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The catalytic inactivation of Escherichia coli in water by a
cerium (Ce)-promoted silver-loaded aluminum phosphate (Ag/
AIPQ,) catalyst using molecular oxygen was investigated.
With optimum Ce content, the Ag(Ce)/AIPO, catalyst exhibited
strong bactericidal activity. The process of decomposition of
the cell wall and cell membrane was directly observed by TEM.
The different morphological changes of E. coli cells treated
with the Ag(Ce)/AIPQ, catalyst and those treated with

Ag™" suggested that the Ag™ eluted from the catalyst surface
did not play an important role during the bactericidal process.
Results of DMPO spin-trapping measurements by electron
spin resonance (ESR) indicated the formation of the reactive
oxygen species (ROS) *OH and ¢0,~, which caused the
considerable bactericidal activity. The formation of H,0, acted
as an important intermediate; this was confirmed by addition
of catalase as the scavenger. A possible catalytic oxidation
bactericidal mechanism using molecular oxygen was proposed
for the Ag(Ce)/AIPQ, catalyst.

Introduction

Pathogenic microbes are contaminants of major concern in
drinking water, thus disinfection of water is very important
to provide a sanitary environment and maintain human
health. However, the commonly used disinfection methods,
such as chlorination, ozonation,and ultraviolet (UV) irradia-
tion, have been found to have potentially adverse effects on
human health and the environment, or they may be
ineffective in the presence of organic matter. Chlorination
and ozonation may generate carcinogenic byproducts of
disinfection such as trihalomethanes (THMS) and bromate.
The disadvantage of UV irradiation is its lack of long-term
bacteriostatic effect and the possibility of photoreactivation
or dark repair of UV-damaged microorganisms, which
enables regrowth of the microbial population under certain
conditions (I-6). Recently, increasing attention has been
given to reactive oxygen species (ROS), such as *OH, H,0o,
and O, -, which not only render cells nonviable but can also
completely oxidize the bacterial components remaining after
the bacteria have been killed (1, 5-9). The most attractive
advantage of ROS, especially *OH, is their high bactericidal
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efficiency against almost all kinds of microorganisms (9, 10),
which occurs without the generation of secondary pollutants.
This is noticeable for TiO,-based photocatalysts, which show
effective production of ROS when applied in water disinfec-
tion. However, this technology requires the use of a relatively
complex device and photo energy. The Fenton or photo-
Fenton reaction system (which results from the combination
of Fe?" and H,0,) provides a promising alternative because
of its ease of operation. Compared with molecular oxygen,
however, the relatively high cost of H,O, severely hinders its
widespread application (1I). Therefore, it is important to
develop methods of catalytic disinfection by molecular
oxygen that work at room temperature. Although several
researchers have recently reported the catalytic oxidation of
organic compounds by molecular oxygen over heterogeneous
catalysts (11, 12), this nonphotocatalysis procedure has not
been reported for treatment of drinking water.

Our previous work has shown the efficiency of Ag/Al,O;
and Cu/Al,O3 in inactivation of SARS coronavirus, Escherichia
coli, and yeast (5, 6). These microbes can be completely
inactivated within 5 min on an Ag/Al,O; surface at room
temperature in air. We have proposed a catalytic oxidation
mechanism: ROS are formed as a bactericide on the catalyst
surface by the activation of adsorbed oxygen during the
bactericidal process (5, 6). When Ag/Al,O; is used in water,
the elution of Ag™ from the catalyst to water is a problem.
Therefore, AIPO4, which is well-known to be an excellent
material for adsorption and ion exchange (13-15), was used
as the carrier in the present study, with the expectation that
itwould decrease the elution of Ag*. In addition, the oxygen
content in water is insufficient for the catalytic process, unlike
that in air. Cerium oxide has traditionally been used as an
oxygen storage material in the so-called “three-way catalysts”
(TWCs) employed for the elimination of pollutants in
automobile exhausts (16-19), and it acts as an efficient
promoter to enhance the catalytic activity for oxidation of
organic compounds (20, 21). Therefore, we prepared a silver-
loaded aluminum phosphate (Ag/AIPO,) catalyst with the
addition of cerium and studied its bactericidal activity and
mechanism using E. coli as an indicator bacterium.

