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Abstract
Effect of Engineered Metal-Oxide Nanomaterials on Bacterial Viability
Lina Cui
The occurrence of emerging or newly identified contaminants in our water resources is of
rising concern for human health and the environment. Nanomaterials rise to be among the major
emerging contaminants in recent years because of their broad applications. The existing
conventional water and wastewater treatment plants are not designed for removal of these
contaminants. To date, little is known about the fate and impacts of these contaminants in the
water systems.
Engineered nanomaterials such as titanium dioxide (TiO2) are known to produce reactive
oxygen species (ROS) under irradiation of ultraviolet or visible light. A sub-lethal level of ROS
could trigger microbial defense mechanisms which protect microorganisms from environmental
oxidative stress and its damages. This microbial resistance to environmental oxidative stress may
increase the threat to human health. Conversely, excessive amounts of ROS have a cytotoxic
effect on microorganisms by causing membrane and DNA damages. The damages can reduce
microbial viability, making the microorganisms more susceptible to other oxidants such as
chemical disinfectants used for wastewater disinfection. As a result, the interactions of
nanomaterials with microorganisms are expected to affect the efficiency of chemical disinfection.
Understanding the potential of ROS generation for nanomaterials and its relationship with
bacterial inactivation is important to track the impact of nanomaterials in the water purification
systems. In this thesis, the relationships between reactive oxygen species production rates and
Escherichia coli inactivation rates of five engineered titanium-oxide nanomaterials with a range
of shapes, sizes, crystal structures, and chemical composition were studied. Hydroxyl radical
(OH) and superoxide ion (O2.–) production rates of the nanomaterials under long-UV irradiation
were estimated using species-selective probe molecules and spectrophotometric measurements.
The bacterial inactivation rates were estimated by a series-event kinetic model and were
compared across the five materials on a per unit surface area basis. Photo-energy utilization

efficiency of these nanomaterials for ROS production varied with not only with the type of
materials but also with irradiation intensity and nanomaterial loading. Degussa P25 was found to
have a distinctly different correlation between OH production rate and bacterial inactivation rate
from that of the remaining nanomaterials. The results support the use of a metric of multiple
ROS or biological responses for more accurately characterizing and predicting disinfection
efficiency or other cytotoxic effects of metal-oxide nanomaterials across a range of
physicochemical properties.
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Chapter 1: Introduction
1.1 Emerging contaminants and research significance
The occurrence of emerging or newly identified contaminants in our water resources is of
rising concern for the human health and the environment. The current wastewater treatment
systems are not designed for removing these emerging contaminants and no monitoring
mechanism exists due to the absence of regulations specific to these contaminants [1].
Engineered nanomaterials are defined as materials with at least dimension less than one
hundred nanometers in size. They can be spherical, tubular, or irregularly shaped, and exist as
fused, aggregated or agglomerated forms of organic, inorganic, crystalline, or amorphous
structures. They are produced in a variety of industries and their product inventory exceeds one
thousand consumer products from three hundred companies in over twenty countries [2]. With
the accelerating applications of engineered nanomaterials in commercial products and their
potential uses in water treatment processes, it is inevitable that these materials are introduced
into our recreational and drinking waters. Exposure to these engineered materials may create
potential health or environmental risk [3].
1.2 Nanomaterials
Titanium dioxide is one of the top fifty chemicals produced worldwide in recent years [4].
Since its commercial production in the early twentieth century, titanium dioxide has been widely
used as a pigment in sunscreens, paints, ointments, and toothpaste. Among different
nanomaterials, it is the most studied [5, 6, 7].
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1.2.1 Titanium dioxide chemistry
Metal oxides are common photocatalysts, of which TiO2 is the most widely used material
due to its superior characteristics. With energy provided larger than its band gap, the
electron/hole pairs are generated on the surface and react with O2 and H2O to form highly
reactive oxidants such as hydroxyl radical (·OH), superoxide ion ( O2 ), and hydrogen peroxide
(H2O2). These strong oxidizers are collectively termed reactive oxygen species (ROS).
In general, the photochemical reaction involving TiO2 can be explained by the following
series of elementary reaction steps (see equations 1 through 8 below) [8]. The first step is the
light-induced (λ< 390 nm) generation of a valence band hole ( h  vb ) and a conduction band
electron ( e  eb ) pair (equation 1). This e  eb is available for electron donation to reducible species
that are adsorbed to the TiO2 surface. It can reduce oxygen to produce the superoxide radical ( O2 ,
equation 2) and subsequently H2O2 (equation 3). The superoxide ion radical can react with H2O2 to
produce hydroxyl radical (Haber-Weiss reaction, equation 4). The reduction of H2O2 by e  eb can
also generate hydroxyl radical (equation 5). The electron holes ( h  vb ) can extract electrons from
absorbed oxidizable species and reacts with the surface OH  or H2O to form hydroxyl radical
(equations 6 and 7). The recombination of hydroxyl radicals also produces H2O2 (equation 8).
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hv
TiO2 
TiO2 (h vb  e eb )

O2  e eb  O2

(1)

(2)

O2  e eb  2H   H 2O2

(3)

O2  H 2O2  OH  OH   O2

(4)

e eb  H 2O2  OH  OH 
h  vb  OH   OH

h vb  H 2O  H   OH
2h vb  2H 2O  2H   H 2O2

(5)
(6)
(7)
(8)

1.2.2 Antimicrobial effects characterization
Many engineered nanomaterials such as titanium dioxide have also been shown to have
strong antimicrobial properties.
i.

