocatalytic ceramic ultrafiltration
membranes for the prevention of biofilm formation. Zirconia ceramic ultrafiltration membranes were
dip-coated with anatase and mixed phase titanium dioxide photocatalysts to prevent biofilm growth.
The membrane surface was characterized in terms of roughness, hydrophobicity, bacterial cell adhesion,
and attached cell viability, all of which are important factors in biofilm formation. The titanium dioxide
coatings had minimal impact on the membrane roughness, reduced the hydrophobicity of membranes,
prevented Pseudomonas putida attachment, and reduced P. putida viability. Degussa P25 is a particularly
promising reactive coating because of its ease of preparation, diminished cell attachment and viability
in solutions with low and high organic carbon concentrations, and reduced flux decline. These reactive
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membranes offer a promising strategy for fouling resistance in water filtration systems.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Fouling is a major problem in membrane water filtration; it
results in the loss of water throughput, increased energy usage, and
system downtime for cleaning [1]. It is caused by the build-up of
chemicals, bioorganic materials, and bacterial biofilms at the mem-
brane surface [2]. The growing need globally to reuse low-quality
waters with high organic and microbiological content requires sep-
aration technologies that resist fouling. The focus of this study was
the fabrication and characterization of photoactive membrane sur-
faces coated with titanium dioxide for the prevention of bacterial
attachment, an initial step in biofilm formation.

Bacteria preferentially live in microbial communities attached
to surfaces, called biofilms, which are present throughout the envi-
ronment. They become attached to a wide variety of materials and
structures, including rocks, water intake pipes, medical implants,
and filtration membranes. In many cases, these biofilms are a nui-
sance because of physical obstruction to flow (as in filtration) or
enhanced corrosion of surfaces (as in pipes), and may present bio-
logical hazards (as in the attachment of a community of pathogens
to a water distribution pipe) [3-5]. Being attached to surfaces may
have several advantages over planktonic life for the bacterial com-
munities, including access to greater nutrient levels, as chemicals
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tend to accumulate at surfaces, and protection from stressful con-
ditions in solution, including biocidal agents and pH changes [6].
There are four steps in biofilm development: reversible bacterial
attachment, irreversible attachment, cell reproduction and con-
tinued attachment, and production of the glycocalyx, the “slime”
layer composed of exopolysaccharides and other chemicals found
in the local bacterial environment [7]. Surface conditioning with
organic chemical adsorption improves the rate of bacterial attach-
ment, worsening the biofouling problem [8,9]. Hydrophobicity,
roughness, and charge of the surface are factors that increase the
likelihood of cell attachment and biofilm formation [10].
Titanium dioxide nanoparticles are well suited as a modification
to membrane surfaces for the prevention of biofilm growth and
fouling. First realized as a photocatalyst in the splitting of water,
titanium dioxide is a semiconductor photocatalyst that converts
radiant energy to chemical energy [11]. When titanium dioxide is
irradiated by sufficiently energetic light, an electron is excited from
the valence band to the conduction band, leaving behind a charge
vacancy or hole. When these charges migrate to the nanoparticle
surface, they can react with adsorbed species to produce highly
reactive reducing and oxidizing radicals. In aqueous systems, the
hole reacts with adsorbed hydroxyl groups to produce hydroxyl
radicals which are non-specific, highly reactive oxidants [12].
Several crystal phases of titanium dioxide have been studied for
photocatalysis; anatase and rutile crystal phase catalysts are used in
this work. Anatase phase has been described as a more active phase
because of slower rates of charge recombination, but it requires
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near-ultraviolet light of wavelength at most 385 nm for excitation.
Rutile is the thermodynamically stable phase of titanium dioxide,
and is excited by visible and ultraviolet light of wavelength less
than 410 nm, but has a faster rate of charge recombination, mak-
ing it less efficient as a photocatalyst compared to anatase [13,14].
The combination of these two phases in a mixed phase catalyst
has been extensively studied, and produces a highly active catalyst
[15,16]. Titanium dioxide has been experimentally tested in many
environmental applications, including the degradation of organic
chemicals in air and water systems, which take advantage of the
highly reactive oxygen species generated in the presence of water
[17,18]. More recently, a number of studies have shown that tita-
nium dioxide drives the inactivation of bacteria, including E. coli, E.
cloacae, P. aeroginosa, and S. typhinusium [19-25] in thin film and
suspension applications.

