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Photocatalytic water disinfection by simple
and low-cost monolithic and heterojunction
ceramic waferst

Neel M. Makwana, Rachael Hazael, Paul F. McMillan and Jawwad A. Darr*

In this work, the photocatalytic disinfection of Escherichia coli (E. coli) using dual layer ceramic
wafers, prepared by a simple and low-cost technique, was investigated. Heterojunction wafers were
prepared by pressing TiO, and WOz powders together into 2 layers within a single, self-supported
monolith. Data modelling showed that the heterojunction wafers were able to sustain the formation of
charged species (after an initial “charging” period). In comparison, a wafer made from pure TiO, showed
a less desirable bacterial inactivation profile in that the rate decreased with time (after being faster
initially). The more favourable kinetics of the dual layer system was due to superior electron—hole
vectorial charge separation and an accumulation of charges beyond the initial illumination period. The
results demonstrate the potential for developing simplified photocatalytic devices for rapid water

WWW.rsc.org/pps disinfection.

In 2012, the United Nations estimated that nearly 11% of the
world’s population did not have access to improved sources of
drinking water, with ca. 3.5 million deaths annually attributed
to unsafe water supplies, poor sanitation and unsatisfactory
hygiene." With ever-increasing populations, there is now an
unprecedented demand to improve basic water facilities, par-
ticularly in rural regions of less economically developed
countries. The ideal solution would be to improve sanitation
infrastructure, however, this is often associated with large cost
and may not be practical to implement quickly. Short-term
solutions that provide clean drinking water at the point-of-use
are regularly used, such as boiling and filtration techniques.
However, these are not effective at removing all pathogens.
Over the last decade, solar disinfection techniques such as
SODIS (SOlar DISinfection) have been developed and used by
over a million people.”* SODIS typically involves filling a glass
or plastic bottle with contaminated water and placing the
bottle in direct sunlight (e.g. on a roof) for at least 6 hours,
which exposes pathogens to UVA radiation and thus, inacti-
vates them. After this exposure, the water is deemed safe to
drink. However, while the SODIS technique is simple and easy
to implement, it has limitations that can lead to the drinking
water being unsafe. Main limitations concern the type of
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bottle used (a maximum volume of 3 litres), the turbidity of
the water (i.e., placing the bottle on a newspaper should allow
the headline text to be read through the bottled water), and
the shelf-life of the SODIS-cleaned water that should be con-
sumed within 24 hours.> Based on these considerations, the
SODIS technique can only be used as a point-of-use interven-
tion, rather than for large-scale water disinfection. Thus, there
is a real need to develop simple and inexpensive alternatives to
SODIS that are able to provide larger volumes of clean drinking
water.

An alternative approach to SODIS is to use semiconductor
photocatalysts to efficiently achieve solar water disinfection
without the limitations of SODIS. In this approach, the semi-
conductor photocatalyst undergoes a series of photoelectro-
chemical processes that result in the formation of reactive
species that are able to more rapidly inactivate pathogens. In
the first step, illumination of the semiconductor by light of an
appropriate wavelength can excite electrons from the valence
to the conduction band, leading to the formation of an elec-
tron-hole pair. The charge carriers can then either recombine
(with no catalytic reaction) or they can migrate to the semi-
conductor surface where they can participate in surface reactions
to form radicals, typically reactive oxygen species (ROS). These
radical species are powerful redox agents that can rapidly
destroy organic pollutants and inactivate many pathogens.

Amongst the range of semiconductor photocatalysts avail-
able for disinfection, titanium dioxide (TiO,) has received
most interest, as it is inexpensive, relatively abundant,
stable, non-toxic and photoactive under UV light illumination.
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However, there are still many challenges that limit the use of
TiO, in large-scale applications, e.g. its wide band-gap (3.2 eV)
means it is excited by UV (or higher energy) radiation, which
only makes up ca. 4% of the total solar light incident on Earth.
Efforts have been made to increase the absorption of light by
TiO,, e.g. by incorporating dopant species that narrow the
band-gap.

