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ABSTRACT

A bactericidal technique (PEC-Br) utilizing in situ photoelectrocatalytically generated photoholes (h*),
long-lived di-bromide radical anions (Br; ) and active oxygen species (AOS) for instant inactivation
and rapid decomposition of Gram-negative bacteria such as Escherichia coli (E. coli) was proposed and
experimentally validated. The method is capable of inactivating 99.90% and 100% of 9 x 10° CFU/mL
E. coli within 0.40 s and 1.57 s, respectively. To achieve the same inactivation effect, the proposed method
is 358 and 199 times faster than that of the photoelectrocatalytic method in the absence of Br—, and 2250
and 764 times faster than that of the photocatalytic method in the absence of Br~. The decomposition
experimental results obtained from 600-s PEC-Br-treated samples demonstrated that over 90% of
E. coli body mass was decomposed and 42% biological carbon contents in the sample was completely min-
eralized and converted into CO,. The mechanistic pathways of disinfection/decomposition by photocatal-
ysis (PC), photoelectrocatalysis (PEC), and photoelectrocatalysis in presence of Br~ (PEC-Br) were also

illustrated based on experimental evidence.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Advanced oxidation techniques based on TiO, photocatalysis
have proven to be highly effective for decomposition and miner-
alization of a wide spectrum of organics [1-5]. Matsunaga and
co-workers’ pioneering work on sterilizing microbial cells with
illuminated TiO, particles has opened up a new field of applica-
tions for TiO, photocatalysis, leading to enormous research
opportunities to develop heterogeneous photocatalysis-based
bactericidal techniques [6-17]. The main attraction of these bac-
tericidal techniques are the superior oxidative power of photocat-
alytically generated holes, and the active oxygen species (AOS)
including radicals that can readily kill a wide spectrum of water-
borne pathogens [6,7,10,12,13,18]. Noticeable progress has been
made to demonstrate the bactericidal effects toward a variety of
pathogens at illuminated TiO, particles in aqueous suspension
[7,10,11,18]. Although the lethal killing mechanisms are still un-
der intensive debate, it has been generally accepted that the bac-
tericidal function of TiO, photocatalysis can be attributed to the
oxidation properties of photocatalytically generated AOS such as
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"OH, 05, HOO, and H,0; [9,11,12,14,18-21]. In effect, these phot-
ocatalytically generated AOS act as bactericides responsible for
bacteria death. However, the current bactericidal methods
employing photocatalytically generated AOS at TiO, normally re-
quire 1-6 h of disinfection to achieve total inactivation of a sam-
ple with a bacteria population greater than 10° colony-forming
units/mL (CFU/mL) [9,10,12,20]. This shortcoming in bactericidal
efficiency may be attributed to insufficient AOS’s in situ concen-
trations that results from the inherent limitations of AOS’s short
lifetime in aqueous media and rapid recombination with photo-
catalytically generated electrons [1,22-24]. A new approach is
therefore needed in order to overcome these inherent limitations.
A possible way to enhance the efficiency of TiO,-based bacterici-
dal methods is to utilize the photocatalytic oxidation power of
the illuminated TiO, to generate different types of bactericidal
species with high stability that can sustain high concentrations
of bactericidal species. It is well known that halogen radicals
are effective bactericides and can be readily produced by photo-
catalytic oxidation of halide ions at illuminated TiO, [25]. The
photocatalytic production of high concentration of halogen radi-
cals is possible because these radicals can form stable di-halide
radical anions (X3 ) in the presence of X~ [26,27]. Since the effec-
tiveness of a bactericide is highly dependent on its killing mech-
anisms [28,29], the bactericidal efficiency may be benefited from
the different killing mechanisms offered by halide radicals.
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Herein, a bactericidal technique utilizing in situ photoelectro-
catalytically generated photoholes (h"), Br;, and other AOS to in-
stantly inactivate and rapidly decompose E. coli was developed.
Moreover, the disinfection and decomposition mechanisms of pho-
tocatalysis (PC), photoelectrocatalysis (PEC), and photoelectroca-
talysis in the presence of Br~ (PEC-Br) were also illustrated
based on experimental evidences.

