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ABSTRACT Montmorillonite (MMT)-supported Ag/TiO, composite (Ag/TiO,/MMT) has been prepared through a one-step, low-
temperature solvothermal technique. Powder X-ray diffraction (XRD) and transmission electron microscopy (TEM) reveal that the Ag
particles coated with TiO, nanoparticles are well-dispersed on the surface of MMT in the composite. As a support for the Ag/TiO,
composite, the MMT prevents the loss of the catalyst during recycling test. This Ag/TiO,/MMT composite exhibits high photocatalytic
activity and good recycling performance in the degradation of E. coli under visible light. The high visible-light photocatalytic activity
of the Ag/TiO,/MMT composite is ascribed to the increase in surface active centers and the localized surface plasmon effect of the Ag
nanoparticles. The Ag/TiO,/MMT materials with excellent stability, recyclability, and bactericidal activities are promising photocatalysts

for application in decontamination.
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INTRODUCTION

he prevention of microbial surface contamination is

essential in the health care system and food and

pharmaceutical industries. Hence, the development
of antimicrobial materials, especially in the form of coatings,
is of great significance. Since the early 1970s, a variety of
photocatalytic materials have been developed and gained
general application in industry and in daily life (1-6). One
of the most popular applications of photocatalytic materials
is the photodegradation of bacteria (7-18). The ideal anti-
microbial photocatalytic materials should possess advan-
tages such as high and lasting antibacterial efficacy, envi-
ronmental safety, low toxicity, and simplicity in fabrication.
Metal/semiconductor nanocomposites have proved to be
promising antimicrobial materials. In these systems, the
semiconductors are photoexcited to generate electron-holes,
and the metals function as electron traps to facilitate separa-
tion of the generated electron-holes and to promote inter-
facial electron transfer process (19-21). Therefore, the
photocatalytic activities of semiconductor oxides are im-
proved by the retardance of the fast recombination of the
photogenerated charge carriers. Among the large number
of metal/semiconductor photocatalysts, Ag/TiO, composite
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materials have attracted particular attention for their supe-
rior properties (13-18).

However, because the band gap of anatase is 3.26 €V,
the photoexcitation of an Ag/TiO, system with large-sized
Ag occurs in the UV light region, although the Ag can reduce
the probability of recombination of charge carriers. Even
though some of the conventional Ag/TiO, composite materi-
als can degrade azodyes in visible light, the photocatalytic
activity is mainly attributed to the dye-sensitization (22-24).
Therefore, efforts have been made to prepare Ag/TiO,
composites with tiny-sized Ag nanoparticles, the plasmon
effect of which is exploited to enhance the visible-light
photocatalytic activity of the composites ( 25-28). Under
visible light irradiation, the electrons generated on the Ag
nanoparticles from the plasmon-excitation are transferred
to the neighboring TiO, particles, which function as the
photocatalytic centers. Nevertheless, a new problem arises
in these systems, that is, the loss of Ag. Generally, Ag/TiO,
composites are prepared through the deposition of Ag
nanoparticles on the surface of TiO, films or particles by
photoreduction of silver nitrate (13-18, 22-24, 29). In this
case, the photogenrated holes reside on the electron-rich Ag
particles, driving dissolution of Ag atoms from the particles
via Ag* ejection (26). Metal-semiconductor structures coupled
in a similar way expose both the metal and the oxide
particles to reactants, products, and media, and corrosion
of the noble metal particles during the operation of a
photocatalytic reaction is inevitable (30, 31). In this context,
Ag@TiO, core—shell structures have been prepared and
employed for photocatalysis testing, but the anticipated high
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catalytic activity has not been clearly demonstrated for these
systems (28, 32). Actually, in Ag/TiO, composite materials,
the photocatalytic reactions mainly take place on the TiO,
surface, and as a result, the size of TiO, nanoparticles exerts
significant impact on the photocatalytic efficiency. The
decrease in particle size would increase the surface area, the
amount of the active centers and the adsorption capacity of
the composite materials (33-37). Recently, Ag/AgBr/TiO,
(11, 12) that contain small-sized particles have been pre-
pared and these systems are indeed more efficient than the
AgITiO, composite materials with large TiO, particles in the
photodegradation of azodyes and Escherichia coli (E. coli)
under visible light. However, the involvement of small-sized
TiO, nanoparticles in the composites leads to difficulty in
recycling the materials after the photocatalytic reactions,
reducing the catalyst life and increasing the cost.

