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bstract

The antibacterial effect of nitrogen-doped TiO2 and ZrO2 were tested on Escherichia coli and biofilm heterotrophic bacteria under solar light
llumination. The rates of photocatalytic inactivation for biofilm bacteria with soluble extracellular polymeric substances (EPS) stripped off and
. coli bacteria were found to be higher than those of the biofilm bacteria with intact EPS. Measurements of both bacterial count and cellular

omponents (carbohydrate and protein) revealed that EPS play an important role in controlling the kinetics of solar-induced photocatalysis. TiO2−xNx

nd ZrO2−xNx doped with ethylenediamine as the nitrogen source showed improved photoactivity compared with TiO2−xNx using ethanolamine
s the nitrogen source.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Heterogeneous photocatalysis based on the interaction of
ight with nanoparticles has emerged as an innovative and
romising technique for water and wastewater purification
1–3]. Among various materials being developed for photocat-
lytic applications, titanium dioxide (TiO2) has received great
ttention because of its high reactivity and chemical stability
nder UV light irradiation (λ < 390 nm) [1–5]. However, due
o its wide band gap (∼3.2 eV), TiO2 can only be used in the
V region, which accounts for less than 5% of the solar spec-

rum, whereas the visible light represents about 45% of the solar
nergy. In recent years, interest has grown in shifting the opti-
al response of TiO2 from UV to the visible spectrum in order
o improve the efficiency of TiO2 photocatalysis. Selectively
oping TiO2 is believed to be one of the most effective ways

o change the intrinsic band structure of TiO2, which can pro-

ote the photocatalytic activity by enhancing the visible light
ensitivity [6–10]. Among various dopants, nitrogen is regarded
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b
(
C
i
t
t
h

010-6030/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2007.03.017
ht; Titanium dioxide; Nitrogen-doped nanoparticles

s the most promising doping element because of its similar
roperties compared with oxygen [7,8]. To date, one of the most
fficient approaches to synthesize nitrogen-doped TiO2 nanopar-
icles seems to be the wet chemical approach [11–15]. Recently,
e developed a chemical method to incorporate nitrogen into
iO2 and ZrO2, which are group IVB metal oxide nanoparticles
16]. The nitrogen-doped TiO2 nanoparticles showed enhanced
isible light absorption and better photocatalytic performance
n methylene blue and azo dye decomposition than pure TiO2
17,18].

The bactericidal effect of TiO2 generally has been attributed
o the decomposition of bacterial outer membranes by reac-
ive oxygen species (ROS), primarily hydroxyl radicals (•OH),
hich leads to phospholipid peroxidation and ultimately cell
eath [19–25]. Gogniat et al. pointed out that the aggregation
f bacteria onto TiO2 particles is the key step in photokilling
ecause hydroxyl radicals have an extremely short lifetime
10−9 s) and must be generated near the cell membrane [22].
ho et al. [21] studied the photocatalytic inactivation behav-
or of MS-2 phage and Escherichia coli bacteria and concluded
hat the biocidal models of ROS act differently depending on
he specific microorganism. Both the free and surface-bound
ydroxyl radicals, as well as other ROS, such as O2

•− and
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2O2, were reported to be involved in the E. coli inactivation
21].

Planktonic bacteria were used as model organisms in most
esearch on the bactericidal effect of TiO2. However, more than
9% of the bacteria exist in the form of biofilms in natural envi-
onment [26]. Biofilms are also ubiquitous in engineered water
nd wastewater treatment systems. Although the majority of bac-
eria entering a drinking water facility are planktonic, biofilms

ay form during a number of processes, e.g., water utilities fre-
uently use biofilters, which are of the biofilm type, to remove
iodegradable organic matter (BOM) and reduce disinfection
yproducts (DBP) formation [27]. Recent studies conducted in
rinking water and reclaimed water distribution systems have
lso demonstrated the presence of biofilms and their association
ith pathogenic organisms [27]. In a typical biofilm, up to 90%
f the organic carbon is EPS, which contains macromolecules
hat are produced and secreted by the cells, the cellular debris
nd the products of extracellular hydrolytic activity [26,28]. The
resence of EPS has a significant impact on the bacterial sur-
ace characteristics and may determine the adhesion of bacteria
o TiO2 particles [28]. Moreover, the protective layer formed by
PS can cushion microorganisms against the oxidative power
f ROS.