2. Experimental
2.1. Chemicals and materials

Indium tin oxide conducting glass slides (ITO, 8 Q/square) were
purchased from Delta Technologies Ltd. (USA). Titanium butoxide
(97%, Aldrich), chloramine-T (98%, Sigma-Aldrich), nutrient broth
and nutrient agar (Oxoid) were used as received. Other chemicals
used were of analytical grade and purchased from Aldrich unless
otherwise stated. All solutions were prepared using high purity
deionized water (Millipore Corp., 18 MQ cm).

2.2. System setup

Scheme 1 schematically illustrates the experimental system
setup. Both photocatalysis and photoelectrocatalysis experiments
were performed using the same photoelectrochemical cell that
consists of a UV-LED array light source, a TiO, photoanode as the
working electrode, a Ag/AgCl reference electrode and a Pt mesh
auxiliary electrode. The TiO, photoanode was prepared by hydroly-
sis of titanium butoxide according to the method described in our
previous work [24]. The thickness of the reaction chamber and the
illumination area were 0.25 mm and 462 mm?, respectively. The
UV-LED array light source consists of four pieces of UV-LED
(NCCUO033 (T), Nichia Corporation). The specified peak wavelength
of the LED was 365 nm with a spectrum half width of 8 nm. The UV
intensity was adjusted by a power supply and measured with an
UV-irradiance meter (UV-A, Beijing Normal University).

2.3. Bacterial strains, culture conditions, and bacterial cell preparation

As representatives of Gram-negative bacteria, a strain of E. coli
(K12 derivative strain) was purchased from Southern Biological.
The bacterial strain used was inoculated into nutrient broth and
grown overnight at 37 °C by constant agitation under aerobic con-
ditions. After incubation, for the suspension system, bacterial cells
were harvested by centrifugation at 3000 rpm for 15 min and the
bacterial pellet was resuspended in sterile deionized water. This
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washing step was repeated three times to eliminate residual or-
ganic and inorganic substances. Finally, the washed bacterial cells
were resuspended in sterile deionized water and were diluted with
0.1 M NaNOs solution to obtain suitable concentrations of E. coli.
For the cell attachment studies, the overnight incubated E. coli sus-
pension was used. The cultured bacteria solution was seeded, and
fresh nutrient broth was also added in a sterilized petri dish to al-
low the cell to multiply and attach onto the TiO, photoanodes in
dark. Subsequently, the enrichment of adhesive microorganisms
was conducted in a 37 °C incubator for 72 h in the dark and then
the surfaces of the TiO, photoanodes were washed by using sterile
deionized water to remove reversible attached cells.

2.4. Procedures for inactivation of bacteria

Both PC and PEC disinfection experiments were performed un-
der identical UV intensity using the same UV-LED array photoelect-
rochemical cell as described in Scheme 1. For the PEC experiments,
a 0.1 M NaNOs solution was used as the supporting electrolyte. A
voltammograph (cv-27, BAS) was used for electrochemical control.
Potential and current signals were monitored using a Macintosh
computer (7220/200) coupled with a Maclab 400 interface (AD
Instruments). A sample containing 9.0 x 10° CFU/mL E. coli and
0.1 M NaNOs3 was continuously injected into the cell via a precision
pump during the experiment. The reaction time of a sample was
controlled by adjusting the flow rate. A sufficient volume of the re-
acted sample was collected for further analyses after the system
reaching its steady-state for which the obtained sample had been
subjected to the same reaction time. A 0.1 M NaNOs solution was
used to clean the cell in between the two sample injections. While
for the PEC-Br disinfection experiments, the test solution with an
additional 1.0 mM NaBr was employed. PC disinfection experiment
was conducted under identical experimental conditions as PEC
experiment, except the electrochemical system was disconnected.

2.5. Analysis

E. coli cell viabilities after various disinfection treatments were
estimated by means of colony-counting procedure. That is, a col-
lected sample (200 pL) was spread on nutrient agar plates after se-
rial dilutions (107!, 1072, 1073, 1074, and 10~>) using the saline
solution. After incubating the agar plates for 24 h at 37 °C in the
dark, the developed colonies were enumerated and the number
of viable cells was recorded in terms of CFU per unit volume of
the reaction mixture. It should be noted that the data shown in this
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Scheme 1. Schematic diagram

of UV-LED photoelectrochemical cell.
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work were the average values of data obtained from experiments
replicated in triplicate.