Experimental Section
Materials. The reagent 5,5-dimethyl-1-pyrroline- N-oxide
(DMPO) used as the spin-trapping agent in the ESR studies,
and the reagent catalase used as the scavenger for H,O, were
purchased from the Sigma Chemical Co. and stored at —20
°C. Escherichia coli K12 (E. coli ATCC8099) was purchased
from the Institute of Microbiology, Chinese Academy of
Sciences. All other chemicals were of analytical grade.
Deionized water was used throughout this study.
Preparation of the Catalyst. Cerium incorporated Ag/
AIPO, (Ag4 wt %) was prepared by an impregnation method.
A proper amount of aluminum hydroxide powder was added
slowly to a phosphoric acid solution of approximately 1 mol/L
at40-60 °Cwith vigorous stirring. When the reaction finished,
the slurry was allowed to cool to room temperature. Silver
nitrate and cerium nitrate solutions of the corresponding
concentrations were then added to the slurry and mixed
thoroughly by vigorous stirring. This was followed by
evaporation to dryness in a rotary evaporator at 60 °C under
reduced pressure. The resulting paste was dried at 120 °C for
12 h and then calcined in air at 450 and 600 °C for 3 h in
sequence. Finally, the solid was ground to powder with an
agate mortar and sieved into 40-60 mesh. A range of Ag(xCe)/
AIPO, catalysts, in which x denotes the molar ratio of Ce/Ag
(ranging from 0.5 to 4), was obtained.
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Characterization. Powder X-ray diffraction (XRD) patterns
were obtained on a Rigaku D/max-RB automatic powder
X-ray diffractometer (Japan) using Cu Ko radiation at a scan
rate of 6 deg (20) min~!. These were used to identify the
phase constitutions in the samples. The accelerating voltage
and the applied current were 40 kV and 100 mA, respectively.

X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Thermo ESCALAB 250 spectrometer
(Vacuum Generators, USA) using Al Ka radiation (hv = 1486.6
eV) with a constant pass energy of 20 eV. Charging effects
were corrected by referencing Cls measurements at 284.8
eV. Electron spin resonance (ESR) spectra were obtained
using a Bruker model ESP 300E ESR spectrometer. The
settings for the ESR spectrometer wereas follows: center field
3480.00 G, microwave frequency 9.75 GHz, and power 20.15
mW.

Culture of Microorganisms. E. coli K12 strain ATCC8099
was inoculated into lactose broth (LB) (Fluka Co. 61748,
Switzerland) and cultured aerobically for 24 h at 37 °C with
constant agitation. Aliquots of the culture were inoculated
into fresh medium and incubated at 37 °C for 4-5 h until
they reached the exponential growth phase. Bacterial cells
were collected using centrifugation at 10 000 rpm for 10 min,
and then the pellet was washed and resuspended with
sterilized water. Finally, bacterial cells were diluted with
sterilized water and immediately plated on LB agar plates.
The colonies were counted after incubation at 37 °C for 24 h.
The cell density corresponding to 108—10° colony forming
units per milliliter (CFU/ml) was then achieved.

Test of Bactericidal Activity. One milliliter of the E. coli
suspension was injected into 100 mL of sterilized water, and
then the prepared catalyst was added to the system. The
final catalyst concentration was adjusted to 100 mg/L, and
the final bacterial cell concentration was 5 x 106 CFU/mL.
The reaction mixture was stirred (380 rpm) with a magnetic
stirrer to prevent settling of the catalyst. All materials used
in the experiments were autoclaved at 121 °C for 20 min to
ensure sterility. Bacterial suspensions without any catalyst
or with only the AIPO, host were used as controls. At timed
intervals of 1, 10, 20, 30, and 120 min after the addition of
the catalyst, 0.5 mL of the bacterial suspension without the
catalyst was withdrawn and immediately diluted 10-fold in
series with 4.5 mL of 0.9% saline solution (to eliminate the
effect of eluted Ag*) and plated on LB agar (Fluka Co.61746)
plates. Viable cell counts were determined visually as the
number of colonies per plate in serial 10-fold dilutions after
incubation at 37 °C for 24 h. The reaction temperature was
maintained at 25 °C. All experiments were repeated in
triplicate.