The goal of this study is to illustrate the role of EPS in the
hotodegradation of bacteria under solar light illumination. The
erformance of newly synthesized nitrogen-doped nanoparticles
TiO2−xNx, ZrO2−xNx) and pure TiO2 was systematically evalu-
ted in terms of their bactericidal activity on three different types
f bacteria, i.e., biofilm bacteria covered with EPS, bacteria with
heir soluble EPS stripped off, and E. coli bacterial cells. The
ffect of semiconductor photocatalysis on the oxidation of cel-
ular components, including total carbohydrate and total protein
as examined.

. Materials and methods

.1. The preparation and characterization of nanoparticles

The nitrogen-doped TiO2 and ZrO2 nanoparticles were pre-
ared from a precursor solution of 4 mL Ti[OCH(CH3)2]4
Aldrich, 97%) or Zr[OCH(CH3)2]4 (Aldrich, 70%), ethylene-
iamine (Strem, 99%) or ethanolamine (Aldrich, 99%) and
00 mL of anhydrous ethanol. The precursor solution was
efluxed for 24 h and hydrolyzed by adding drop-wise 20 mL
istilled water. The yellow precipitates were centrifuged and
ried under vacuum. The resulting powders were then sintered
n the air at 200 ◦C for 1 h [16]. The nitrogen-doped TiO2
nd ZrO2 nanoparticles were characterized by X-ray photoelec-
ron spectroscopy (XPS) (Perkin-Elmer Inc., MA) and UV–vis
eflectance spectroscopy (Varian Inc., CA). Pure TiO2 nanopar-
icles were prepared as previously reported [23]. Briefly, 10 mL
f Ti[OCH(CH3)2]4 and isopropyl alcohol (5:95 volume ratio)
as slowly added into 100 mL of distilled water at pH 2 adjusted

y HNO3. The mixture was stirred for 12 h and then centrifuged.
he precipitate was washed and dried under vacuum. The par-

icle sizes were calculated from XRD patterns by the Scherrer
quation for TiO2−xNx (10 nm) and for ZrO2−xNx (30 nm). TEM
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nalysis also confirmed the size of these nanoparticles [16].
ET surface area measurements on these samples resulted in
0–120 m2/g.

.2. Biofilm development, sampling and characterization

Aerobic heterogeneous biofilms were cultivated in a con-
inuous flow, completely mixed laboratory-scale rotating drum
iofilm reactor as described by Li and Bishop [29]. The reac-
or was seeded with activated sludge from an aeration basin
t the Jones Island wastewater treatment plant in Milwau-
ee, WI, USA. Synthetic wastewater with a chemical oxygen
emand (COD) of 150 mg/L was continuously pumped into the
eactor with a hydraulic retention time of 2 h. The feed con-
isted of 25 mg/L bacto peptone, 25 mg/L yeast extract, 95 mg/L
H4Cl, 80 mg/L NaHCO3, 30 mg/L K2CO3, 25 mg/L K2HPO4,
0 mg/L KH2PO4, 11.25 mg/L MgSO4·7H2O, 13.75 mg/L
aCl2·2H2O, 0.125 mg/L FeCl3·6H2O, 0.0112 MnSO4·H2O
g/L, 0.0007 mg/L CuSO4, 0.0004 mg/L Na2MoO4·2H2O, and

.012 mg/L ZnSO4·7H2O. The pH of the feed was 7.2–7.6. A
ecirculation pump was used to completely mix the reactor bulk
olution with a recycling ratio of 15. The reactor bulk solu-
ion was aerated to maintain a dissolved oxygen (DO) level of
–4 mg/L.