The viabilities of E. coli were also double confirmed with the
BacLight™ kit (Live/Dead Baclight bacterial viability kit, Molecular
Probes, Inc.) fluorescent microscopic method. Staining procedure
was carried out as proposed by the manufacturer. The fluorescence
microscopy observations and picture capture were performed by
using a Nikon digital camera (DS-5Mc, Japan) mounted on an
Olympus fluorescence microscope (BX51TR, Japan), and the cells
in each image was counted to determine the number of cells on
the substrates.

Before and after E. coli decomposition, the total organic carbon
(TOC) contents of samples were examined with TOC — Vcpy — V/
TOC — Vcpy Total Organic Carbon Analyzer (Shimadzu Corporation,
Japan). Standardization curves for the inorganic carbon and total
carbon determinations were prepared according to the manufac-
turer’s instructions. Triplicate analyses were performed on each
sample.

The concentration of Br~ before and after PEC-Br treatments
was analyzed using standard Phenol Red Colorimetric Method
according to the reference [30].

2.6. Sample preparation for scanning electron microscopy (SEM)

Before and after E. coli decomposition, the E. coli cells attached
onto the TiO, photoanodes fixed by 3% glutaraldehyde for approx-
imately 60 min at room temperature (or longer in the refrigerator),
and then washed with 0.1 M cacodylate buffer (pH 7.4) for 10 min
and post fixed for 20 min in 1% osmium tetraoxide. Subsequently,
the specimens were dehydrated by a graded series of ethanol (70%,
90%, and 100%) and 100% amy] acetate two times each for 10 min,
respectively. The cells on the substrates were finally critical point
dried by using Denton Vacuum critical point dryer (Denton Vac-
uum, Inc., USA), gold sputter coated on the substrates and were
visualized using a scanning electron microscope (JEOL JSM-6300F).

3. Results and discussion
3.1. Inactivation of E. coli by PC, PEC and PEC-Br methods

The samples containing 9.0 x 10° CFU/mL E. coli were subjected
to inactivation treatment by PEC-Br, PEC, and PC methods under
comparable experimental conditions (see Fig. 1). For PEC-Br exper-
iments, the sample solutions containing 9.0 x 10 CFU/mL E. coli,
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Fig. 1. Survived E. coli plot against resident time for (a) PEC-Br-treated, (b) PEC-
treated, and (c) PC-treated samples.

0.10 M NaNOs, and 1.0 mM Br~ were used. The photoelectrocatal-
ysis was performed under a +0.30 V (vs. Ag/AgCl) applied potential
bias. Fig. 1a shows the number of surviving E. coli plotted against
E. coli resident time (disinfection time), obtained from PEC-Br-
treated samples. It reveals that 99.90% of E. coli can be inactivated
within 0.40 s while 100% inactivation occurs by 1.57 s. This dem-
onstrates a near instantaneous inactivation capability for the
PEC-Br method. For comparison, PEC (Fig. 1b) and PC (Fig. 1c) inac-
tivation experiments in the absence of Br~ were performed under
identical experimental conditions as PEC-Br experiments. It can
be seen from Fig. 1b that the number of survived E. coli with the
PEC-treated samples gradually decreased as the resident time in-
creased. It took 143 s to achieve 99.90% inactivation and a further
169 s to achieve 100% inactivation. This means that to achieve the
same inactivation effect, the PEC method is 358 (99.90% inactiva-
tion) and 199 times (100% inactivation) slower than that of the
PEC-Br method. For the PC-treated samples, 900 s and 1200 s were
needed to achieve 99.92% and 99.99% inactivation (Fig. 1c). These
intervals are 2250 and 764 times larger than that of the PEC-Br
treatment. It should be noted that the data shown in Fig. 1 were
the average values of data obtained from experiments replicated
in triplicate. The bacterial viability of all experiments was deter-
mined using standard plate count method to assess the treated
samples after 24-h incubation at 37 °C. All reported data were dou-
ble confirmed with the BacLight™ kit fluorescent microscopic
method. Fig. 2 shows the typical fluorescent microscopic images
of viable cells of an E. coli sample before treatment and after
0.40 s and 1.57 s of PEC-Br treatment. The viable cells only accu-
mulate rhodamine 123, appearing as ‘green’ under fluorescent
microscope, while dead cells having damaged cytoplasmic mem-
branes accumulate both rhodamine 123 and propidium iodide that
are expressed as ‘red’ in the fluorescent microscopic image [31].
The bactericidal effects shown in Fig. 1 demonstrate that the pres-
ence of Br~ shortens the required inactivation time by 2-3 orders
of magnitude. Although the PEC-Br, PEC, and PC systems are all
capable of in situ generating AOS as bactericides, it is clear that
the bactericides produced in the presence of Br~ are responsible
for the dramatically enhanced bactericidal effect. The mechanistic
aspects of the enhancement are consequently investigated.