After careful inspection of the advantages and disadvan-
tages of the previously reported Ag/TiO, composite systems,
we developed a new approach for the preparation of Ag/TiO,
photocatalyst using MMT as a support. In the obtained Ag/
TiO,/MMT composite, not only more catalytically active
centers can be achieved because of the small size of the TiO,
nanoparticles, but also the surface plasmon effect of Ag can
extend the light response of the catalyst to the visible-light
region, and the loss of the metal particles during the photo-
catalytic reaction can be effectively prevented. As the sup-
port for the Ag/TiO, composite, MMT facilitates the catalyst
separation, recovery, and recycling after the photocatalytic
reaction. The superior performance of this composite ma-
terial has been verified experimentally. Compared with that
of Ag/AgBr/TiO,, the bactericidal activity of the Ag/TiO,/MMT
composite evaluated by the degradation of E. coli in water
under visible light irradiation is distinctly enhanced. Fur-
thermore, the photocatalytic activity of the Ag/TiO,/MMT
composite material is well-maintained after repeated pho-
todegradation testings.

EXPERIMENTAL SECTION

Chemicals. NaCl, tetrabutyl! titanate, ethanol, and glutaral-
dehyde were purchased from Beijing Chemical Factory. AGNO5
and Na,Hs[P(W,07)¢] were obtained from Tianjin No. 1 Chemi-
cal Reagent Factory, and cetylmethylammoniumbromide (CTAB)
from Shanghai Chemical Reagent Factory. Titania P-25 (TiO»;
ca. 80% anatase, 20% rutile; BET area, ca. 50 m? g~') was
purchased from Degussa. The MMT K10 was purchased from
Alfa Aesar, whereas the E. coli, gene-modified with Amp anti-
body was supplied by Changchun Baike Biotechnology Com-
pany. All chemicals were used as received without further
purification. Deionized water (PURELAB Plus, PALL) was used
in all of the experiments.

Sample preparation. A. Synthesis of MMT-Supported
Ag/TiO, (Ag/TiO,/MMT). In a typical synthesis of MMT-sup-
ported Ag/TiO, nanoparticles, 0.5 g of MMT was dispersed in
25 mL of ethanol under continuous stirring until a suspension
was formed. Then in the dark, 0.2 g of AgNO5 was dissolved
into the suspension with stirring, followed by the addition of
1.5 mL of tetrabutyl titanate. After being stirred for 2 h, the
mixture was sealed in a 50 mL PTFE-lined stainless steel
autoclave and heated at 160 °C for 24 h. The resulting product
was recovered by centrifugation, washed thoroughly with deion-
ized water and subsequently ethanol, and then dried at 60 °C.
To attach the Ag/TiO, nanoparticles onto the surface of MMT
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firmly, we calcined the powder at a temperature of 500 °C for
5 h, with a temperature ramp rate of approximately 5 °C /min.
As confirmed by the inductively coupled plasma (ICP) analysis,
approximately 9.9 wt % of Ag was loaded in the Ag/TiO,/MMT
composite material, whereas the content of TiO, was about 36.2
wt %.

B. Synthesis of Ag/AgBr/TiO,. For comparison, Ag/AgBr/
TiO, composite material was prepared following the procedure
reported by Hu and co-workers (9). One gram of P-25 was
added to 100 mL of distilled water and sonicated for 30 min.
Then, 1.2 g of CTAB was added to the above suspension. After
being stirred magnetically for 30 min, 0.21 g of AgNOs in 2.3
mL of NH4OH (25 wt % NHs) was quickly added to the mixture.
The resulting suspension was stirred at room temperature for
12 h. The product was filtered, washed with water, and dried
at 70 °C. Finally, the powder was calcined in air at 500 °C for
3 h. Approximately 10 wt % Ag was loaded into the Ag/AgBr/
TiO, composite material on the basis of ICP analysis.