Biofilms were taken from the reactor after achieving a
uasi-steady state indicated by a constant COD removal effi-
iency above 90%. Five grams of biofilm were taken each
ime from the reactor and diluted in 10 mL phosphate buffered
aline (PBS). The PBS was prepared by dissolving 1.093 g/L
aH2PO4, 0.3175 g/L NaHPO4·H2O, and 8.475 g/L NaCl in
ltrapure water (Millipore Corp., MA). Two different bacteria
amples were used in the experiment; biofilm bacteria with EPS
nd biofilm bacteria without soluble EPS. Bacteria with EPS
ere prepared by vortexing (Fisher Scientific, IL) the biofilm

uspension at the maximum speed for 1 min. In order to strip
ff the soluble EPS, the biofilm suspension was vortexed for
min at the maximum speed, followed by centrifuging the cell

uspension at 3500 rpm for 10 min. After decanting the super-
atants, the pellets were resuspended in PBS. The centrifugation
nd pellet resuspension steps were repeated once. Bacterial cell
uspensions were kept at 4 ◦C prior to the photocatalytic exper-
ments. The size and shape of the biofilm bacteria with and
ithout EPS were observed by scanning electron microscopy

SEM).

.3. E. coli cell preparation

The stored E. coli (strain JM109) were streaked onto
uria–Bertani (LB) agar plates and incubated at 37 ◦C overnight.
. coli cells were cultivated in a shaking incubator (New
runswick Scientific Co., NJ) in LB broth at 200 rpm and 37 ◦C

or 20 h. The culture was harvested by centrifugation (Beckman
oulter, CA) at 3000 × g and 4 ◦C for 10 min and washed three
imes with PBS buffer. Cell suspensions with an E. coli concen-
ration of approximately 108 colony forming units (CFU)/mL
ere obtained by observing their optical density (OD) at 600 nm
sing a UV/vis spectrophotometer (Varian, Inc., CA). Cell sus-
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stripped off by centrifugation. Extracellular slimes can be clearly
seen on the surface of bacterial cells with EPS in Fig. 3A. In con-
trast, bacterial surfaces are much smoother (Fig. 3B) after the
removal of soluble polymeric substances.
6 Y. Liu et al. / Journal of Photochemistry and

ensions were kept on ice prior to the experiments to minimize
otential bacterial growth. The cell suspension pH ranged from
.0 to 7.2.

.4. Photocatalytic reactions

The photodegradation of bacteria was carried out during
he summer in Milwaukee, WI, USA. The solar irradiation
ntensity was measured with a broad range light meter (Sper
cientific Ltd., AZ). Aqueous suspensions containing photocat-
lysts were stirred by a magnetic stirrer for 24 h to uniformly
isperse nanoparticles prior to each experiment. The stirred
anoparticle suspensions were added to bacterial suspensions
nd completely mixed by vigorous vortexing. Fifty milliliters
f suspensions containing photocatalysts and microorganisms
ere then transferred to 10 cm diameter petri dishes and exposed

o solar light. The concentration of photocatalysts used was
.1 mg/mL in the aqueous suspension. The average solar inten-
ity was measured at 10 W/m2 for all experiments. Samples were
ithdrawn periodically during the course of the reaction and

ransferred onto ice for further chemical and microbiological
nalysis.

.5. Bacterial characterization

.5.1. Counting techniques
The numbers of viable bacteria were counted within 2 h after

amples were withdrawn from the experiments. A series of
0-fold dilutions were performed and 10 �L of each dilution
as plated on R2A agar plates in triplicate for the biofilm het-

rotrophic plate count (HPC) and on LB agar plates for E. coli
acteria count. R2A plates were incubated at 37 ◦C for 20 h and
laced at room temperature for two days before the counting
as performed. E. coli bacteria were counted immediately after

he 20 h incubation at 37 ◦C.