3.2. Decomposition of E. coli by PC, PEC, and PEC-Br methods

Field-Emission Scanning Electron Microscopy (FESEM) was em-
ployed to examine the location and extent damages to E. coli cells
attached to the TiO, substrate after PC, PEC, and PEC-Br treat-
ments. The untreated E. coli cell (Fig. 3a) exhibits well-preserved
cell walls. FESEM examination reveals no obvious damage when
the sample was subjected to a short period of PC treatment (i.e.,
60 s). However, a 900-s PC treatment leads to severe damages to
the cell membrane (Fig. 3b). These damages occurred mainly on
the cell body parts that were in direct contact or close to the
TiO, surface where the concentrations of AOS are relatively high.
Damages to other parts of the cell body were also observed. Con-
sidering the short lifetime of oxygen radicals such as *OH and HOOr,
more stable AOS such as H,0, are likely to be responsible for dam-
ages at these locations, as illustrated in Scheme 2a and b. Fig. 3c
shows FESEM image of an E. coli cell after 60 s of PEC treatment.
The PEC-treated cells were found to be flattened on the TiO, pho-
toanode surface due to the excessive damage to the cell body that
was in direct contact with the photoanode surface. In contrast to
the PC-treated cells, no obvious damages to the cell body that
was not in direct contact with the photoanode surface was ob-
served, suggesting the domination of direct photohole reactions
in a PEC system. Unlike a PC process, a PEC process employs a po-
tential bias (i.e., +0.30 V vs. Ag/AgCl) as an external driving force to
timely remove the photoelectrons from TiO, conduction band to
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Fig. 2. Fluorescent microscope images of E. coli (a) without treatment; (b) after 0.40 s; and (c) 1.57 s of PEC-Br treatment.
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Fig. 3. FESEM images of E. coli cell attached to the TiO, photoanode. (a) without treatment; (b) after 900 s of PC treatment; (c) after 60 s of PEC treatment; (d) after 300 s of
PEC treatment; and (e) after 60 s of PEC-Br treatment.
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the external circuit then to the counter electrode where the elec-
trons are consumed by forced reduction reactions [1,22-24]. As a
result, the recombination reactions are effectively suppressed,
leading to enhanced photocatalytic efficiency [1,22-24,32]. The
ability of a PEC process to timely remove photoelectrons and phys-
ically separate the reduction half-reactions (at counter electrode)
from the oxidation half-reactions (at TiO, photoanode) prolongs
the lifetime of photoholes [2], enabling the photohole to directly
act as the bactericide to react with bacteria. The strong oxidative
power of the photohole (+3.1 V) could rapidly damage/decompose
the cell body that is in direct contact to the photoanode surface, as
illustrated in Scheme 2c and d. It must be noted that in a PEC pro-
cess, photocatalytic generation of AOS still occur and with an even
higher intensity due to the suppressed recombination reactions.
The observed damages from Fig. 3¢ are the collective effect of
AOS and the direct photohole reactions. There are no visible dam-
ages to cell bodies that are not in direct contact with the photoan-
ode surface, because the photoholes only exist within the TiO,
(Scheme 2d), and AOS could not cause visible damage within
60 s reaction time. Damages caused by AOS can be clearly evi-
denced by the FESEM image obtained from a 300-s PEC-treated
sample for which decomposition of whole cell body is observed
(Fig. 3d). In terms of locations and severity, the observed damages
from a 60-s PEC-Br-treated cell differ remarkably from those ob-
served for PEC-treated cell (Fig. 3e). These damages occurred over
almost the entire cell body rather than just at the contact between
the cell body and the photoanode. The severity of the observed
damages is more extensive as evidenced by the significantly
decomposed cell body. In fact, the cell body could be completely
decomposed with an extended reaction time. Fig. 4 shows FESEM
images of cells after 120s, 300 s, and 600 s of PEC-Br treatment,
respectively. These images represent typical damages of majority
cells under the given experimental conditions. For majority cells,
over 90% of their body mass was decomposed after 600-s PEC-Br
treatment (Fig. 4c). It should be noted that all SEM images shown
in this work are typical images and representative for the specified
experimental conditions. The decomposition products were exam-
ined by TOC and HPLC-MS. The extent of mineralization was quan-
tified by TOC decrease during the PEC-Br treatment process (see
Fig. 5). A 42% decrease in TOC was observed for a 600-s PEC-Br-
treated sample, suggesting nearly half biological carbon contents
in a cell were completely mineralized and converted into CO,.
The decomposition products of the incomplete-mineralized com-
ponents are highly complex. HPLC-MS analysis reveals that the
incomplete-mineralized components consist of a wide spectrum
of compounds ranging from large organic/biological species to
small biological compounds (i.e., amino acids) and simple organic
compounds (i.e., formic acid). These results demonstrate a superior
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Fig. 4. FESEM images of E. coli cell attached to the TiO, photoanode after: (a) 120 s; (b) 300 s; (c) 600 s of PEC-Br treatment.
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Fig. 5. TOC removal during PEC-Br treatment of E. coli.