Characterization. Powder X-ray diffraction (XRD) patterns
were recorded on a Rigaku D/Max 2550 X-ray diffractometer
with Cu Ka radiation (4 = 1.5418 A) operated at 200 mA and
40 kV. The transmission electron microscope (TEM) images of
the obtained Ag/TiO,/MMT composite material were observed
on a JEOL 2010F microscope equipped with an Oxford INCA
energy dispersive X-ray (EDX) microanalysis system. The TEM
observation of bacteria was performed on a Hitachi H-8100
electron microscope. The elemental analyses of the prepared
materials were analyzed by inductively coupled plasma (ICP)
spectroscopy on a Perkin Elmer Optima 3300DV spectrometer.
The UV—vis diffuse reflectance spectroscopy measurements
were conducted on a Perkin Elmer Lambda 20 UV-vis spec-
trometer. The surface areas of the samples were measured on
a Micromeritics ASAP 2010 nitrogen adsorption instrument and
calculated based onthe Brunauer—Emmett—Teller (BET) isotherms.

Photodegradation of Bacteria. E. coli, the waterborne patho-
genic microorganisms, was chosen as the model bacteria which
were incubated in an LB nutrient solution at 30 °C for 12 h with
shaking. After washing and centrifugation at 4000 rpm, the E.
coli bacteria were re-suspended and diluted to form a cell
suspension with about 0.95 optical density (OD) in 0.9 % saline
(1—4x 108 colony-forming units (CFU/mL)). Before adding the
photocatalyst, an aliquot of the suspension solution was diluted
with saline, and 0.1 mL of the diluted cell solution was incubated
at 37 °C for 12 h on a nutrient agar medium in dark. The
number of viable cells was determined by counting the colonies.
An average number of the viable cells were obtained by repeat-
ing the above procedure three times. To evaluate the perfor-
mance of the photocatalysts, 20 mg of a photocatalyst was
mixed with 50 mL of the diluted cell suspension in a glass
Erlenmeyer flask with a cover. The photocatalytic reaction was
carried out under the illumination of visible light from a 40 W
fluorescent lamp (4 = 400 nm). To prevent the precipitation of
the photocatalyst, the reaction mixture was stirred slowly with
a magnetic stirrer. At certain time intervals, a small portion
(~0.1 mL) of the reaction mixture was collected and incubated
at 37 °C for 12 h on a nutrient agar medium in dark. The rest
of the procedure was the same as that described above. All the
photocatalytic experiments were repeated three times.

Sample Preparation for TEM. At given time intervals, the cell
suspension was collected and separated by centrifugation. In
order to maintain the original shape of the cell, the separated
bacteria were pre-fixed in 2.5 % glutaraldehyde at 4 °Cfor 12 h,
then washed twice with 0.1 M phosphate buffer (PBS) (pH 7.2).
Because the biological samples consisted of carbon, hydrogen,
oxygen, nitrogen and other elements, the ability of e-scattering
was low. Thus, for electron microscopy observation, the biologi-
cal samples were usually colored by heavy metals to increase
the contrast of the samples. After being washed with PBS, the
specimens were mixed with 2% Na,Hs[P(W,07),] aqueous
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FIGURE 1. Powder X-ray diffraction patterns of (a) the as-synthesized

Ag/TiO,/MMT, (b) the Ag/TiO,/MMT calcined at 500 °C, and (c) pure

MMT for comparison.

Intensity

solution with a volume ratio 1:1. The mixed suspension was
then dropped onto the cupper grids with holey carbon film for
TEM observation.