.5.2. Carbohydrate and protein analysis
To determine changes in the bacterial total carbohydrate con-

entration and total protein concentration during the course of
he photocatalysis, 1 mL cell suspension was withdrawn and
laced in a 1.5 mL plastic centrifuge tube, followed by 5 min
onication at 5.0 Hz with a cell disruptor (Branson Sonic Power
o., CN). The bacterial pellets were removed by ultracentrifuga-

ion (Beckman Coulter, CA) at 33,000 × g and 4 ◦C for 10 min.
arbohydrates were quantified using the phenol-sulfuric acid
ethod as described by Dubois et al. [30] with glucose as

he standard. Proteins were assayed colorimetrically with a
icinchoninic acid (BCA) protein assay kit (Bio-Rad Labora-
ories, CA). Protein standards were prepared with bovine serum
lbumin (BSA). The normalized carbohydrate and protein con-
entrations were obtained by dividing the total carbohydrate and

otal protein by the biofilm dry weight. The biofilm wet weight
as measured immediately after samples were taken from the

eactor; the dry weight was obtained after drying the origi-
al biofilm in an oven at 105 ◦C until a constant weight was
chieved.
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. Results and discussion

.1. Synthesis and characterization of new
hotocatalysts—visible light sensitivity

The nitrogen-doped nanoparticles were first analyzed by X-
ay photoelectron spectroscopy. Fig. 1 shows the full-scale XPS
pectra of the doped TiO2 and ZrO2. All spectra were calibrated
ith respect to the C 1s peak at 284.6 eV. In the XPS spectra, all

he features of metal oxides and an additional N 1s with binding
nergy of 399.4 eV for N-doped TiO2 and ZrO2 (ethylenedi-
mine based), 398.6 eV for N-doped TiO2 (ethanolamine based)
an be seen clearly. The nitrogen levels obtained from XPS spec-
ra are 17% for N-doped TiO2 prepared from ethylenediame,
6% for N-doped TiO2 prepared from ethanolamine and 7% for
-doped ZrO2 from ethylenediamine.
Fig. 2 shows the UV–vis reflectance spectra of N-doped TiO2

nd ZrO2 nanoparticles and a reference spectrum of pure TiO2
anoparticles. N-doped TiO2 nanoparticles exhibit visible light
bsorption up to 800 nm, while ZrO2−xNx nanoparticles show an
bsorption onset around 750 nm. These results indicate that the
bsorption of the N-doped materials extends well into the visible
ight region, which may facilitate their induced photocatalytic
ctivity.

.2. SEM images of biofilm bacteria

Bound EPS contains sheaths, capsular polymers, condensed
el, loosely bound polymers, and attached organic material,
hile soluble EPS is composed of soluble macromolecules, col-

oids and slimes. Fig. 3 shows SEM images of biofilm bacteria
ith intact EPS and biofilm bacteria with their soluble EPS
ig. 1. Full-scale XPS of N-doped metal oxide nanoparticles: TiO2−xNx

thylenediamine as N source (N% = 17%) (dot), TiO2−xNx ethanolamine as
source (N% = 16%) (solid), and ZrO2−xNx ethylenediamine as N source

N% = 7%) (dash).
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ig. 2. UV–vis reflectance spectra of N-doped metal oxides and reference TiO2:
iO2−xNx ethanolamine as N source, TiO2−xNx ethylenediamine as N source,
rO2−xNx ethylenediamine as N source, and pure TiO2 nanoparticles.

.3. Photocatalytic inactivation of bacteria without EPS

The bactericidal performance of N-doped TiO2 and ZrO2
anoparticles was tested on E. coli and biofilm bacteria with
heir EPS stripped off. The bactericidal effects were compared
ith those obtained with pure TiO2 nanoparticles. Interactions
etween bacteria and catalysts in the dark were tested by incu-
ating the bacteria and semiconductor mixed dilutions at room
emperature for 24 h. The results revealed no detectable bacte-
ial killing over all photocatalysts by comparing the remaining
ulturable bacteria number with the culturable bacteria count
btained from dilutions without nanoparticles (data not shown).
his indicates that the toxicity of the applied photocatalysts

o bacteria is not appreciable under the experimental condi-
ion of this study. Photokilling of bacterial cells in the absence

f nanoparticles under solar illumination was performed as the
ontrol.