Disinfection mechanism
It is generally accepted that the antimicrobial property of metal-oxide nanomaterials is

ascribed to the production of ROS [9, 10], which are known to be the major species contributing
to inactivation processes [11, 12]. They can cause damages to cell membranes and intracellular
components, or completely oxidize the cells to carbon dioxide and water [13]. Photocatalytic
disinfection using metal-oxide nanomaterials has been examined to kill both Gram-negative and
Gram-positive bacteria, viruses including poliovirus, hepatitis B virus, herpes simplex virus, and
MS2 bacteriophage.
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There is still much debate over which process or set of processes lead to death of
microorganisms exposed to photocatalytic action. Most of the research now indicates that the
destruction of the cell membrane is an important process for inactivation. For cell membrane, the
lipopolysaccharides (LPS) layer and the phospholipid bilayer are made up of fatty acids. The
reaction of an unsaturated fatty acid with radicals in the presence of oxygen leads to the
formation of a peroxyl radical, which in turn can react with other nearby lipid molecule to
generate additional lipid radical. The process is propagated as these newly formed lipid radicals
react with other unsaturated lipids. The chain reaction eventually results in the oxidation of
biomolecules at sites considerably distant from where the initial free radical reaction occurred
[14]. Maness et al. (1999) [15] assessed the production of malondialdehyde (MDA), the most
widely used biomarker for lipid peroxidation, and found a steady increase in MDA associated
with cell inactivation. The ultimate impacts of membrane peroxidation are changes in cell
permeability and disruption of the intact membrane, both leading to the release of cell cytoplasm
and loss of membrane-mediated functions, such as respiration, semipermeability, and oxidative
phosphorylation reactions [16]. The intracellular constituents released from cell cytoplasm can
be decomposed by radicals directly. Free nanomaterial may also access damaged cells and
subsequently attack directly intracellular components, causing alteration of protein structure [17].
Jacoby et al. (1998) [18] reported the evidence of the photocatalytic decomposition process from
the whole cells to carbon dioxide and water vapor [19].
ii.

Mechanistic model for microbial degradation

A disinfection kinetic model is useful for characterizing the bactericidal effects of
nanomaterials and for comparing the results obtained under different experimental conditions.
The Chick’s Model, Chick-Watson Model, Delayed Chick-Watson model, Hom model, and the
4

Kinetic power law models have been applied in the photocatalytic inactivation processes [20-24].
However, the main shortcomings of these models are their empirical nature and not built on the
underlying chemical and physical processes of photocatalytic disinfection. Instead, they are built
on the assumption of a homogenous chemical reaction, whereas photocatalysis is a
heterogeneous process whose overall kinetics varies from those of traditional chemical
disinfection and homogenous reactions in general [25].
Mechanistic models such as lipid peroxidation model, microbe-catalyst interaction model,
series-event model, and multi-target model are often preferred over empirical models although
they are more cumbersome from a computational perspective [26, 27]. They are expected to be
more robust than empirical models and are well suited for applications for photocatalytic
inactivation processes. This lipid peroxidation model emphasizes the process of membrane
damages due to lipid peroxidation in photocatalytic inactivation, assuming that the hydroxyl
radical is the dominant oxidant in the process. The microbe-catalyst model underscores
hydrodynamic interactions between the catalyst and the microorganism from a particle size
perspective. Series-event model assumes that a series of discrete damage levels exist and that
each level or event is a unit of damage that occurs in a stepwise manner until the organism
reaches a threshold level of damage. The multi-target model is similar to the series-event model,
in that it assumes that each organism contains a finite number of discrete critical targets, each of
which must be attacked for full inactivation of the organism [19].

1.3 Research Objectives and Tasks
Characterizing and predicting bactericidal effects of engineered metal-oxide nanomaterials
on living cells have drawn much attention because of their photocatalytic characteristics and
5