The need to reduce recombination reactions is also impor-
tant in solar applications. Charge carriers in TiO, can recom-
bine within nanoseconds,’ and if surface reactions occur on
longer timescales then recombination processes can reduce
activity. One approach used to improve efficiencies in photo-
catalysis is to couple two or more appropriate photoactive
materials into heterojunction thin films (directly from vapour
deposition) or as monoliths (from powders).®™**> When appro-
priate semiconductors are chosen, the band alignment is such
that the positions of the conduction band (CB) and valence
band (VB) of one semiconductor are higher than that of the
other semiconductor (type II staggered bandgap heterostruc-
ture; see Fig. S11)."* Under photoirradiation, electrons can
transfer across the heterojunction from one semiconductor to
the other, i.e. from the higher CB level to the lower CB level.
Conversely, holes can transfer from the lower VB level to the
higher VB level.">'" Consequently, photogenerated electrons
and holes migrate to different sides of the device where they
are trapped, thereby removing or reducing electron-hole
recombination. The vectorially charge separated electrons and
holes are then able to participate in specific chemical reactions
at the respective photoelectrochemically activated surfaces.

Typically, photocatalytic disinfection experiments are con-
ducted with either the photocatalyst suspended in solution or
immobilised on a substrate. Although placing the photo-
catalyst in suspension can yield high efficiencies,'® it is often
difficult to recover the photocatalyst,'® and therefore photo-
catalysts immobilised on surfaces are of interest.'” >

The authors recently described a simple method for produ-
cing robust, self-supported ceramic wafers of TiO,, formed by
cold-pressing commercially available powders.”® The tech-
nique has now been used to prepare self-supported photo-
catalytic bilayer heterojunction (SPH) wafers from powdered
TiO, and WO;.>” Upon illumination of SPHs, electron transfer
from TiO, to WOj; occurred, resulting in the formation of
reduced tungsten oxidation states. Despite the simplicity of
the fabrication process for the SPH, intimate electronic
contact between the two layers was achieved. Consequently,
the SPH wafers showed enhanced photocatalytic performance
compared to comparable individual photocatalyst wafers for
photocatalytic destruction of stearic acid (a model pollutant).>®
Herein, we compare the photocatalytic action between a hetero-
junction-type wafer (TiO,-WO;) and a non-heterojunction
wafer (pure TiO,) for disinfection of water, by photoirradiating
wafers placed in a saline solution contaminated with the
Gram-negative bacterial pathogen E. coli K-12, (a widespread
infective agent found in water). Photodisinfection using the
dual layer SPH wafer was highly effective and superior to the
wafer of pure TiO,.
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Experimental methods
Bacterial cultivation

All experiments were conducted with Escherichia coli (E. coli)
K-12 (DSM 5210) obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, DSMZ (Braunsch-
weig, Germany). Following rehydration of the bacterial strain,
a single colony was taken and subcultured in 10 mL Lysogeny
broth (LB) at 37 °C for 18 hours under an agitation of 250 rpm.
Cells were harvested in a stationary phase to obtain ca. 10°
CFU per mL (colony forming units per mL); 1 mL of this sus-
pension was removed and centrifuged at 3000 rpm for 10 min,
and the supernatant was discarded before re-suspending the
bacteria in 1 mL 0.9% NaCl solution (sterile). The centri-
fugation was repeated twice, with the supernatant replaced
with fresh NaCl solution each time.

Preparation of TiO, and TiO,-WO; ceramic wafers

TiO, ceramic wafers were prepared by pressing TiO, powder
(anatase PC50; Cristal Global, Stallingborough, UK) in a circu-
lar 25 mm diameter stainless steel die (Compacting Tooling
Inc., Philadelphia, USA). The TiO, powder (0.3 g) was placed in
the die and levelled to create an even surface. The powder was
pressed at a pressure of 200 bar in the extraction ram of a non-
end-loaded piston cylinder device (Depths of the Earth Co.,
Arizona, USA).>’ To prepare the layered TiO,-WO; ceramic
wafers, TiO, powder (0.3 g) was placed in the die and levelled
to create an even surface, followed by addition of WO; powder
(99.8% metals basis; Alfa Aesar, Lancashire, UK; 0.7 g), and
the layers were then pressed following the procedure described
above. The ceramic wafers were heat-treated at 500 °C for 6 h
in air to enhance their mechanical strength. Material charac-
terization data (X-ray diffraction pattern and scanning electron
microscopy images) are provided in Fig. S2 and S3 in the ESL.T