Fig. 4A presents the number of culturable biofilm het-
rotrophic bacteria without soluble EPS remaining in the cell
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Fig. 3. Scanning electron micrographs of biofilm bacteria with EPS (
obiology A: Chemistry 190 (2007) 94–100 97

uspension against the solar irradiation time. Results from the
xperiments without catalysts showed a 3.9 log decrease in HPC
fter 120 min of solar light illumination with an initial bac-
eria concentration of 8.9 × 108 CFU/mL. Photocatalysis with
ll nanoparticles showed improved bactericidal efficiency com-
ared with using the solar light irradiation alone. The HPC
emoval was 6.3 log after 2 h reaction when pure TiO2 was used
s the photocatalyst. While both TiO2−xNx and ZrO2−xNx with
thylenediamine as the N source were significantly more effec-
ive than pure TiO2, the TiO2−xNx doped with ethylenediamine
ad the best performance with all heterotrophic bacteria inacti-
ated within 90 min. Moderate improvement in terms of photo-
atalytic activity was observed when ethanolamine was used as
he nitrogen source for TiO2−xNx compared with pure TiO2.

Overall, the sequence for the HPC removal efficiency
s ethylenediamine-TiO2−xNx > ethylenediamine-ZrO2−xNx >
thanolamine-TiO2−xNx > pure TiO2 > solar irradiation without
atalysts. Although absorption band edge red shift is used
onsistently as evidence for band gap narrowing, the exact
nfluence of N doping on the band structure is still unclear
ecause the localized N states and Ti3+ defect states can also
nduce similar absorption shifts [31]. The better performance of
thylenediamine-doped materials may be explained by the direct
ormation of Ti N bonds. Since in the case of ethanolamine,
ome of the hydroxyl groups compete with amine groups in the
ormation of N-bonds to the central Ti ion, the number of directly
ormed Ti N bonds is possibly lower in the ethanolamine case
ompared with the ethlyenediamine case. The Ti N bond is
elieved to mediate the electronic coupling between host lattice
nd dopant, thereby possibly changing the electronic structure at
he valence band edge and narrowing the band gap of the metal
xides [7,32]. XPS spectra show that the N 1s peak maximum of
iO2−xNx (from ethylenediamine) lies at 399.4 eV, while that of

he TiO2−xNx (from ethanolamine) lies at 398.6 eV. The higher
inding energy found in the ethylenediamine-TiO2−xNx com-

ared with the ethanolamine-TiO2 supports the model that in
he previous case N binds to Ti more efficiently than in the
ater case. ZrO2 is not well known as a photocatalyst because
f its wide band gap and low chemical activity. In our experi-

A), and biofilm bacteria without soluble EPS (B). Bar = 2 �m.
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Fig. 4. Inactivation of biofilm heterotrophic bacteria with soluble EPS stripped
off (A), E. coli JM109 (B), and biofilm heterotrophic bacteria with EPS
(C) as a function of solar illumination time. Experimental conditions: ini-
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ial photocatalyst concentration = 100 mg/L, pH 7.2–7.4, average solar light
ntensity = 10 mW/cm2. Error bars represent standard deviations of triplicate

easurements.

ents, however, nitrogen-doped ZrO2 nanoparticles exhibited
ven better photocatalytic performance compared with pure
iO nanoparticles. It is noticeable that the ethanolamine based
2
iO2−xNx nanoparticles shows better visible light sensitivity, but

heir photocatalytic activity appears to be lower than ethylene-
iamine sourced TiO2−xNx and ZrO2−xNx nanoparticles. The
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echanism of the bactericidal activity in ZrO2−xNx nanopar-
icles seems to be analogous to TiO2−xNx. More importantly,
t is very likely the doping method used in our study can be
pplied to other metal oxides for modifying the chemical and
hysical properties, thereby greatly extending their range of
pplications.