wide range of applications [28-30]. A potential application of such materials is disinfection for
inactivating pathogenic microorganisms in medical and drinking water treatments. Photocatalytic
disinfection has the advantages of no disinfection-by-products and can inactivate a wide range of
microorganisms including those that are chlorine- and UV-resistant [30, 31]. The interest of
quantifying metal-oxide’s cytotoxic effects is also due to rapid development of nanotechnologies
and the concerns for their potential impacts on ecosystems and human health [32, 33]. In
particular, understanding and preventing risks to the environment and human health associated
with the engineered nanomaterials have been identified to be one of the urgent needs for further
development of nanotechnologies [34, 35].
It is generally accepted that the antimicrobial property of metal-oxide nanomaterials is
ascribed to the reactive oxygen species (ROS) produced under light irradiation. Those highly
reactive oxidants such as hydroxyl radical (·OH), superoxide ion ( O2 ) are known to be the
major species contributing to disinfection processes [36, 37]. These highly reactive species can
cause damages to cell membranes and intracellular components, or completely oxidize the cells
to carbon dioxide and water [38]. The ROS production capability of metal oxide nanomaterials
has been reported to vary with their physical and chemical properties [39-43].
Feasibility of using relationship between ROS production capability and bacterial
inactivation to characterize metal-oxide nanomaterials with a range of physical and chemical
properties remains unclear. In this work, five types of titanium-oxide nanomaterials with various
shapes, sizes, crystal structures, and chemical composition were chosen to explore the
correlations of ROS production rates with bacterial inactivation. Production rates of both ·OH
and O2 were quantified using probe molecules and spectrophotometric analyses. A pure
Escherichia coli culture was exposed to the five nanomaterials under a range of ultraviolet
6

irradiation and its inactivation rate was used as a biological response to the bactericidal effects of
the tested nanomaterials. Bacterial inactivation rate was estimated using a series-event kinetic
model, and its correlations with the ROS production rates were reported.
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Chapter 2: Methods and Materials
2.1 Titanium-Oxide Nanomaterials
Five types of engineered titanium-oxide nanomaterials were used in this study. Degussa P25
(average particle size 21 nm, ca. 80% anatase and 20% rutile, BET surface area ca. 50 + 15 m2
g-1) was obtained from Evonik Degussa (Parsippany, NJ). Anatase Nanospheres (denoted as
Anatase Nsp, average diameter 150 nm, ca. 100% anatase, BET surface area 57.7 m2 g-1) was
purchased from Alfa Cesar. The other nanomaterials used in this study were manufactured using
a hydrothermal procedure reported elsewhere [44]. These nanomaterials included Anatase
Nanobelts (Anatase Nb, width 60 - 400 nm and thickness 10 nm, lengths varying from several
microns to 30 µm, ca. 100% anatase, BET surface area 20.8 m2 g-1), TiO2 (B) Nanobelts (TiO2 (B)
Nb, width 60 - 400 nm and thickness 10 nm, length varying from several microns to 30 µm, BET
surface area around 21.0 m2 g-1), and H2Ti3O7 Nanobelts (H2Ti3O7 Nb, width 60 - 400 nm and
thickness 10 nm, length varying from several microns to 30 µm, BET surface area 24.2 m2 g-1).
Stock solutions of the nanomaterials (10 g L-1) were prepared using de-ionized water and
successively diluted to a series of working solutions with different concentrations. All solutions
were subjected to ultrasonication to obtain homogeneous suspension before using in the
experiments. Absorption spectra of these nanomaterials were obtained using a UV-Vis
spectrophotometer (Shimadzu UV-2550).
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2.2 Hydroxyl Radical Production Rate Estimation
Photocatalytic production rate of ·OH was estimated based on the oxidation rate of a
molecular agent, 3'-p-hydroxy phenyl fluorescein (HPF, H36004, Invitrogen Inc.). This
nonfluorescent molecule is highly resistant to autoxidation, and has higher selectivity for ·OH
and lower reactivity with other reactive species [45, 46]. Its oxidation product, fluorescein,
exhibits bright green emission at 490 nm in the presence of visible light. HPF has been
successfully applied to detect hydroxyl radicals produced from TiO2 photocatalytic reactions
[47].
To facilitate HPF oxidation, a freshly-made HPF stock solution was mixed with a phosphate
buffer solution (PBS, pH 7.0) in shallow quartz dishes to obtain an initial concentration of 10
M. For each nanomaterial, a predetermined amount was added to each dish to obtain
concentration of 0.5 or 1 g L-1 and a total volume of 10 mL. One of the dishes was kept
nanomaterial free to serve as a control. The mixture solutions were placed on a multi-positioned
magnetic stirrer and mixed for 3 hours in the dark to allow HPF equilibrium between the aqueous
phase and nanomaterials. The solutions were then exposed to a black light lamp (F40T
10BLB/RS, Sankyo Denki Company Ltd) with long-UV [48] emission peaking at 362 nm to
catalyze ROS production.
Three UVA intensities (1.12, 1.90, and 3.38 mW cm-2) measured by a calibrated UV
detector (International Light, SEL005) and a radiometer (International Light IL1400A) were
used. During a 20-min exposure period, sub-samples (1 mL) were taken at a 2-minute interval,
followed by centrifugation at 1,500 ×g. Fluorescent intensity of the supernatant samples was
quantified using a fluorescence spectrophotometer (Hitachi, F-7000) with excitation and
9