Disinfection experiments

Each experiment was conducted in 60 mL 0.9% NacCl solution
(prepared using deionised water; >15 MQ resistivity) with UV-
visible light photoirradiation provided by a 75 W Xe arc lamp
(Photon Technology International, UK) with an AM 1.5 G filter
(Newport Spectra-Physics Ltd, UK; spectral output shown in
Fig. S4t) to simulate solar irradiation. Where used, an inocu-
lum of 60 pL E. coli suspension in NaCl (0.9%) was added to
achieve an initial cell density of 10° CFU per mL. To avoid any
thermal effects arising from the Xe lamp, all experiments were
conducted in a double-walled glass reactor with cooling water
(20 °C) circulated through the outer wall (ThermoHake 75
chiller). During the experiments, samples of the test solution
(0.5 mL) were collected from the photoreactor at regular inter-
vals. For bacterial enumeration studies, each recovered sample
was subjected to a series of 10-fold dilutions in 0.9% NacCl
solution, followed by triplicate plating and each plate was incu-
bated at 37 °C for 15 hours. Standard methods were used to
visually identify and count colonies. Control experiments were
carried out in the dark to determine any potential effects from
the saline solution and photocatalyst on the E. coli sample in
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the absence of photoexcitation and to ensure that no external
factors contributed to cell death.

Data fitting models

The E. coli survivability data were fitted using the Geeraerd
and Van Impe Inactivation Model Fitting Tool (GInaFiT,
v1.6).>® A number of fitting models were run for each data set;
comparison between the fit of each model was possible by
assessing the value of the Root Mean Sum of Squared Errors
(RMSE). The RMSE is considered the most simple and infor-
mative measure of goodness-of-fit, where a smaller value indi-
cates a better data fit.>' For the data presented herein, it was
found that the ‘log-linear with shoulder’, ‘Weibull’ and
‘Weibull with tail'’ models®**® were most appropriate for the
SODIS, TiO, and SPH wafers, respectively. The output fitting
curves are shown along with the bacterial survival data.

Results and discussion

A series of initial controls were conducted to calibrate for any
potential effects of the experimental conditions on E. coli in
saline solution. Such effects included osmotic and mechanical
stresses (imposed by the saline solution and stirring), tempera-
ture, pH, and the nature of the surrounding environment, in
the absence of light. We observed no significant decrease in
bacterial survivability under these experimental conditions;
this observation also held true when testing with the photo-
catalytic wafers suspended in the solution in the dark (Fig. 1).
However, when the reactor was illuminated without a pressed
wafer present, a decrease in bacterial survivability did occur
after ca. 2 hours of irradiation, demonstrating that the UV
light partially and directly inactivated E. coli. Similar results
have been reported previously using simulated or real solar
conditions, with slow E. coli inactivation observed in the range

79 E. coli (dark)
.rﬁ‘“r—-’_".‘——_:—.— ° ‘./7.

~

3
6—‘\ A AN
A AT A—— 4
N
N
N
N

E. coli + photocatalyst (dark) N

E. coli (photoirradiation only)

Log E. coli/ CFU/mL
Jls
e

_|Detection limit

3
Time/h

Fig. 1 E. coli inactivation control experiments over a 5 hour period;
filled circles [@®] show inactivation of E. coli in solution in the dark; filled
triangles [A] show inactivation in the presence of a TiO,—WO3; wafer
in the dark; filled squares [H] show inactivation under irradiation from a
75 W xenon lamp (in the absence of the wafer; simulated solar disinfection,
SODIS). The dashed line [---] shows a data fit using the log-linear with
shoulder model.
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Fig. 2 E. coli inactivation over a 30-minute period under irradiation
from a 75 W xenon lamp in the presence of a TiO, ceramic wafer. The
solid line shows a data fit using the Weibull model.

ca. 2 to 6 hours.>*?*3737 These observations are in line with
expectations and demonstrate SODIS water disinfection.

Fig. 2 shows the E. coli inactivation curve obtained
when using an illuminated pure TiO, wafer in the test solu-
tion. Significant bacterial inactivation was observed within
ca. 5 minutes of photoirradiation, with the bacterial cell count
detection limit reached within ca. 30 minutes. When an SPH
wafer (two samples in duplicate) was photoirradiated in the
test solution, the bacterial cell count detection limit was also
reached within 30 minutes (Fig. 3), but with some differences
(that will be discussed later on). Thus, the solar disinfection
rate in the presence of the TiO, or SPH wafers is more than 10
times faster than with no photocatalyst present (Fig. 1-3).