The photocatalytic inactivation of heterotrophic bacteria with
heir soluble EPS stripped off can be divided into three phases:
1) during the first 20 min, a relatively slower initial photodegra-
ation rate was observed, which could be attributed to the
acterial defense to the ROS attack on the cell membrane [9];
2) from 20 to 40 min, ROS generation overcame the bacterial
efense system; as a result, the HPC decreased rapidly; (3) the
nactivation of bacteria became slower for the rest of the exper-
mental period, possibly caused by the competition for ROS
etween the remaining active bacterial cells and the cell material
eleased during the photocatalytic process.

The photo-degradation of E. coli bacteria is shown in Fig. 4B.
ll four types of catalysts experienced a longer first stage

40 min) of slow bacterial cell removal with similar rates, indi-
ating that catalyst activity was not the rate limiting step during
he initial membrane destruction step. After 40 min of illumina-
ion, E. coli was destructed at faster rates with ethylenediamine-
iO2−xNx > ethylenediamine-ZrO2−xNx > ethylenediamine-
iO2−xNx > pure TiO2 nanoparticles, which is consistent with

he results obtained from biofilm bacteria without EPS in
erms of the photocatalysts bactericidal efficiency. A third
tage with a slower bactericidal rate was observed from 60 to
20 min for the E. coli bacteria inactivation. E. coli bacteria
nd the majority of the biofilm bacteria are gram-negative cells,
ith outer membranes (lipid bilayer) containing primarily

ipopolysaccharides (LPS) and protein. �-proteobacteria and
-proteobacteria represent a major fraction of the microbial
ommunity found in the activated sludge of municipal sewage-
reatment plants, where the biofilm reactor seed was obtained
rom. E. coli cells belong to the �-proteobacteria. Biofilm
ontains a diverse range of cell types with different features in
heir LPS, outer membrane proteins, fimbriae, flagella, and EPS,
hich may explain the greater self defense capability of the E.

oli bacteria compare with the average mixed culture biofilm
acteria.

.4. Impact of EPS on the bacteria inactivation mechanism

Fig. 4C shows the solar inactivation of biofilm heterotrophic
acteria with EPS. Significantly lower cell abatement rates were
bserved for all three types of N-doped nanoparticles compared
ith their counterparts with soluble EPS stripped off under iden-

ical experimental conditions. The inactivation pattern of biofilm
acteria with EPS showed no major distinction between different
hases. The slower degradation rates for biofilm bacteria with
PS may be caused by the competition between EPS and bacte-

ial cells for ROS. Both types of biofilm bacteria showed similar

2

mplies that the presence of EPS played a less important role
n controlling the bactericidal kinetics when ROS concentration
as reduced.
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.5. Analysis of carbohydrate and protein concentrations

Polysaccharides (carbohydrate polymers) are the main com-
onent of biofilm EPS. Inside bacterial cells, polysaccharides
re present primarily in the cell wall, while proteins are found
hroughout the cell, both as parts of cell structures and as
nzymes [26]. We analyzed both the total protein and total car-
ohydrate associated with the bacterial cells during the course
f the photocatalytic reactions. The different degradation kinet-
cs for carbohydrate and protein provide valuable information as
o whether EPS plays a role in controlling the bacterial decom-
osition kinetics. Fig. 5 depicts the carbohydrate concentration
hange for the biofilm bacteria without soluble EPS (Fig. 5A)
nd the biofilm bacteria with EPS (Fig. 5B) during their pho-
odegradation. By comparing the initial conditions presented in
ig. 5A and B, approximately 28% of the total carbohydrate
as associated with the biofilm soluble EPS. Solar light alone

id not significantly alter the bacterial carbohydrate content,
ven though the cells already had lost their viability. Overall,
he carbohydrate decomposition kinetics followed a first order
xponential decay. The first order carbohydrate removal rate

ig. 5. Carbohydrate degradation of biofilm bacteria with soluble EPS
tripped off (A) and the biofilm bacteria with EPS (B) during the
hotocatalysis. Symbols represent the normalized bacterial carbohydrate
total carbohydrate/bacterial dry weight). Experimental conditions: initial
hotocatalyst concentration = 100 mg/L, pH 7.2–7.4, average solar light inten-
ity = 10 mW/cm2. Error bars represent standard deviations of triplicate
easurements.
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oefficient, k, can be calculated from the following equation:

= 1

t
ln

C

C0
(1)

ith t being the reaction duration, C the reactant concentra-
ion at time t, and C0 is the initial reactant concentration.
s shown in Fig. 5, total carbohydrate degradation occurred

mmediately after the irradiation started when the photocata-
ysts were present. The first order carbohydrate removal rates
or biofilm bacteria with EPS was k = 0.0078 min−1 when pure
iO2 was used as the photocatalyst, and k = 0.0092 min−1 when
iO2−xNx-ethylenediamine was used. Significantly higher car-
ohydrate degradation rates (k = 0.0101 min−1 for pure TiO2
nd k = 0.0159 min−1 for TiO2−xNx-ethylenediamine) were
chieved for bacteria without soluble EPS.

Fig. 6A and B show the time course of protein degradations
or both types of biofilm bacteria. It is noted that the initial
rotein concentrations are essentially the same regardless of

he presence of soluble EPS, indicating that proteins are mainly
nclosed within the cell structure. The kinetics of protein
egradation follows a pattern similar to carbohydrate degrada-
ion with slower initial reactions rates during the first 40 min,

ig. 6. Protein degradation of biofilm bacteria with soluble EPS stripped off
A) and the biofilm bacteria with EPS (B) during the photocatalysis. Symbols
epresent the normalized bacterial protein (total protein/bacterial dry weight).
xperimental conditions: initial photocatalyst concentration = 100 mg/L, pH
.2–7.4, average solar light intensity = 10 mW/cm2. Error bars represent standard
eviations of triplicate measurements.
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hich could be explained by the fact that exopolysaccharides
re present at the outermost layer of the bacterial cells. The
rst order protein degradation rate coefficients were 0.0073
nd 0.0098 min−1 for biofilm bacteria with EPS and without
PS, respectively, when pure TiO2 was used, and 0.0091 and
.0131 min−1 for biofilm bacteria with and without EPS when
iO2−xNx-ethylenediamine was used. It should be noted that

he removal of protein and carbohydrate for the biofilm bacteria
ithout soluble EPS was faster than that of the biofilm bacteria
ith EPS for almost all photocatalysts, which is in agreement
ith the bacterial cell inactivation results.

. Conclusions

In this study, we successfully used visible light sensitive
-doped TiO2 and ZrO2 nanoparticles to achieve significant

mprovements in biofilm and E. coli bacteria photodegradation
fficiency. We also found that different nitrogen sources yield
iO2−xNx with different photocatalytic performance, which
ould be explained by the different binding sites of N dopants
n a given metal oxide matrix.

The abatement of E. coli and biofilm bacteria without EPS
howed distinctive kinetic patterns indicating the complexity
f bactericidal degradation. Removing the soluble EPS from
eterotrophic biofilm bacteria significantly increased the bacte-
icidal efficiency for most of the photocatalysts. EPS is found
o play an important role in controlling the bactericidal reaction
inetics through competition for ROS with biofilm bacteria. The
egradation of cellular substances takes a much longer time to
chieve compared with cell inactivation, although the oxidation
f carbohydrate and protein followed similar trend as the bac-
erial killing. The results of our observations suggest that not
ll types of organism can represent the mixture of bacteria in a
atural environment, e.g., biofilm. These findings suggest that
itrogen-doped TiO2 has potential applications in the develop-
ent of alternative disinfectants for environmental and medical

sage.
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