Transmission electron microscopy (TEM) was used to give
an insight into the size, structure, and morphology of the
bacteria and particles. To avoid possible damage caused by
specimen preparation, involving the procedures for fixing
and embedding sensitive biological samples (22), native E.
coli or a suspension of a treated sample was dropped onto
copper grids with perforated carbon film, then allowed to
dry in air at ambient temperature and examined using a
Hitachi H-7500 TEM operated at a 60 kV accelerating voltage.

Quantitative Analysis of Silver Ions. Quantitative analysis
of silver ions eluted from the catalyst in the treated suspen-
sions was carried out by ICP-AES (inductively coupled plasma
atomic emission spectrometry) analysis using an OPTIMA
2000 (Perkin-Elmer Co.). A sample (1.5 mL) of catalyst
suspension with a concentration of 100 mg/L was withdrawn
and filtered through a Millipore filter (pore size 0.22 ym), at
each time interval, for ICP-AES analysis. All the solutions
were prepared using ultrapure water in this experiment. All
the above experiments were repeated in triplicate.
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FIGURE 1. XRD patterns of AIPO, and Ag-loaded catalysts.
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FIGURE 2. Ag3d XPS spectra of Ag/AIPO, and Ag(Ce)/AIPO,
catalysts.

Results and Discussion

X-ray Diffraction Spectroscopy. The XRD patterns of Ag(xCe)/
AIPO, and Ag/AIPO, catalysts are shown in Figure 1. AIPO,4
is the main phase in the AIPO, and Ag/AIPO, catalysts. New
phases representing CePO, and CeO; were found, and the
peak intensity of CePO4 and CeO, increased with increasing
Ce content. CeO, was the predominant phase when the Ce/
Ag ratio was higher than 4, while the principal peaks of the
AIPO, phase disappeared. This indicates that the AIPO,
support was completely destroyed by the addition of Ce at
about 20 wt %, which probably resulted from the formation
of a solid solution structure during calcination. No peaks of
silver or oxide silver species were observed for any of the
catalysts. The absence of diffraction lines of the silver phase
on the catalyst indicates that silver is at a very high degree
of dispersion on the surface of the support. Because both
the structure of the AIPO4 support and CeO, can coexist and
may interact with each other or with Ag species in the catalytic
process, the catalyst with a Ce/Ag ratio equal to 1 was
determined to be optimum in this study for the bactericidal
assay.

To determine the state of the highly dispersed Ag species
in the Ag(Ce)/AlPO, catalyst, Ag3d binding energy (BE) was
measured using X-ray photoelectron spectroscopy (XPS).

Figure 2 shows the XPS spectra of Ag3d in the Ag/AIPO,
and Ag(Ce)/AIPO4 catalysts. The binding energy of the Ag3ds,»
peakwaslocated at 368.3 eVin both of the catalysts, indicating
that the loaded silver is mainly in a metallic state (23). This
result suggests that the addition of Ce has little effect on the
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FIGURE 3. Bactericidal activity of different catalysts against E.
coli at room temperature: catalyst concentration, 100 mg/L; ini-
tial bacterial concentration, 5 x10° CFU/mL.

state of the surface silver species. On the other hand, it was
observed that the intensity of the Ag3ds,, peak of Ag(Ce)/
AIPO, was much stronger than that in Ag/AIPO,, indicating
that coloading of Ce encourages the metallic silver to be at
a much higher degree of dispersion on the surface of the
support.

Bactericidal Activity against E. coli. The bactericidal
activities of the samples were evaluated by the inactivation
of E. coli in deionized water at room temperature, assessed
on the basis of the decrease in the number of colonies of E.
coli formed on an agar plate.

Figure 3 shows the changes in survival of E. coli cells on
Ag(Ce)/AIPO,, compared with the AIPO, support and other
silver-loaded catalysts. Obvious changes in survival were not
observed on the AIPO, support: a decrease of only 1.0 log
unit occurred in 120 min, probably because of the adsorption
function of the support, as previously reported (13-16). In
contrast, dramatic decreases in the survival of E. coli cells
were clearly observed when the Ag-loaded catalysts were
used. Both the Ag(Ce)/AIPO, and Ag/AIPO, catalysts exhibited
the strongest bactericidal activity; complete inactivation could
be achieved in 120 min. A Ce/Ag ratio either above or below
1inhibited the bactericidal activity, compared with Ag/AIPO,.
Therefore, the loaded silver and cerium probably interact
with each other, the support, or both resulting in the existence
of an optimum Ce/Ag ratio for bactericidal activity of the
catalyst.