Some contemporary research has coupled titanium dioxide
reactivity with membrane filtration for water treatment. Ollis
reviewed the literature reporting studies combining photocatalysis
and membrane processes [26]. Most of these studies used tita-
nium dioxide for organic treatment, and subsequently filtered the
water with membranes. A few recent studies have explored the
intimate coupling of titanium dioxide with the membrane materi-
als, streamlining the water treatment process and taking advantage
of the chemical and biological effects of titanium dioxide, consid-
ered here. For example, Choi et al. have applied a titanium dioxide
catalyst toward the development of wastewater treatment sys-
tems appropriate for manned space missions [27]. They coated an
alumina support (0.1 wm pores) with a sol-gel titanium dioxide
coating and measured the photocatalytic activity of the coating and
support with a variety of tests, including methylene blue degra-
dation and E. coli inactivation in solution. They found that these
modified membranes exhibited less flux decline over 60 min of
exposure to organic-rich water. Madaeni and Ghaemi coated a thin-
film composite membrane composed of polyvinyl alcohol, polyaryl
sulfone ether, and polyester with a layer of Degussa P25 to cre-
ate self-cleaning reverse osmosis membranes [28]. They found the
coated membranes had higher whey flux after 4h compared to
virgin membranes.

This work is a detailed study of bacterial attachment and cell
viability on photocatalytic membranes to identify membrane mate-
rials with potential for robust biofilm growth resistance. The effect
of various titanium dioxide preparations on the surface properties
of zirconia ultrafiltration membranes was evaluated, as measured
by surface roughness and hydrophobicity. Pseudomonas putida bac-
terial attachment and cell viability on these membrane surfaces was
tested with confocal laser scanning microscopy (CLSM) in solutions
that mimic waters with both low and high organic carbon concen-
trations. Finally selected membranes were tested for flux decline
after bacterial attachment.

2. Materials and methods
2.1. Preparation of composite membranes

Zirconia was chosen over alumina and titania as the ceramic
membrane support because several reports have shown that close
contact between zirconia and titania may boost the activity of tita-
nia photocatalysts [29,30]. Zirconia ceramic membrane discs were
obtained from Sterlitech Corporation. These membranes discs have
a layered structure, consisting of an alumina-titania-zirconia sup-
port material, and a zirconia pore size-controlling layer with a
cut-off of 300 kDa (approximately 0.01 pm pore diameter), result-
ing in a water flow rate of 450-600 L/h m? at 1 bar trans-membrane
pressure. The discs are 47 mm in diameter and 2.5 mm in thickness.

They were rinsed with acetone and then rinsed thoroughly with
deionized water to remove any surface impurities.

Zirconia discs were coated with one of three titanium diox-
ide catalysts. The catalysts included Degussa P25 (80% anatase,
20% rutile), anatase phase sol-gel, and mixed phase sol-gel (91%
anatase, 9% rutile). Degussa P25 is a highly characterized com-
mercial catalyst produced by high-temperature flame hydrolysis,
with heterogeneous phase composition (15-30% rutile, remainder
anatase) and particle size (primary particle size 30 nm, aggregates
up to 200 nm). It is considered by many to be the “gold standard” of
photocatalysts because of its high reactivity [31]. Sol-gel catalysts
were prepared by solvothermal processing using a titanium tetra-
isopropoxide precursor in ethanol sol, as described previously [32].
These sol-gel catalysts have a primary particle size of 20-30 nm
diameter and have demonstrated higher levels of photoreactivity
compared to Degussa P25 when tested in slurry systems for methy-
lene blue degradation [33]. All catalysts were applied to discs by
dip-coating in a slurry of 0.1 g/L catalyst, and 0.05 g/L dioctyl sul-
fosuccinate surfactant in water [34]. After sonicating the slurry for
1 h, the top surface of each disc was dipped into the slurry and with-
drawn by hand at a rate of about 3 cm/s. Discs were dried ina 105 °C
oven for 2.5 h, and then heat treated in a furnace with a ramp rate
of 5°C/min to 450 °C, held there for 1h, and then cooled slowly to
room temperature. This process was repeated until 4 mg of the cat-
alyst had been deposited on the disc surface (about 5 repetitions).
Catalyst phase composition was confirmed after deposition and
heat treatment by grazing incidence X-ray e ATX-G diffractometer
outfitted with a high intensity 18 kW copper X-ray source.