RESULTS AND DISCUSSION

General Characterization. The X-ray diffraction
(XRD) pattern of the MMT, the as-synthesized and the
calcined Ag/TiO,/MMT composite samples are shown in
Figure 1. The peaks located at 38.1, 44.3, 64.4, and 77.4
(20) can be assigned to the (111), (200), (220), and (311)
diffractions of the cubic phase of Ag with lattice constant
a=4.0861 A (JCPDS file: 65-2871). And those located at
25.3, 37.8, 48.0, 53.9, 55.1, 62.7 (20) result from the
anatase phase of TiO, (see Figure 1a,b). The presence of the
diffractions from Ag, TiO, and MMT suggests that the
prepared samples are composed of these three species. The
broadened diffraction peaks indicate that the sizes of the

FIGURE 2. (a) TEM image and the corresponding EDX mapping of Ag/TiO,/MMT for (b) Si, (c) Ag, and (d) Ti.
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TiO, crystallites are on the nanometer scale. After calcination
at a temperature of approximately 500 °C, diffractions of
MMT can still be observed clearly, indicating the retention
of the layered structure of MMT (Figure 1b). The XRD studies
on the calcined samples suggest that the Ag/TiO,/MMT
composite materials have good thermal stability.

The element distribution of this Ag/TiO,/MMT composite
can be determined by EDX mapping on an EDX microanaly-
sis system (Figure 2). The signals for Si, Ag, and Ti elements
are associated with the MMT, Ag and TiO, nanoparticles,
respectively. The relatively dark regions are ascribed to Ag
nanoparticles, whereas Ti and Si can be detected within the
whole observed region of the samples. The shape, size and
distribution of Ag and TiO, nanoparticles can be clearly
observed in the HRTEM images (Figure 3). Small TiO,
nanoparticles surrounding the relatively larger Ag particles
are well-dispersed on the layers of MMT. The diameter of
the Ag nanoparticles is in the range of 15—50 nm, resulting
from the rapid overgrowth of Ag nanoparticles. The size of
TiO, nanoparticles is within 10 nm in diameter, in good
agreement with the broadened diffraction peaks of TiO,
nanoparticles in the XRD patterns.

On the basis of the XRD studies and TEM observation, a
schematic structure of the Ag/TiO,/MMT composite material
is depicted in Figure 4a. Because of the strong absorption
of MMT, silver ions accumulate onto the MMT surface after
the addition of AgNOs5 into the MMT suspension. The sub-
sequent addition of tetrabutyl titanate makes the solution
reductive. As a result, silver ions are reduced to metallic Ag
and crystallize on the surface of MMT, making the suspen-
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FIGURE 4. (a) Schematic structure of the Ag/TiO,/MMT, and (b) a
proposed photoinduced charge separation and transfer process.
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FIGURE 5. UV—vis diffuse reflectance absorption spectra of (a) MMT,

(b) the as-synthesized Ag/TiO,/MMT, and (c) the Ag/TiO,/MMT cal-
cined at 500 °C.
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sion brown colored. During the solvothermal treatment, TiO,
nanoparticles crystallize on the surface of MMT around Ag
nanoparticles to form the Ag/TiO,/MMT composite. Under
visible-light illumination, the Ag particles are photoexcited
due to the plasmon resonance. Subsequently, the photoex-
cited electrons are transferred from the surface of the Ag
particles to the conduction band of TiO,. On the surface of
the TiO, nanoparticles, the injected electrons from the Ag
particles are trapped by O, molecules in the solution, and
superoxide ions (O,*") and other reactive oxygen species
(e.g., «OOH, oOH) are generated (23, 24). The bacteria are
oxidized by these oxidative species. Although the photoge-
nerated holes are also located in the Ag nanoparticles in this
case, dissolution of Ag atoms via Ag" ejection would not
happen because of protection by the TiO, particles sur-
rounding the Ag particles (Figure 4b) (27, 32).

The UV—vis spectra of the as-synthesized and calcined Ag/
TiO,/MMT composite materials are shown in Figure 5. For the
as-synthesized Ag/TiO,/MMT composite, a broad absorption
ranging from 400 to 800 nm with a peak at about 425 nm
appears (Figure 5b), which is attributed to the surface
plasmon resonance (SPR) effect of silver. The calcination of
the Ag/TiO,/MMT composite at a temperature of 500 °C
leads to the shift of the absorption center of surface plasmon
absorption from approximately 425 to 520 nm (Figure 5¢).
Itis noted that growth of the Ag nanoparticles occurs during
the high-temperature calcination. At the same time, the
surface of Ag nanoparticles becomes smoother and the
interparticle spacing of the Ag nanoparticles among the
anatase TiO, nanoparticles gets smaller. These variations all
contribute to the red-shift of the surface plasmon absorption
(38-41). As the surface plasmon resonance of Ag particles
on the TiO; is excited by visible light, the photocatalytic
property of TiO, is distinctly enhanced (25-27). In addition,
it is found that the absorption edge of TiO, in this Ag/TiO,/
MMT composite is also red-shifted slightly after calcination.
The high-temperature calcination renders the TiO, lattice
partially doped by Ag species, whereas this doping would
inevitably affect the band structure of TiO, nanoparticle and
consequently affect the photo-activities under visible light
(42).