It is well-known that Ag™ in high concentrations exhibits
bactericidal activity (24-27), and Ag* elution from Ag-loaded
catalysts cannot be avoided under experimental conditions.
To clarify whether the Ag* eluted from the catalyst was the
dominant factor responsible for the bactericidal activity, a
quantitative analysis of Ag" ions eluted from the catalyst
into deionized water was performed using ICP-AES. The
eluted Ag* concentrations measured for various specimens
after different periods in water with vigorous stirring are
shown in Table 1.

As can be seen from the table, the concentration of Agt
eluted from Ag/AIPO, without addition of Ce was 0.185 mg/L
in 3 h. With the Ce/Agratio increased to 4, the concentration
of eluted Ag* decreased to 0.032 mg/L, indicating that the
Ce co-loading reduced the speed of elution of silver. It is
worthwhile to point out that the amount of Ag* eluted from
Ag(1Ce)/AlIPO, was much less than that from Ag/AIPOy;
however, they exhibited almost the same degree of bacte-
ricidal activity, as shown in Figure 3. Furthermore, Ag" at a
concentration of 0.05 mg/L showed almost no bactericidal
activity within 3 h (Figure 3), while the concentration of Ag*
eluted from Ag(1Ce)/AIPO, was less than 0.05 mg/L within
3 h. Although the reason why the elution of Ag" was inhibited

TABLE 1. Concentration of Eluted Ag* from Different Catalysts
in Deionized Water

concentration of eluted Ag™ (mg/L)

catalyst 1h 2h 3h
Ag/AIPO4 0.110 0.127 0.185
Ag(0.5Ce)/AIPO4 0.063 0.102 0.129
Ag(1Ce)/AIPO, 0.027 0.038 0.048
Ag(2Ce)/AIPO,4 0.017 0.027 0.036
Ag(4Ce)/AIPO4 0.015 0.023 0.032

by the addition of Ce is still unclear, these results clearly
suggest that the toxicity of Ag™ did not play an important
role in the inactivation of E. coli by Ag(Ce)/AlPO4. The
synergistic effect of Ag™ with some reactive oxygen species
(ROS), promoted by coloading of Ce, may evolve during the
bactericidal process (8, 28).

Transmission Electron Microscopy Imaging. To further
clarify whether the bactericidal effect was caused by Ag*,
TEM was used to directly observe the morphological changes
in the E. coli cells after treatment by the catalysts or Ag" in
deionized water. Figure 4a shows a TEM image of untreated
E. coli cells. The cells were glossy and plump and showed
uniform electron density, suggesting that the cells were in
a normal condition without environmental disturbance.

Dramatic morphological changes occurred in E. coli cells
after Ag(Ce)/AlPO, treatment for 0.5 h, as shown in Figure 4b.
The E. coli cells swelled to a much greater size than the
untreated cells (see Figure 4a) and were no longer rod shaped.
Moreover, the cell envelope of the E. coli cells was significantly
damaged, resulting in leakage of the intracellular constituents;
therefore some electron-lucent regions appeared. Following

3

FIGURE 4. TEM images of (a) untreated E. coli cells and E. coli
cells (b) treated with Ag(Ce)/AIPO, in deionized water for 0.5 h,
(c) 2 h, (d) 3 h; treated with (e) 0.5 mg/L Ag*, and (f) 1 mg/L Ag"
in deionized water for 3 h at room temperature.
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longer treatment by the catalyst, around 2-3 h, whole cells
completely disappeared; finally, nothing was observed but
a large number of destroyed cell fragments, as shown in
Figure 4c and d.