2.2. Membrane roughness

The roughness of each disc was analyzed using JEOL Scanning
Probe Microscope JSPM-5200 in AC tapping mode. Atomic force
microscope (AFM) images from 5 different regions on each sam-
ple surface were collected. The scanning area was increased until
roughness measurements were constantat 15 wm x 15 pm sections
using a scan speed of 1 ms, filter of 1.4 Hz, and loop gain of 4, with
a silicon nitride probe tip. Root mean square (RMS) roughness was
determined for each sample using the JEOL WinSPM Processing
Software.

2.3. Membrane hydrophobicity

The hydrophobicity of the titania coatings was compared to
evaluate how the coatings affected the molecule adsorption at
the membrane surface. Hydrophobicity was measured using ses-
sile water drop shape analysis on the titania coatings. Because the
porous membranes made measurement difficult, nonporous glass
slides were used as supports for the catalyst particles. Deionized
water was dropped onto the surface of the glass slide at a rate of
3 wL/min, to form droplets of ~0.5 L, with Kriiss model DSA100
drop shape analysis system. The sessile water drop contact angle
was determined using a circle-fitting method. Five measurements
were taken on each sample, including glass slides coated first with
zirconia and then with the catalyst, and a set of controls including
uncoated glass slides, glass slides with catalysts applied, and glass
slides with zirconia coating.

2.4. Cell attachment and viability

P. putida is a Gram-negative, rod-shaped bacterium. It was cho-
sen as the bacterial model because P. putida is commonly present
throughout the environment and readily colonizes biofilms [35,36].
The American Type Culture Collection P. putida type strain num-
ber 12633 was incubated in a solution of 10% R2A media [37] and
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(b)

Fig. 1. AFM images of (a) uncoated zirconia disc; (b) Degussa P25-coated disc; (c) sol-gel anatase-coated disc; (d) sol-gel mixed phase-coated disc.

90% phosphate buffer solution (PBS) at 28 °C, rotating at 100 rpm
until it reached the exponential growth phase, at a concentration
of about 108 colony forming units per milliliter (CFU/mL). This
solution was diluted in sterile PBS to bring the solution cell concen-
tration to approximately 106 CFU/mL, and the total organic carbon
(TOC) concentration level to approximately 1 mg/L. These carbon
and bacterial cell concentrations are typical of oligotrophic, fresh
surface waters [38,39]. TOC was measured using an Apollo 9000
TOC Combustion Analyzer.

Disc samples 0.5-1cm? in size were taken from each type of
coated membrane plus an uncoated control. These samples were
sterilized in 20 mL beakers, and 10 mL of the dilute cell culture was
added. These samples were rotated at 100 rpm on an orbital shaker,
while being illuminated with a UVP Blak-Ray Lamp, model B 100
AP, with peak intensity at 365 nm. Samples were illuminated for
3h at 10cm below the lamp and 6 cm radially outward from the
center spot, with a light intensity of 10 wmol/m? s (~330 wW/cm?),
as measured by Apogee Quantum Meter model QMSW-SS. Control
samples were prepared identically and kept in dark conditions for
3h.