emission maxima at ~490 and ~515 nm, respectively. Fluorescent intensities of standard
solutions with known fluorescein concentrations (0 - 10 M) were used to develop a calibration
curve. The initial production rate (M min-1) of the HPF oxidation product (i.e., fluorescein) was
estimated by the slope of its concentration over exposure time, and was used as a measure
of ·OH production rate (M min-1).
2.3 Superoxide Ion Production Rate Estimation
Superoxide ion production rate was estimated by monitoring the reaction rate of a molecular
agent, 4-chloro-7-nitrobenzo-2-oxa-1, 3-diazole (NBD-Cl, 25455, Fluka Inc.). NBD-Cl is an
electrophilic reagent and has been used to identify nucleophiles such as thiol, amine, tyrosine, and
glutathione (GSH), sulfenic acids [49-52]. Olojo et al [53] reported the capability of NBD-Cl to
assay superoxide ion in various systems with reliable accuracy and sensitivity.
In this study, stock solution (10 mM) of NBD-Cl was prepared using acetonitrile as a
solvent. The sample handling procedure described in the previous section for ·OH production
rate estimation was used for estimating O2 production rate. Reaction product concentration was
quantified by measuring absorbance at 470 nm using a UV-Vis spectrophotometer (Varian Inc.,
Cary 50). A specific extinction coefficient (4 ×106 M-1 cm-1) of the active product was applied
for converting absorbance measurements to concentrations [54]. The specificity of the reaction
was confirmed by the use of superoxide dismutase (SOD). The absorbance was completely
inhibited after SOD was applied in the working system [55-57]. Using NBD-Cl to measure
superoxide was demonstrated in Nick Wu’s group in another coming publication.
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In the present study, HPF-based fluorescence methodologies offered several advantages
including high detection sensitivity with the utilization of low concentration of the probe, the
stability of the probe during bioreduction, simplicity in data collection, and high spatial resolution
in microscopic imaging. NBD-Cl offers a convenient and simple spectrophotometric assay to
determine superoxide [58-59]. The EPR spin-trap methods of detection of hydroxyl radical and
superoxide was not used in this study. Because it requires the use of high concentrations (10 200 mM) of spin trap(s) that may perturb the redox balance in the biological system. In addition,
the half-life of the DMPO/•OH adduct is approximately 15 to 20 minutes and the DMPO/•OOH
adduct is not stable, thus, the signal can diminish during the course of the experiment [60, 61].

2.4 Metal-oxide Facilitated Bacterial Inactivation
An Escherichia coli (ATCC 23559) culture was grown and shaken (150 rpm) overnight in
LB broth at 37 C. The bacterial culture was then centrifuged at 1,500 ×g for 5 min, followed by
washing, and re-suspension of the bacterial pellet in 2 mL PBS (pH 7.0). The bacterial
population was quantified by optical density (OD560) and diluted with the PBS to obtain an initial
bacterial concentration of approximate 104 CFU mL-1 for the experiments. The microbial
suspension was mixed with predetermined volumes of the nanomaterial working solutions in
shallow quartz dishes, and then subjected to irradiation of the black light lamp. Three light
intensities (i.e., 1.12, 1.90, and 3.38 mW cm-2) and a range of irradiation time (i.e., 0, 30, 45, 60,
75, and 90 min) were employed to examine the bactericidal effects of the nanomaterials. During
the irradiation, sub-samples (100 L) were collected, diluted and spread on the LB agar plates,
followed by incubation at 37 C for 16 hr before colony enumeration. All PBS solutions, agar
materials, and quartz dishes were autoclaved at 121 C for 20 minutes before their use.
11

Log-inactivation of the E. coli was calculated and used as a biological response to the
bactericidal effects of the nanomaterials.

2.5 Bacterial Inactivation Kinetics
Bacterial inactivation kinetics was characterized by a series event model expressed as
below:
Nt

N0

n 1


i 0

i
n 1
Ni

k't
 k 't
e
N0
i!
i 0



where N0 (cells mL-1) is the initial concentration of viable cells; Nt (cells mL-1) is the
concentration of viable cells at time t; and Ni (cells mL-1) is the concentration of viable cells at
event level i (i= 0 - n). The lumped model parameters, n and k’ (min-1), are the number of events
that causes death of the cells and inactivation rate constant, respectively. This model has been
applied to quantify the photocatalytic inactivation kinetics in previous studies [62-65]. It assumes
that bacterial cells undergo a series of damaging events initiated by ROS attacks and the
damages to the cells are cumulative rather than instantly lethal. Bacteria are inactivated as a
consequence of the cumulative effects. Because E.coli are used as the same bacterial model for
all nanomaterials. We assume n=7, which means E.coli can be inactivated by 7 times attack. It is
important to note that this model does not differentiate damages caused by different reactive
oxygen species.
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Chapter 3: Results and Discussions
3.1 Nanomaterial Light Absorption Characteristics
The UV-visible absorption spectra (Figure 1) illustrates that the band gaps of the five
nanomaterials were almost identical. Therefore, the minimum photo-energies needed for
photocatalytic reactions were approximately the same for the five used nanomaterials [44].