performance of PEC-Br treatment. Considering that except the
addition of 1.0 mM NaBr for PEC-Br treatment, all other experi-
mental conditions employed are identical for both PEC and
PEC-Br treatments, it is reasonable to assume that the dramatic
performance enhancement observed from PEC-Br treatment is
due to the presence of Br, as illustrated in Scheme 2e and f. Hence,
the mechanistic role of Br~ is investigated.

3.3. Mechanistic considerations

Photoelectrocatalytic oxidation of Br~ was performed (see
Fig. 6). As the photocurrent obtained in the absence of Br—
(0.10 M NaNO,) is originated from photocatalytic oxidation water,
thus the magnitude of the photocurrent is directly proportional to
the rate of AOS production [1,24]. An increase in Br~ concentration
leads to an increase in the photocurrent. The net photocurrent in-
crease is directly proportional to the rate of Br~ oxidation. The full
spectrum of Br~ oxidation pathways is complex because Br~ can be
oxidized to a variety of oxidation states (e.g., Br[0], BrO~[+1],
BrO, [+3], BrO; [+5], or BrO,[+7]) [33-35]. However, to serve the
needs of the present work, the Br~ photocatalytic oxidation pro-
cesses can be simplified and presented as:

TiO, {h;;} > {Br", Br,, HOBr/OBr } (1)

The species shown in Eq. (1) are the possible bromide photocat-
alytic oxidation products [25]. Considering the relatively low stan-
dard potentials of Br/Br~ and HOBr/Br~ (+1.087V and +1.33V,

O ==
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Fig. 6. Photocurrent-time profiles obtained from solutions containing 0.10 M
NaNO; and different concentrations of NaBr under a typical light intensity of
8.0 mW/cm? (measured at 365 nm) and applied potential bias of +0.30V vs. Ag/
AgCl.

respectively), it is unlikely that these active bromines are responsi-
ble for the instant inactivation and rapid decomposition of bacteria.
To confirm this, E. coli samples used for PEC-Br experiments were
treated for 10 s with 1 mM of Br; in the absence of TiO,. The treat-
ment achieved only 2% E. coli inactivation and no visible decompo-
sition was observed. This implies that Br, and HOBr are not the
dominant bactericides in PEC-Br process. Among all species shown
in Eq. (1), only Br is directly produced by photocatalysis as the Br;
and HOBr are produced from photocatalytically generated Br via
the following pathways:

2Br ™ Br, + H,0 ™ HOBr + Br™ + H* 2)

This means that the net photocurrent increase shown in Fig. 6
represents the increased rate of Br- production and in situ photo-
electrocatalytically produced Br- is the dominant bactericide
(Scheme 2e). The superior bactericidal performance of Br' can be
attributed to its highly reactive nature, strong oxidation power
(E°[Br/Br~] = +1.96 V) [27] and the ability to form stable di-bromide
radical anions (Eq. (3)) [26].