After illumination, the disc samples were removed from solu-
tion and stained using Invitrogen Molecular Probes Live/Dead
stain containing Styo-9 nucleic acid and propidium iodide to mark

RMS Roughness

Uncoated Degussa P25  Solgel Anatase Solgel Mixed

Coating

Fig. 2. RMS roughness as measured by AFM over 5 sample regions showing Degussa
P25 coatings were slightly rougher than uncoated discs, but sol-gel coatings did not
change the surface roughness.

attached cells as either having intact (live) or ruptured (dead)
cell membranes. Samples were maintained in PBS at 4°C for
microscopy. The concentration of the cell culture in the beaker
above each disc was also measured using standard plate counting
technique.

The amount and viability of attached cells were imaged using
confocal laser scanning microscopy. An upright Leica confocal
microscope, model DM RXE-7, outfitted with a 40x dipping lens
was used with Ar 488nm and GreNe 543 nm lasers to excite
the live/dead stain. A stack of digital images was collected at
1-pm intervals through the vertical direction of the sample
in two channels (live and dead) cells throughout the biomass
at the surface of the disc. Image ] software was used to ana-
lyze the images through the use of the threshold function to
quantify the amount of live (stained green) and dead (stained
red) cell attachment present in each sample. Each sample was
analyzed in five (375 um x 375 pum) sections. A second trial of
this entire process validated the results with a high degree of
reproducibility.

Throughout the results and discussion section of this paper,
the heteroscedastic t-test was applied to determine differences
between average sample values at a confidence interval of 90%
[40]. The heteroscedastic t-test is appropriate for use in cases when

Hydrophobicity
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Fig. 3. Comparison of contact angle, showing the decrease in hydrophobicity for
titania-coated slides. Note that contact angles on slides coated first with zirconia and
then titania were below measurement limits, indicating a completely hydrophilic
surface.
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Fig. 4. Typical images from confocal microscope divided into live and dead channel signals. Live cells are displayed in green, while dead cells are displayed in red. (a) Control
sample (uncoated, dark) live cell image; (b) control sample (uncoated, dark) dead cell image; (c) illuminated Degussa P25 sample live cell image; (d) illuminated Degussa
P25 sample dead cell image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 5. All images show attachment normalized to the total attachment on an uncoated disc for the respective trial (a) dark control trial #1; (b) dark control trial #2; (c)
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sample populations are less than 30 and when unknown variances
of two populations are not equal.

3. Results and discussion
3.1. Membrane roughness

Atomic force microscopy images are shown in Fig. 1. Roughness
measurements by AFM indicate that some catalyst coatings may
yield a small increase in surface roughness, as shown in Fig. 2.

The roughness of the P25 coating was somewhat greater than
that of the uncoated membrane, with an average roughness of
146 nm compared to 98 nm. However, there was no significant
difference between the uncoated surface and the sol-gel-coated
surfaces, with the average anatase roughness of 115nm and the
average mixed phase roughness of 106 nm.

A number of studies spanning the medical, filtration, and coat-
ing fields have shown the effect of surface roughness on bacterial
adhesion or attachment. Litzler et al. found that S. epidermis and P.
aeruginosa adhesion to heart valves was dependent on the surface
roughness within the range of 9-35 nm [41]. Ghayeni et al. reported
increased wastewater bacterial attachment with increased RO
membrane roughness [42].Li and Logan tested the adhesion of eight
different bacterial strains, including E. coli and P. aeruginosa, to 11
different glass and metal oxide surfaces (roughness 4.1-17.6 nm).
They found no significant effect of surface roughness on bacterial
attachment, but identified potential trends in the data that may
suggest a correlation: the roughest surfaces bore maximum attach-
ment, and there was little variation among the bacterial strains in
attachment to the smoothest surfaces. They concluded that there
may be ranges of roughness over which bacterial adhesion is cor-
related with roughness, and other ranges over which adhesion is
not correlated with roughness [3]. The attachment results for this
study are detailed in Section 3.3.