Figure 1. Diffuse reflectance UV-visible spectra of the five nanomaterials.
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3.2 Hydroxyl Radical Production Rates
Concentration profiles of the HPF oxidation product followed the zero-order kinetics during
the initial period of the nanomaterial-UVA treatment (Figure 2). The ·OH production rates were
normalized by surface area (termed as unit production rate) for comparisons across the five
nanomaterials (Examples illustrated in Figure 3). Overall, Degussa P25 had the highest ·OH unit
production rates among the five nanomaterials. Order of the unit production rates consistently
followed: Degussa P25 > Anatase Nb > H2Ti3O7 Nb ≈TiO2 (B) Nb ≈ Anatase Nsp under all
experimental conditions (Table 1).
Overall, the differences in the ·OH unit production rate of the five nanomaterials were
attributed to the varying phase composition, size, shape, crystal structure, and chemical
composition [66, 67]. The high production rates of Degussa P25 can partially be attributed to its
mixed phase structure. Interfacial electron transferring from anatase phase to rutile phase was
reported to give better charge-separation efficiency and produce more ·OH than the pure phases
[68, 69].
Anatase Nb had higher ·OH unit production rates than those of TiO2 (B) Nb and H2Ti3O7
Nb. This can be attributed to a higher calcination temperature for anatase formation (~ 700 °C)
than that for TiO2 (B) Nb (~ 400 °C). Higher temperature can promote crystallinity, which was
reported to result in a lower recombination rate of charge carriers [44, 70, 71].
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HPF oxidation product concentration
(μM m-2)

1.6

Anatase Nb
Anatase Nsp
H2Ti3O7
Nb
H2Ti3O7 Nb
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Figure 2. HPF oxidation product concentration profiles over exposure time. Experimental condition:
light intensity = 1.90 mW cm-2, nanomaterial concentration = 1.0 g L-1.
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Hydroxyl radical unit production rate
-1 -2
(M min m )

.30
3.38 mW cm-2, 1.0 g L-1
1.12 mW cm-2, 1.0 g L-1

.25
.20
.15
.10
.05
0.00

DegussaP25 AnataseNb TiO2(B)Nb H2Ti3O7Nb AnataseNsp

Figure 3. Hydroxyl radical production rate per unit surface area of the five nanomaterials under two
experimental conditions (light intensity = 1.12 mW cm-2 and 3.38 mW cm-2, nanomaterial
concentration = 1.0 g L-1.
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Table 1. Hydroxyl radical production rate per unit surface area of the five nanomaterials
Experiment

Degussa P25
-1

-2

Anatase Nb
-1

Anatase Nsp
-1

-2

H2Ti3O7 Nb
-1

-2

TiO2(B)Nb

conditions

R(Mmin m )

R(Mmin m )

R(Mmin m )

R(Mmin m )

R(Mmin-1 m-2)

1.12 mW cm-2 (0.5gL-1)

0.2644

0.0519

0.0087

0.0083

0.0124

1.12 mW cm-2 (1.0gL-1)

0.1706

0.0572

0.0165

0.0186

0.0176

1.90 mW cm-2 (0.5gL-1)

0.3804

0.0913

0.0229

0.0215

0.0314

1.90 mW cm-2 (1.0gL-1)

0.2208

0.0572

0.0146

0.0161

0.0171

3.38 mW cm-2 (0.5gL-1)

0.5208

0.1000

0.0211

0.0281

0.0314

3.38 mW cm-2 (1.0gL-1)

0.2730

0.0707

0.0159

0.0269

0.0252
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-2

Data for experimental conditions under nanomaterial concentration of 1 g L-1 and three
UVA intensities were repeated at least two times to confirm the reproducibility for five
nanomaterials (Standard deviation < 0.004).
In addition, anatase was shown to be more active in adsorbing water and hydroxyl groups,
which could more effectively react with electron holes on the catalyst surface and produce more
hydroxyl radicals [72, 73]. Between the two anatase materials, Anatase Nb had higher ·OH unit
production rates than Anatase Nsp, which can be attributed to the lower electron-hole
recombination rate of the nanobelt structure [44]. H2Ti3O7 Nb had a different chemical
composition from the other four nanomaterials, and exhibited relatively low production rates
[69].
3.3 Superoxide Ion Production Rates
Similar to the HPF system, the concentration profiles of NBD-Cl reaction product followed
the zero-order kinetics during the initial period of the nanomaterial-UVA treatment (Figure 4).
Similarly, all the O2 unit production rates were normalized by surface area for comparisons
(Figure 5). The nanobelts had higher O2 unit production rates than nanospheres under all the
experimental conditions (Table 2). This may be attributed to the greater charge mobility in the
nanobelts, which was enabled along the longitudinal dimension of the crystals [44]. It is noted
that Degussa P25 had the highest OH unit production rates among the tested nanomaterials, but
exhibited lower O2 unit production rates than the nanobelts. The higher O2 unit production
rates of the nanobelts are attributed due to the exposed (101) facet of the nanobelts, which
yielded an enhanced reactivity with molecular O2 and promoted the generation of O2 [44].
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NBD-Cl reaction product concentration
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Figure 4. NBD-Cl reaction product concentration profiles over exposure time. Experimental
condition: light intensity = 1.90 mW cm-2, nanomaterial concentration = 1.0 g L-1.