Br + Br- < Bry (3)

The formation of Br; prolongs the lifetime of Br to maximize
the bactericidal effect. The formation of Br;, also enables Br surviv-
ing the solution process to cause damages on cell body parts that
are not in direct contact with the photoanode (Scheme 2f). It must
note that the PEC-Br process retains all advantageous attributes of a
PEC process. That is, the photoelectrocatalytically generated AOS
and direct photohole reactions are also important attributes. There-
fore, the overall bactericidal performance for PEC-Br method should
be presented as:

TiO, {hy;3}/{Br/Br; }/{A0S} *<™ Oxidized bacteria (4)

For photocatalysis, the exact lethal killing mechanisms are still
unclear [6,14,20]. Nevertheless, we are reasonably confident that
for PEC-Br process, the instant damages to the outer cell membrane
by the direct photohole reactions are responsible for the cell death.
Fig. 7 shows a typical FESEM image of a 2-s PEC-Br-treated E. coli
cell. The outer membrane of such an inactivated cell remains intact
but shape of the cell is buckled, caused by the direct photohole
damages to the cell membrane in direct contact with the photoan-
ode. The observed vesicles released from the outer membrane dur-
ing the cell death process indicate a typical Gram-negative bacterial

Fig. 7. FESEM image of E. coli cell attached to the TiO, photoanode after 2 s of PEC-
Br treatment.

defense response to stresses caused by external stimulations (i.e.,
direct photohole oxidation of outer membrane) [36,37].

The concentration of Br~ before and after 60 s, 300 s, and 600 s
of PEC-Br treatments was analyzed using standard Phenol Red Col-
orimetric Method to further explore the mechanistic role of Br.
For all cases investigated, no essential Br~ concentration changes
were observed, which agrees with previous observations [33,38].
This suggests that in a PEC-Br process, Br~ acts as an “electron
mediator”. It is firstly photoelectrocatalytically oxidized to Br
and regenerated when Br is reduced by bacteria or other organics:

TiO, {h{3}Br~ — Br/Br; "™ Br~ + Oxidized bacteria (5)

It should be noted that the bactericidal performance of other ha-
lides was also investigated. F~ is stable at the illuminated TiO, sur-
face as it requires higher oxidation power to oxidize it (E°[F/F ] =
+3.6 V) [3]. No noticeable bactericidal effect was observed with
I~ due to the insufficient oxidation power of I' (E°[I'/I"] = +1.33 V)
[39]. A noticeable bactericidal effect of CI~ was observed, but it
was much less effective when compared to Br~. The PEC-CI treat-
ment requires at least 20 times longer disinfection time than that
of PEC-Br to achieve the same inactivation effects. Thermodynami-
cally, CI' should be a more effective bactericide due to its high oxi-
dation potential (E°[CI-/CI~] = +2.41 V) [39]. The lower effectiveness
of PEC-CI treatment may be attributed to the slower Cl; formation
kinetics and inferior stability of formed CI; [40].

4. Conclusions

The notable features of the photoelectrocatalytic bactericidal
method investigated here are the mechanisms of in situ generating
effective bactericides and their ability to instantaneously inactivate
and rapidly decompose Gram-negative bacteria such as E. coli. The
photoelectrocatalysis combines electrochemistry with photocatal-
ysis to effectively suppress the recombination of photoelectrons
and holes, prolongs the lifetime of photoholes to enable instanta-
neous inactivation via direct photohole reactions, and produces
higher concentrations of Br'/Br; and AOS to achieve rapid decom-
position. In theory, the proposed method can be used to in situ gen-
erate different bactericides that are effective for viruses and other
types of bacteria. It could also be applied to decompose organic
pollutants.
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