3.2. Membrane hydrophobicity

The average water drop contact angle measured for clean glass
slides was 19°. A wide range of hydrophilic water drop contact
angles have been reported for glass; this measurement falls within
the reported range, and serves as a point of comparison for the
coated glass slides in this study [3,43,44]. The glass contact angle
was much greater than the average contact angles on glass slides
coated with Degussa P25 (5°), sol-gel anatase (10°), and sol-gel
mixed phase (5°), as shown in Fig. 3 (dark blue).

Titanium dioxide coatings resulted in a highly hydrophilic sur-
face. When glass slides were coated first with zirconia (the surface
of the membrane discs), there was a similar reduction in hydropho-
bicity, with a contact angle of 6° (light blue). Further coating of
this surface with titania catalysts, however, yielded a completely
hydrophilic surface with contact angles below measurement limits,
suggesting that the attachment of organic molecules on the titania-
coated membrane surface will be less favorable than attachment on
the uncoated membrane surface.

Previous studies of titania photocatalysts have shown super-
hydrophilic characteristics of titanium dioxide films under UV
illumination; similar results may be found when our coatings are
illuminated [45]. The reduced hydrophobicity of the titania-coated
membranes may play a key role in hindering bacterial attachment.

3.3. Bacterial cell attachment and viability
Fig. 4 shows typical confocal microscope images from the

control sample (uncoated in the dark, a and b) and from an exper-
imental sample (illuminated sample coated with Degussa P25, c

and d), after being processed through a threshold filter to remove
background noise. The color assigned to the live and dead cells fol-
lows from the color at which the stained cells fluoresce under laser
excitation: live cells are shown in green while dead cells are shown
in red. The completely untreated sample showed a high degree of
bacterial attachment with strong cell viability (Fig. 4a and b). In
contrast, the disc coated with Degussa P25 showed very sparse cell
attachment and a high degree of cell inactivation (Fig. 4c and d),
which would prevent new cell or biofilm growth.

In both the dark control tests and in the illuminated experimen-
tal tests, there was significantly less P. putida attachment to samples
coated with all types of titania catalyst compared to the plain zir-
conia disc. In Fig. 5, average results are represented as a fraction
of the total attachment on the uncoated control sample in each
test. Because a new bacterial colony was used for each trial, it is
most appropriate to compare results within an experiment using
the same colony. The attachment was measured as the total volume
of live or dead cell pixels summed through all vertical image slices
near the membrane surface.

Based on the data in Fig. 5a, the coated discs each had less than
12% of the total attachment of the uncoated disc. In the second trial
shown in Fig. 5b, each of the coated discs had less than 47% of the
total attachment of the uncoated disc, repeating the trend of the
first trial, though to a lesser degree. The reduction in dark attach-
ment can be attributed to the diminished hydrophobicity of the
titania-coated surface. Furthermore, the increase in surface rough-
ness imparted by the Degussa P25 did not appear to be animportant
factor in cell attachment in this system. The cell viability for all
samples in the dark tests was at least 94%, leaving the membranes
vulnerable to cell reproduction at the surface.

In Fig. 5¢c coated samples had less than 20% of the uncoated
attachment. In Fig. 5d coated samples had less than 50% of the
attachment on the uncoated sample. Irradiation yielded dramatic
effects on the cell viability on the reactive surfaces, as shown in
Fig. 5c and d. In the first trial (Fig. 5c) there was only 2% via-
bility on Degussa P25, 70% viability on sol-gel anatase, and 18%
viability on sol-gel mixed phase surfaces, in comparison to 98%
cell viability of the uncoated control sample. Similarly, in the sec-
ond trial (Fig. 5d) there was 99% viability on the uncoated sample,
a mere 20% viability on Degussa P25, 94% viability on sol-gel
anatase, and 86% viability on sol-gel mixed surfaces. Image analysis
required a great deal of time for these experiments, so additional
trials were not completed after achieving consistent results in two
trials.
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Fig. 7. All images show attachment normalized to the total attachment on an uncoated disc for the respective trial (a) high TOC dark control trial #1; (b) high TOC dark

control trial #2; (c) high TOC illuminated trial #1; (d) high TOC illuminated trial #2.