19

Superoxide ion unit production rate
-1
-2
(M min m )

0.16

1.90 mW cm-2, 1.0 g L-1
1.12 mW cm-2, 1.0 g L-1

0.14
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AnataseNb TiO2(B)Nb H2Ti3O7Nb DegussaP25 AnataseNsp

Figure 5. Superoxide ion production rate per unit surface area of the five nanomaterials under two
experimental conditions (light intensity = 1.12 mW cm-2 and 1.90 mW cm-2, nanomaterial
concentration = 1.0 g L-1.
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Table 2. Superoxide ion production rate per unit surface area of the five nanomaterials
Experiment

Degussa P25

Anatase Nb

conditions

R(Mmin-1 m-2)

R(Mmin-1 m-2)

1.12 mW cm-2 (0.5gL-1)

0.1264

0.1769

0.0808

0.2198

0.2352

1.12 mW cm-2 (1.0gL-1)

0.0406

0.0793

0.0286

0.0570

0.0705

1.90 mW cm-2 (0.5gL-1)

0.1660

0.3106

0.1251

0.3140

0.2352

1.90 mW cm-2 (1.0gL-1)

0.0690

0.1361

0.0447

0.0901

0.1252

3.38 mW cm-2 (0.5gL-1)

0.2200

0.4356

0.1352

0.3165

0.3867

3.38 mW cm-2 (1.0gL-1)

0.1040

0.1563

0.0473

0.1364

0.1738
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Anatase Nsp
R(Mmin-1 m-2)

H2Ti3O7 Nb
R(Mmin-1 m-2)

TiO2(B)Nb
R(Mmin-1 m-2)

Data for experimental conditions under nanomaterial concentration of 1 g L-1 over 3.38
mW cm-2 were repeated three times to confirm the reproducibility for five nanomaterials
(Standard deviation < 0.01).
3.4 Nanomaterial Concentration and ROS Production
To examine the effects of nanomaterial concentration on ROS production, ROS production
rates with nanomaterial loading 1 g L-1 were plotted as a function of those with loading 0.5 g L-1
(Figure 6a). All nanomaterials exhibited a higher OH production rate with 1 g L-1 than its
corresponding rate with 0.5 g L-1. Most of the data points in Figure 1a fell below the 2:1
reference line, indicating less efficient utilization of photo-energy with concentration 1 g L-1 than
those with 0.5 g L-1. This is attributed to elevated light scattering and particle shielding and
reflection with the larger nanomaerial loading [64, 74]. Data points for the four nanomaterials
other than Degussa P25 under the lowest intensity (i.e., 1.12 mW cm-2) fell above the 2:1 line,
showing relatively better quantum yields of OH with 1 g L-1. These results showed that
nanomaterial concentration had varying effects on their utilization of photo-energy for OH
production.
For O2 production, all the data points fell under the reference line 2:1 (Figure 6b), indicating
lower quantum yields of O2 production rates with 1 g L-1 nanomaterials. In addition, all the data
points followed a fairly consistent trend, indicating the effects of nanomaterial concentration on
O2 production did not vary significantly among the different nanomaterials.
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Degussa P25 1.12 mW cm-2
Degussa P25 1.90 mW cm-2
Degussa P25 3.38 mW cm-2
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Anatase Nb 3.38 mW cm-2
Anatase Nsp 1.12 mW cm-2
Anatase Nsp 1.90 mW cm-2
Anatase Nsp 3.38 mW cm-2
H2Ti3O7 Nb 1.12 mW cm-2
H2Ti3O7 Nb 1.90 mW cm-2
H2Ti3O7 Nb 3.38 mW cm-2
TiO2 (B) Nb 1.12 mW cm-2
TiO2 (B) Nb 1.90 mW cm-2
TiO2 (B) Nb 3.38 mW cm-2
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Hydroxyl radical production rate (M min-1)
with 1.0 g L-1 nanomaterial
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.010
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.16
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with 0.5 g L nanomaterial
Figure 6(a). Hydroxyl radical production rate with 1 g L-1 nanomaterials as a function of their OH
production rates with 0.5 g L-1.
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Superoxide ion production rate (M min-1)
with 1.0 g L-1 nanomaterials
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-2
Anatase Nb 1.12 mW cm
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Anatase Nb 3.38 mW cm-2
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Superoxide ion production rate (M min-1)
with 0.5 g L-1 nanomaterials
Figure 6(b). Superoxide ion production rate with 1 g L-1 nanomaterials as a function of their O2.–
generation rates with 0.5 g L-1 nanomaterials.