Bactericidal Activity on Ag/TiO,/MMT under
Visible Light Irradiation. The bactericidal activities of
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FIGURE 6. Photodegradation efficiency of Ag/TiO,/MMT and Ag/AgBr/
TiO, in the inactivation of E. coli (50 mL of aqueous E. coli dispersion
containing 20 mg of photocatalysts). Estimated error: 0.2.
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the samples are evaluated on the basis of degradation of E.
coli in water under visible light irradiation. The reaction
mixtures are taken at certain time intervals during the
photodegradation process. The concentration of E. coli is
detected by the plate count method, which is based on the
principle that each of the live bacteria can grow into a colony
(see Figure S1 in the Supporting Information). Ag/AgBr/TiO,
material, a popular photocatalyst, which exhibits advantages
over Ag/TiO, and TiO, materials in photodegradation of
bacteria under visible light as reported in the literature (11),
is used for comparison in this work. The concentrations of
E. coli reacting with Ag/TiO,/MMT and Ag/AgBr/TiO, are
about 3.2x10% and 1x 108 CFU/mL, respectively. With Ag/
TiO,/MMT, E. coli is almost completely Killed after illumina-
tion under visible light for approximately 3 h (Figure 6).
However, for the Ag/AgBr/TiO, material, a large number of
E. coli colonies can still be observed even after illumination
for more than 4 h. It should be pointed out that only less
than 50 wt % of the photocatalytically active component (Ag/
TiO,) is present in the Ag/TiO,/MMT (with the rest being the
support MMT), whereas in the Ag/AgBr/TiO, system, all the
material is considered to be the photocatalytic component.
However, even when the concentration of bacteria for the
AgITIO,/MMT composite is three times higher than that for
the Ag/AgBr/TiO, system, the Ag/TiO,/MMT still shows pho-
todegradation activity distinctly higher than the Ag/AgBr/
TiO, material. This observation demonstrates that the Ag/
TiO,/MMT system represents the most efficient photocatalyst
for bacteria degradation among the (Ag/TiO,)-containing
photocatalytic materials.

The superior photocatalytic performance of Ag/TiO,/MMT
can be ascribed to the unique structure of the material. For
a photocatalyst composed of a metal and a semiconductor,
the catalytic reactions actually take place on the surface of
the semiconductor (18, 34-37). Thus, immobilized TiO, with
a high surface area is more favorable in antimicrobial
applications. N, absorption-desorption analysis reveals that
the specific surface area of the calcined Ag/TiO,/MMT is 146
m?/g, much higher than that of the Ag/AgBr/TiO,, 39 m?/g.
On the surface of the TiO, nanoparticles, the adsorbed
oxygen in the solution has a greater chance to be deoxidized
into superoxide ions, which function as effective oxidizing
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FIGURE 7. TEM images of E. coli photodegraded by the Ag/TiO,/MMT
composite: (a) E. coli, and E. coli illuminated for (b) 0, (c) 2, and (d)
3 h under visible light.

species, by the electrons injected into the conduction band
of TiO, from the Ag cores. Moreover, as clearly shown in
the TEM images in Figure 7, the bacteria cells are adsorbed
on the surface layer of MMT due to the strong adsorption of
the latter, and as a result, the photocatalytic reaction of the
AgITiO, nanoparticles loaded on the MMT layers proceeds
quite efficiently.