Under these experimental conditions, the light intensity was
sublethal to the P. putida; plate counts showed that the concen-
tration of cells in solution remained constant at approximately
106 CFU/mL throughout the experiments, indicating that the higher
ratio of dead cells at the reactive membrane surfaces was a sur-
face effect. Preliminary results, however, indicated that doubling
the light intensity resulted in 1-log kill of P. putida in the solution
for Degussa P25 samples.

Like all living organisms, P. putida is complex, such that each cul-
ture is unique, even when incubated under identical conditions and
harvested at the same growth stage. For this reason, one cannot rig-
orously compare the degree of attachment in trials in the dark (with
a given batch of cells) to attachment in trials under illumination
(with a different batch of cells) in the present experimental design.
Nevertheless, comparing the average cell attachment under dark
conditions to that under illuminated conditions, shown in Fig. 6, the
data suggest that illumination alone may result in some reduction
of attached cells. While the ultraviolet light alone had an inhibitory
effect on cell division in the illuminated samples, the light effect
was amplified by the photocatalyst.

When metal oxide materials are coated with organic chem-
icals or surfactants, the hydrophobicity of the surface increases
[46,47]. Increased hydrophobicity has been linked to higher lev-
els of bacterial attachment and to membrane fouling [1,3]. Higher
levels of organic carbon content in natural source waters contribute
to membrane fouling, possibly because these organics modify the
hydrophobicity of the membrane surface [2]. Humic substances
including humic and fulvic acids are commonly occurring classes
of natural organic carbon, having an amphiphilic structure with
hydrophobic and hydrophilic moieties [48]. Jucker and Clark found
that humic substances altered the hydrophobicity of a hydrophobic
membrane due to their orientation at the membrane surface [49].
Similarly, humic substances would increase the hydrophobicity of
the membrane surface here if the hydrophilic moieties of the acid
were to orient themselves at the hydrophilic surface, leaving the
hydrophobic backbone exposed to the solution. The photocatalyst

coating oxidizes the organic materials at the membrane surface,
thereby retarding both their adsorption and positive effect on bac-
terial attachment.

To examine the effects of an organic-rich water on the reac-
tive membranes, the cell attachment and viability experiment was
repeated for uncoated and Degussa P25-coated samples in a high
TOC solution, where PBS solution was amended with 34 mg/L
Suwannee River fulvic acid to bring the solution to 24 mg/L TOC.The
results, shown in Fig. 7, illustrate that Degussa P25 maintained its
effectiveness and produced a dramatic reduction in cell attachment
and viability even at elevated organic concentrations.

An important result of reduction in cell attachment and sub-
sequent biofilm growth is the prevention of flux decline across the
membrane during filtration. Preliminary results show that after the
3-h illuminated attachment test, the Degussa P25 discs displayed
10% less flux decline than uncoated membrane discs (average of
three trials). This effect will be studied further in future experi-
mental work.

4. Conclusion

This work demonstrates the use of photocatalysts to reduce
cell attachment and viability on ceramic ultrafiltration membranes.
Degussa P25 coatings reduced the hydrophobicity of the surface,
and prevented cell attachment in low and high TOC environments.
Further, these coatings inactivated cells at the membrane surface
and may prevent flux decline. Degussa P25 is commercially avail-
able, and can be applied to membranes using a simple dip coating
process; for this application, nanoparticles of titanium dioxide
synthesized by the sol-gel techniques did not show enhanced reac-
tivity over P25. Ultraviolet light alone had an inhibitory effect
on cell division, while titania coatings alone (no illumination)
reduced cell attachment due to reduction in hydrophobicity. The
combination of these factors produced a reactive system with
greatly diminished cell attachment and strong levels of cell inac-
tivation, to create a membrane surface with great promise for the
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prevention of biofilm growth. These membranes have potential to
provide a robust solution to the persistent problem of membrane
fouling.
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