24

3.5 Photo-Intensity and ROS Production
The ROS production rates under 3.38 mW cm-2 and 1.90 mW cm-2 were plotted as a
function of those under 1.12 mW cm-2 to examine the light intensity effects (Figure 7). For OH
production (Figure 7a), all the data points of solid symbols (i.e., production rate under 3.38 mW
cm-2 vs. those under 1.12 mW cm-2) fell under the reference line 3:1, indicating that the
nanomateials were less efficient in utilizing photo-energy for OH production under the higher
photo-intensity. This disparity was more significant at larger nanomaterial loading 1 g L-1. Most
of the data points of open symbols (i.e., production rates under 1.90 mW cm-2 vs. those under
1.12 mW cm-2) fell under the 1.7:1 line. The four data points that fell above the 1.7:1 reference
line were for the four types of nanomaterials other than Degussa P25, which exhibited better
utilization of photo-energy under 1.9 mW cm-2.
For the O2 production (Figure 7b), most of the data points fell under their perspective
reference lines (i.e., slope of 3:1 or 1.7:1), showing lower quantum yields under the higher
photo-intensities than those under 1.12 mW cm-2. Deviation of the data points from the reference
line varied among the different nanomaterials, suggesting variation in the photo-energy
utilization for O2 production.
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Hydroxyl radical production rate (M min-1)
under light intensity 1.90 and 3.38 mW cm-2

0.4
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0.3

Degussa P25 0.5 g L
under 3.38 mW cm-2
Degussa P25 1.0 g L-1
Anatase Nb 0.5 g L-1
Anatase Nb 1.0 g L-1
Anatase Nsp 0.5 g L-1
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H2Ti3O7 Nb 0.5 g L-1
H2Ti3O7 Nb 1.0 g L-1
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Hydroxyl radical production rate (M min-1)
-2
under light intensity 1.12 mW cm
Figure 7(a). Hydroxyl radical production rate of the five nanomaterials under light intensities 3.38
and 1.90 mW cm-2 as a function of their rates under 1.12 mW cm-2. Slopes of the reference lines
indicate the ratios of the light intensities (i.e., 1.90 mW cm-2:1.12 mW cm-2 and 3.38 mW cm-2:1.12
mW cm-2). The solid symbols are for the intensity ratio of 3:1 and open symbols are for 1.7:1.
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Superoxide ion production rate (M min-1)
under light intensity 1.90 and 3.38 mW cm-2
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Figure 7(b). Superoxide ion production rate of the five nanomaterials under light intensity 3.38 and
1.90 mW cm-2 as a function of their rates under 1.12 mW cm-2. The lines indicate the ratios of the
light intensities (i.e., 1.90 mW cm-2:1.12 mW cm-2 and 3.38 mW cm-2:1.12 mW cm-2). The solid
symbols are for the intensity ratio of 3:1 and open symbols are for 1.7:1.
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3.6 Bacterial Inactivation and ROS production rate
E. coli inactivation rates estimated by the series-event model showed a consistent order
among the nanomaterials under all the experimental conditions (Table 3). An example of
log-inactivation as a function of exposure time is illustrated in Figure 8. It is noted that all
inactivation curves for the five nanomaterials exhibited a lag followed by a declining phase in
the biological response. The inactivation rate constants were normalized by surface area (termed
as unit inactivation rate, examples illustrated in (Figure 9). It is noted that nanobelts exhibited
higher bacterial unit inactivation rates than the nanospheres, which showed a similar pattern as
the superoxide unit production rates (Figure 5).
Relationships between the unit inactivation rate and OH unit production rate showed
varying sensitivity of the bacteria to the different nanomaterials (Figure 10a). It is noted the good
correlation between the OH unit production rate and unit inactivation rate for Degussa P25
which was consistent with the finding of Cho et al. [36]. It is also noted that the high OH
production rates of Degussa P25 were distinctly less efficient for bacterial inactivation than the
rest nanomaterials. The distinct difference may be possibly explained by the better charge
separation efficiency of Degussa P25 and relatively more production of OH due to its mixed
phase structure [68, 69]. One possible reason is quite part of formation of OH depended on O2
or H2O2 formed in photocatalytic reaction [75-77]. Further, when measuring total OH in abiotic
assay, the captured OH can come from reactions involved with other species like O2 and
H2O2. However, when investigating bacterial inactivation rate in biotic assay, species such as
O2 and H2O2 can oxidize bacteria directly without transforming into OH [78, 79]. The second