The morphology variation of E. coli during the photodeg-
radation process on Ag/TiO,/MMT is observed through TEM
(Figure 7). The features of live E. coli, such as the well-defined
cell membrane and the evenly colored interior of the cells,
for the pure E. coli and the E. coli attached to Ag/TiO,/MMT
before irradiation (Figure 7a,b) are clearly seen. The li-
popolysaccharide layer of the outer membrane plays an
essential role in keeping the bacterial alive by providing a
barrier of selective permeability for the E. coli bacteria. After
illumination under visible light for approximately 2 h, the
morphology of the E. coli changes apparently (Figure 7¢). As
indicated by the arrows in the TEM images, a part of the
bacteria cell becomes white, suggesting that the integrity of
the cell has been damaged by Ag/TiO,/MMT. The decompo-
sition of the cell membranes leads to leakage of the interior
component, and hence the deactivation of the bacteria.
Increasing the illumination time results in more serious
damage to the E. coli cells. As labeled with circles in the TEM
image in Figure 7d, the whole bacteria cells are fragmented
after illumination under visible light for 3 h. Our results
indicate that the photodegradation of the bacteria start from
the destruction of the cell membrane by Ag/TiO,/MMT under
visible light, in good agreement with the observation re-
ported in the literature (36, 43, 44).

As pointed out previously (45, 46), Ag nanoparticles
directly attached on the surface of cell membranes disturb
the permeability and respiration of the cell, whereas Ag
nanoparticles penetrating into the bacteria cell react with
sulfur-containing compounds, leading to further damage of
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FIGURE 8. Degradation curve of MMT and Ag/TiO,/MMT in the
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FIGURE 9. Repeated photodegradation experiments carried out
under visible light showing the photodegradation efficiency and

recycleability of Ag/TiO,/MMT in the inactivation of E. coli. Estimated
error: 0.2

the bacteria. However, in our Ag/TiO,/MMT material, the Ag
nanoparticles are surrounded by the TiO, nanoparticles.
Therefore, the Ag/TiO,/MMT material is non-toxic to E. coli,
as supported by the following control experiment results.
The E. coli suspensions were mixed with Ag/TiO,/MMT
catalysts and MMT, respectively, and left in the dark. For Ag/
TiO,/MMT catalysts and MMT, the death rates of E. coli were
almost the same in the first 4 h, shown in Figure 8, indicating
that the death of the bacteria mainly results from the
adsorption of MMT rather than the presence of Ag nanopar-
ticles. The control experiment result clearly shows that the
degradation of the bacteria in the presence of the Ag/TiO,/
MMT composite under visible irradiation is attributed to
photocatalysis rather to poisoning of Ag in the composite.

The Ag/TiO,/MMT materials can be easily separated and
recovered from the photoreaction system after the photo-
catalytic test without variation in activity. After the photo-
catalytic reaction, the residual organic compounds of de-
composed bacteria on the surface of photocatalyst can be
completely removed by the irradiation of the reaction
mixture for two or three hours under UV, and thus recalci-
nation is not needed. Even when 0.5 ml of 1 x10% CFU/mL
bacteria suspension is injected directly into the completed
reaction mixture, without separation and recovery, the
photocatalytic performance of the catalyst remains un-
changed. As shown in Figure 9, under illumination with
visible light, the bacteria are killed completely within 2 h
even over 5 cycles.
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CONCLUSIONS
The Ag/TiO,/MMT composite material, which consists of

clay, semiconductor and metal nanoparticles, has been
prepared through a one-step low-temperature solvothermal
method. In the Ag/TiO,/MMT composite material, Ag nano-
particles are surrounded by small TiO, nanoparticles. The
amount of surface active centers which benefit catalytic
reaction is increased with the decrease of the TiO, particle
size. The light response of the composite is successfully
extended to the visible region owing to the surface plasmon
effect of Ag nanoparticles. The Ag/TiO,/MMT composite
shows remarkable photodegradation activity in the degrada-
tion of E. coli under visible light. The MMT support greatly
facilitates the separation and recovery of the Ag/TiO, nano-
particles from the reaction systems, ensuring the good
recyclability of the photocatalysts. With excellent stability,
recycleability, and bactericidal activities, the Ag/TiO,/MMT
materials are promising photocatalysts for applications in
decontamination.
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