In contrast, the E. coli cells treated with 0.5 and 1 mg/L
of Ag* (shown in Figure 4e and f) under the same conditions
exhibited very different morphological changes during the
process of inactivation. A considerable amount of large
electron-dense granules were observed around the cell wall
after treatment with 0.5 mg/L Ag* for 3 h (Figure 4e). Feng
et al. (26) reported that it is possible that some of the
stimulated proteins produced by the cells conglomerate after
attack with silver ions and surround the cell wall to protect
the E. colicells from further destruction. After treatment with
1 mg/L of Ag", the cytoplasm of the E. coli cells obviously
shrank, and a large gap appeared between the cytoplasmic
membrane and the cell wall (arrow in Figure 4 (). It should
be noted that all the silver treated cells were still homoge-
neous, and no electron-lucent regions appeared at either of
the concentrations. The same phenomenon was observed
by Yamanaka et al. (22), and these authors proposed that the
Ag*' penetrated into the interior of the cell through ion
channels without causing damage to the cell membranes.
Feng et al. (26) also reported that Ag* were detected inside
the E. coli cells by EDAX, indicating an interaction with thiol
groups in cytoplasmic proteins that led to the inactivation
of the bacterial proteins.

The concentrations of Ag™ used in this study were much
higher than those of Ag" eluted from the catalyst because
lower concentrations of Ag® would cause only minor
morphological changes of E. coli cells that could not be
observed by TEM. The quite different morphological changes
of E. coli cells treated with the Ag(Ce)/AIPO, catalyst and
those treated with Ag™ clearly imply two different bactericidal
mechanisms. It can be deduced that Ag(Ce)/AlPO, catalyzed
the formation of ROS, which are more active in destroying
the E. colicells. Indeed, silver-loaded catalysts are well-known
for exhibiting catalytic activity (8, 9, 11, 28-30), and the
addition of Ce is thought to promote oxidative activity
because of its high oxygen storage capability (OSC), allowing
release of oxygen in a reducing environment and uptake of
oxygen in an oxidizing environment (16, 18). Because oxygen
has been reported to play an important role in the formation
of ROS (5-9, 11, 28) on the catalyst surface, it may be mainly
responsible for the strong bactericidal activity demonstrated.
To investigate the ROS formed on the catalyst surface,
electron spin resonance spectroscopy (ESR) was used to
obtain the information on *OH and *O.", the typical ROS
formed during catalytic oxidation.

Electron Spin Resonance Spectroscopy. The ESR spin-
trap technique, using 5, 5-dimethyl-1-pyrroline-N-oxide
(DMPO) as the spin-trapping reagent, is well-known to be
an efficient measurement method to determine *OH and ‘O,
radicals (1, 11, 31, 32). Because the "0, radicals in water are
very unstable and undergo facile disproportionation rather
than slow reaction with DMPO (31, 32), the involvement of
0, radicals was examined in methanol. Figure 5 illustrates
the ESR spectra of the DMPO—-OH* spin adduct and
DMPO-0; *spin adduct measured immediately after mixing
of the catalyst with DMPO solution at room temperature.

As shown in Figure 5a and b, no signals were detected
before the addition of the Ag(Ce)/AIPO, catalyst in aqueous
dispersion, and the four characteristic peaks of the
DMPO—-OH" species, a 1:2:2:1 quartet pattern, were clearly
observed after the addition of the catalyst. Similarly, the six
characteristic peaks of the DMPO—0,* adducts were also
observed only in the presence of Ag(Ce)/AlPO, in methanol
dispersion, as shown in Figure 5c and d. However the signals
of DMPO—O0;" were obviously weaker than those of
DMPO—OH". These results suggest that "OH and *O,~ were

1702 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 42, NO. 5, 2008

@
/\”«“JN“'W"”\/WML»,-N Mo J\f"'/\[M\‘MA"h A, ,/‘/L\WWWWMMWM
i@
2
G
=
2
-] T T T T T
= | ®) V}
1 !
M’W et \ mef ‘ /»W\W'A\ Ay
[
(@)
A N Nt A AN AP N P PP AN i
3420 3440 3460 3480 3500 3520
B (G)

FIGURE 5. DMPO spin-trapping ESR spectra recorded at am-
bient temperature in aqueous dispersion (for DMPO—OH®
adduct) (a) before and (b) after the addition of Ag(Ce)/AIPO,
catalyst, in methanol dispersion (for DMPO—0,* adduct) (c)be-
fore and (d) after the addition of Ag(Ce)/AIPO, catalyst.

both produced on the catalyst surface, and "OH may be mainly
responsible for the catalytic oxidation of the E. colicells. The
evidence that *OH and O, are formed on the surface of
the Ag(Ce)/AIPO, catalyst provides a solid indication that
the catalyst can efficiently activate the adsorbed oxygen to
produce a series of active oxygen radicals, which finally
induces the decomposition of the bacteria (31).