possible reason was OH transferred into other lower oxidation species [80]. The third possible
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reason was the different contribution between OH bulk and OH surface. While under active debate
[79], some studies reported OH bulk was not involved in bacterial inactivation [78]. Therefore the
disinfection efficiency for P25 is not higher as expected.
In contrast, a better correlation was found between the O2 unit production rate and unit
inactivation rate (r = 0.87) (Figure 10b). Superoxide ion production depends mainly on
generation of e-cb and could react immediately and be detected by the abiotic and biotic assays
used in this study. Previous study reported that superoxide can work on the bacteria and organic
compounds directly without transforming into other species [81]. The better correlation
corroborates that O2 is one of important parameters for bacterial inactivation which is
consistent with previous publications [79]. Also superoxide reactivity can be enhanced in the
presence of solids like nanomaterials [82]. In this study, we did not explore the role of
photogenerated hole and H2O2. Both of them are reported to be involved in the photocatalytic
inactivation [78, 83]. Perhaps this is part of the reason for the not perfect regression rates in
Figure 3.
In present study, there rose a concern between the abiotic assay and biotic assay. The
interaction pattern between the bacteria and the photocatalytic material may be different from
that a chemical compound is adsorbed on the catalyst surface. But Chen et al (2009) [84]
reported the good correlation of photocatalytic bactericidal effect and organic matter degradation
of TiO2. However, further studies should be continued to compensate biotic measurement of
reactive oxygen species.
In the literature there exists some controversy regarding which reactive oxygen species
contribute more in photocatalytic inactivation. It is generally accepted that hydroxyl radicals OH
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are the main oxidative species responsible for the photocatalytic inactivation [85]. However,
there is also some evidence that other reactive oxygen species (ROS) generated
photocatalytically, such as superoxide radicals O2 , hydrogen peroxide H2O2 also contribute to
the photocatalytic inactivation. The diversity is primarily due to the different experimental
conditions such as, UV/Vis irradiance [86], length exposure, photocatalyst presented in
suspension or powder or films [75], range of concentration and the different photocatalysts [78,
80] and microorganisms employed [87, 79, 88]. There is a need for a standard condition in this
area. In the present study, after comparing photocatalytic activities of metal-oxide nanomaterials
with a wide range of physical and chemical properties, we suggest that using single reactive
oxygen measurement (e.g., concentration or production rate) as a surrogate for predicting
bactericidal effects may not be sufficient. The results provided evidence for supporting the use of
a matrix of multiple ROS or biological responses for better characterizing and predicting
disinfection efficiency or other cytotoxic effects.
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Table 3. Bacterial inactivation rate constants per unit surface area of the five nanomaterials for E. coli
estimated by the series-event kinetic model
Experiment

Degussa P25
-1

Anatase Nb

k’(min m )

k’(min m )

k’(min-1 m-2)

1.12 mW cm-2, 0.5g L-1

0.56

0.84

0.25

0.5

0.74

(R )

0.93

0.92

0.87

0.83

0.85

1.12 mW cm-2, 1.0g L-1

0.26

0.4

0.16

0.37

0.41

(R2)

0.82

0.42

0.73

0.98

0.99

0.88

1.15

0.73

0.91

1.24

(R )

0.93

0.84

0.86

0.61

0.94

1.90 mW cm-2, 1.0g L-1

0.46

0.58

0.23

0.37

0.43

(R2)

0.96

0.83

0.97

0.94

0.9

1.24

3.27

1.18

1.82

2.1

(R )

0.81

0.96

0.95

0.88

0.89

3.38 mW cm-2, 1.0g L-1

0.78

1.06

0.38

0.95

1.05

(R2)

0.92

0.94

0.89

0.97

0.87

1.90 mW cm , 0.5g L
2

-2

3.38 mW cm , 0.5g L

-1

2
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Figure 8. Photocatalytic log-inactivation of E. coli by the five nanomaterials (1 g L-1) under
light intensity of 1.90 mW cm-2. Each data represents the mean of independent triplicate
experiments, three plates per replicate sample.
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Figure 9. Photocatalytic inactivation rate constants per unit surface area of the five nanomaterials
for E. coli estimated by the series-event kinetic model under two experimental conditions (Light
intensity = 1.12 mW cm-2 and 3.38 mW cm-2, Nanomaterial concentr = 1.0 g L-1)
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Figure 10a. Relationships between OH unit production rate and E. coli unit inactivation rates for the
five nanomaterials under various experimental conditions (2 concentrations and 3 light intensities).
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Figure 10b. Relationships between O2.– unit production rate and E. coli unit inactivation rates for the
five nanomaterials under various experimental conditions (2 concentrations and 3 light intensities)
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Chapter 4: Conclusions
1. Degussa P25 had the highest ·OH unit production rates among the five nanomaterials but
exhibited lower O2 unit production rates than the nanobelts. Nanobelts exhibited higher
bacterial unit inactivation rates than the nanospheres, which showed a similar pattern as
the superoxide unit production rates. Nanomaterial concentration had varying effects on
their utilization of photo-energy for OH production. Nanomaterial concentration on O2
production did not vary significantly among the different nanomaterials. Relationships
between the unit inactivation rate and OH unit production rate showed varying sensitivity
of the bacteria to the different nanomaterials. A better correlation was found between the
O2 unit production rate and unit inactivation rate (r = 0.87).

2. To compare photocatalytic activities of metal-oxide nanomaterials with a wide range of
physical and chemical properties, using single reactive oxygen measurement (e.g.,
concentration or production rate) as a surrogate for predicting bactericidal effects may not
be sufficient. The thesis provided evidence for supporting the use of a matrix of multiple
ROS or biological responses for better characterizing and predicting disinfection
efficiency or other cytotoxic effects.
3. Future work may extend to examine the photocatalytic inactivation of other
microorganisms such as virus, protozoa, fungi and algae with different irradiation
intensities and nanomaterial loading. Relationship between reactive oxygen species (ROS)
production and microorganism inactivation rates will be examined. A model based on
examining ROS production and inactivation rates to predict the disinfection effect of
photocatalysis are expected to construct.
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