It is important to note that the differences in the time
taken for a significant reduction in the E. coli population occur
because different disinfection mechanisms occur in the pres-
ence or absence of a photocatalyst. In the SODIS technique,
bacterial inactivation results from direct exposure to UVA light

Log E. coli/ CFU/mL

Time / min

Fig. 3 E. coli inactivation over a 30-minute period under irradiation
from a 75 W xenon lamp in the presence of a TiO,—WOs3 heterojunction
ceramic wafer. The filled square [H] and circle [®] are for two different
experiments on identical samples and using the same protocols. The
solid and dashed lines show data fits using the Weibull with tail model.
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and heat, resulting in cellular membrane damage and a
decreased rate of bacterial growth.*® Formation of ROS can
also occur when photons are absorbed by dissolved oxygen in
the water, and these species may also contribute to the SODIS
effect. In the presence of a photocatalyst, however, the main
disinfection mechanism is believed to arise from cellular
attack by ROS species.'® It is suggested that the hydroxyl
radical (OH") is primarily responsible for inactivation of micro-
organisms,> while there are also reports that other ROS
species, such as superoxide radicals (O3), can affect survivabil-
ity of microorganisms.

Comparison between the E. coli disinfection with the TiO,
and TiO,-WO; heterojunction wafers shows a clear difference
in the kinetics of the two systems (Fig. 2 and 3). For the pure
TiO, wafer there is an initial, fast reduction in the microbial
population, followed by a gradual decrease in the rate of in-
activation. In contrast for the SPH wafer, the initial bacterial
reduction rate is slower, but this is then followed by a clear
increase in the rate of inactivation. The differences apparent
between these two photoactive semiconducting systems can be
explained in terms of electron-hole transfer lifetimes. The
electron-hole recombination rate is expected to be substan-
tially greater in the pure TiO, than the SPH wafer, because the
latter incorporates a heterojunction that facilitates efficient
vectorial charge separation, and allows build-up (longer life-
times) of these charges, which can facilitate the production of
ROS for bacterial inactivation.

The authors have previously shown that for photoirradia-
tion of the titania side of TiO,~-WO; SPH wafers, electrons can
rapidly shuttle to the WO; side.”” Once at the WOj; surface,
these electrons can reduce the W and also O, molecules to
form O; or H,0,, which then undergo reductive decompo-
sition to form OH’ radicals.>® The holes at the TiO, surface
can also oxidise species such as surface-adsorbed H,O to form
OH'’ radicals with disinfective properties.’

The immobilisation of photocatalysts in solar water dis-
infection is of importance, particularly in locations where
post-filtration may not be available. Previously, Alrousan et al.
studied the solar disinfection of water under flow, using TiO,
immobilised on the internal surface of borosilicate glass
tubes. Microorganism inactivation occurred over a period of
5 hours, with no delamination of the TiO, coating occurring.*
While immobilisation of a photocatalyst on a substrate proved
effective, the self-supported nature of the pressed wafers pre-
sented herein removes the need for a thin-film substrate, along
with associated production costs. Additionally, scale-up of
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pressed wafers such as those described can be readily achieved
by using industrial powder processing techniques to manufac-
ture larger quantities of such self-supported photocatalyst
structures, as larger planar area devices suitable for high
throughput disinfection processes.

Evaluation of disinfection kinetics

Since the first reports of photocatalytic water disinfection by
Matsunaga et al,*® most kinetic data have been modelled
using the Chick-Watson model,” which is applicable to
the log-linear bacterial inactivation phase of the curve.
While this region is of most interest, it is also important to
model the kinetics occurring in other regions of the bacterial
inactivation cycle in order to understand the complete disin-
fection process. In this work, the GInaFIT model®*® was used
to quantitatively compare the kinetics of bacterial disinfec-
tion for experiments conducted under simulated solar
irradiation, in the presence or absence of a photocatalyst. The
GInaFIT model provides a total of nine potential models that
can be applied to bacterial inactivation kinetic data. The suit-
ability of each model can be determined by comparing the
root mean square error (RMSE) values obtained for each.
Table 1 provides the RMSE values for the various models
used in this work that are in the range 0.10-0.23. Because it
was necessary to allow the bacterial solution to homogenise
after each measurement, it was not possible to reduce the
sampling interval to less than 5 minutes, and this limited the
number of data points that could be obtained to constrain
kinetic models.