Effect of ROS In the Bactericidal Process. The formation
of the reactive radicals in the solution is thought to depend
mainly on the high oxygen storage capability of surface ceria,
which are well-known for their excellent ability to activate/
store oxygen and transform/release oxygen species, resulting
from the redox cycle of Ce®*/Ce*t (16, 18, 20, 22, 33).
Therefore, oxygen molecules dissolved in water could be
introduced into the reaction system through the redox cycle
of Ce®"/Ce*", and activated to the chemisorbed oxygen.
Furthermore, as previously reported (8, 34), once Ag is
dispersed as metal particles on porous oxide, the finely
divided Ag particle surface may have sufficient defects for
dissociative chemisorption of oxygen and enhance the
catalytic oxidation activity to hydrocarbon oxidation. There-
fore, the chemisorbed oxygen would be supplied to the silver
nearby, maintaining the recycling of the oxidative state of
the silver.

Accordingly, consecutive oxygen transfer steps from the
oxygen reservoir Ce®"/Ce*" to the Ag active site, being
activated to ROS, is proposed as follows:

Cet (Cey03)

OH' (H,0) Ag'(Ag0) 0
.0H<— H,0, Ce** (CeOy)

To our knowledge, ¢? Ce**/Ce®* = 1.61V, ¢? Ag*/Ag =
0.80V, ¢? HO,~/OH™ = 0.695V; therefore, this mechanism is
theoretically reasonable, and the electron-transfer process
can carry through the successive steps. Thomas and co-
workers demonstrated highly selective oxidation of -alkanes
at the terminal carbon atoms, using molecular oxygen over
microporous aluminum phosphates in which Mn or Co
species were introduced into the framework as redox centers,
with a similar mechanism (12). This mechanism could also
give a good explanation for the existence of an optimal Ce/
Ag ratio for electron transfer.

In addition, the bactericidal activity of Ag(Ce)/AlPO,
increased with increasing pH (data not shown), which
strongly supports the proposed catalytic bactericidal mech-
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anism. The formation of H,O, has already been shown for
other silver-loaded catalysts in water (8, 28) and was also
confirmed in our study by addition of catalase as the
scavenger of H,O, (Figure 6).

As can be seen from Figure 6, with the addition of 286
units/mL catalase, the bactericidal activity of the catalyst
was inhibited dramatically. This result indicates that the
formation of H,0, plays an important role during the
bactericidal process. The addition of catalase has two effects
(8): transformation of H,0, to water as described by the
chemical equation 2H,0, + catalase — O, + 2H,0 and
interception of the route of formation of *OH because *OH
is formed by the decomposition of H,O,. As previously
reported (8, 28, 34), transitional metals such as silver and
ferrous ions can catalyze the oxidizing action of H,O, by
forming *OH, O, or both through a so-called Fenton-like
reaction. As a result, ‘OH and other ROS, such as ‘O, and
H,0,, simultaneously contribute to the efficient inactivation
of E. coli cells.

In conclusion, molecular oxygen catalyzed by an Ag(Ce)/
AlIPO; catalyst exhibited good bactericidal activity against E.
coli cells, resulting from the high oxygen storage capability
of surface ceria and desirable dispersion of Ag particles on
the catalyst surface. ROS with strong oxidative properties,
such as *OH and *O, ", were successfully detected by ESR at
room temperature without extra light or electric power input,
which provides direct evidence for the catalytic inactivation
of E. coli cells by the Ag(Ce)/AlIPO, catalyst using molecular
oxygen. The formation of H,O, as an important intermediate
was confirmed by addition of catalase, thus strongly sup-
ported the proposed catalytic oxidation mechanism. This
may provide a novel approach for the efficient disinfection
of drinking water. Further study of the interaction of surface
metal species and ROS with bacteria on the catalyst surface
is currently in progress.
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