The curve presented for bacterial inactivation under photo-
irradiation only (Fig. 1) begins with an initial lag period fol-
lowed by a bacterial inactivation phase. The initial lag phase is
often termed a “shoulder” on the kinetic data and there are
many suggestions relating to its existence. Geeraerd et al
stated that the shoulder phase exists because (i) if the bacteria
exist in a clump, then all bacteria cells in that clump must be
inactivated in order to completely inactivate that particular
colony, and (ii) if the cells are able to synthesise a critical com-
ponent, then inactivation only occurs when the rate of destruc-
tion is greater than the rate of synthesis.** Berney et al.*' and
Marugan et al.** state that there exists both a multi-hit scen-
ario in which a single target must be hit multiple times for
complete inactivation, and a multi-target scenario in which a
single organism contains multiple targets that must each be
hit for complete inactivation.

Table 1 Kinetic parameters obtained from the GInaFIT tool with the log-linear with shoulder, Weibull, and Weibull with tail models

Shape parameter, Root mean square

Sample Shoulder length, S, Rate constant, Knax Scale parameter, & p (min) error, RMSE
Simulated SODIS 2.9 + 0.1 hours 4.70 £ 0.11 h™" — — 0.1375
TiO, — — 0.01 +0.01 0.20 £ 0.10 0.1015
TiO,-WO; (1) — — 14.15 £ 0.97 3.89£0.73 0.2262
TiO,-WOj3 (2) — — 12.51 + 0.88 2.79 +0.39 0.1708
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The GInaFIT tool allowed quantification and comparison of
the model output curves by providing various parameters
depending on the fitting model chosen. For the log-linear with
shoulder model, the parameters provided were the shoulder
length, S}, and the first order rate constant, k... The shoulder
length was the lag time before the log-linear bacterial inacti-
vation began; for the simulated SODIS experiment shown
herein (Fig. 1), this is 2.9 + 0.1 hours (Table 1). The first order
rate constant for this experiment was 4.7 + 0.1 h™".

For the E. coli inactivation conducted in the presence of a
pure TiO, wafer or a TiO,-WO; SPH wafer, the Weibull, and
Weibull with tail models, respectively, were determined as
providing the best fits to the data. In these models, different
parameters were defined: a scale parameter 6 and a shape
parameter p. § was denoted as the time taken to achieve the
first decimal reduction in bacterial population, and p related
to the curvature of the fit; for p > 1, convex curves are obtained,
and for p < 1, concave curves are observed. For these types of
curves, first-order kinetics correspond to p = 1. The disinfec-
tion curves for the TiO, (Fig. 2) and TiO,-WO; (Fig. 3) wafers
showed different curvatures; the former fitted well with a
concave curve, while the latter fitted with a convex curve. The
respective p values (Table 1) correlated well with these obser-
vations. For the two types of wafers, however, the detection
limit was reached within ca. 30 minutes in both cases. Com-
paring both scenarios, it should be noted that the disinfection
kinetics for the TiO,-WO; SPH wafer would be beneficial to
the overall disinfection rate since efficient vectorial electron-
hole separation across the heterojunction would sustain the
continuous formation of ROS species. This characteristic
would be particularly attractive for treating bacterial strains
that are typically more resistant to disinfection processes.

Conclusions

The findings presented herein demonstrate that mechanically
robust ceramic semiconducting hetero junction wafers, pre-
pared by a simple and low-cost method, are suitable for efficient
use in solar disinfection processes. The self-supported nature of
the ceramic wafers removes the need for a thin-film substrate,
which simplifies their preparation and removes much of the
associated cost. Once the disinfection process is completed, the
wafers can be easily removed from solution. In comparison to a
pure TiO, wafer, the two layer TiO,-WO;3; SPH wafer promotes
efficient and sustained electron-hole separation. Although the
initial solar disinfection rate appeared slower for the SPH than
for the pure TiO, wafer, the overall rate may be more sustainable
due to efficient charge separation across the heterojunction.

To our knowledge, this is the first demonstration of such
pressed ceramic wafers in solar disinfection applications.
There is considerable potential to exploit such simple devices,
using different combinations of photocatalysts, in other dis-
infection applications such as flow processes where there may
be a number of infective agents present. The results of these
endeavours will be reported in due course.
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