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a b s t r a c t

TiO2/Ag nano-antibacterial material was prepared at low temperature using polyethylene glycol (PEG-
600) as reducing and stabilizing agent. The size and shape as well as the optical properties of the
nano-materials were characterized with transmission electron microscopy (TEM) and UV–vis spec-
troscopy (UV–vis). The results showed that the average particle size of TiO2 among these nano-materials
vailable online 22 July 2009

eywords:
iO2/Ag
EG-600
omplex antibacterial agents

was around 50–150 nm, and the average particle size of nano-silver was around 20 nm. Formation of Ag
nano-particles on the surface of TiO2 was confirmed by X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS), and the antibacterial activity was also investigated. By the antibacterial activity study
and ultraviolet resistance test, it is noted that growth inhibition rates against E. coli was 99.99% as the
concentration of nano-particles dispersion solution was 10 ppm, the minimum UV protective effect could

trati
ltraviolet resistance
rowth inhibition rates

be achieved as the concen

. Introduction

Ultraviolet has many functions such as disinfection, sterilization
nd promoting the synthesis of vitamin D. Exposure to ultraviolet
adiation at adequate intensity can enhance the body’s resistance,
ut to ultraviolet radiation at excessive intensity would lead to

ncreased melanin, the aging of skin, declining immunity. There-
ore, clothing of field staff, clothing of the staff at high altitude,
each clothing, sportswear, etc. have an urgent requirement against
ltraviolet rays. For these reasons, UV shielding agent has become
he focus of the current study to achieve such goal. In general, the
V shielding agents applied include TiO2, ZnO, and MgO.

In addition to the UV shielding effect, nano-TiO2 has photocat-
lytic ability realized by using sunlight, fluorescent light as the UV
xcitation source, thus the nano-TiO2 are widely used for removal of
oxic, harmful or hazardous pollutants, sewage treatment because
f its physical and chemical stability, low cost, ease of availability,
on-toxicity and electronic and optical properties [1]. However, the
hoto quantum efficiency of TiO2 is greatly limited because of the
uick recombination of photogenerated electrons and holes. Thus, it

s of current interest to develop techniques to depress the electron-

ole recombination in TiO2. TiO2 surface modification with Ag has
een proved as an effective technique to depress the recombina-
ion of photogenerated electrons and holes in TiO2 and improve
ts bactericidal activities [2]. Owing to the antibacterial effect of

∗ Corresponding author. Tel.: +86 25 2182107; fax: +86 25 2182107.
E-mail addresses: jxtang0733@163.com, ssswww13@163.com (J.X. Tang).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.07.056
on was 290 ppm.
© 2009 Elsevier B.V. All rights reserved.

Ag and Ag+, TiO2 surface modification with Ag could be endowed
with ultraviolet resistance and antibacterial effect, which is of great
significance for functional textile products.

Regarding the synthesis of hydrophilic TiO2/Ag composite
antibacterial materials, there are two common methods reported.
The first is in situ synthesis of TiO2/Ag reported by Mohseni and co-
workers [3], in which Ag is anchored to TiO2 nano-particles surface
in the preparation of TiO2 using titanium alkoxides as raw mate-
rials [4,5]. In another route, nano-TiO2 is applied as raw materials,
Ag+ is deposited on the nano-TiO2 surface or nano-TiO2 lattice by
using DMF [6], sodium citrate [7], H2O2 [8], hydrazine [9], sodium
borohydride [10] as reducing agent or by photochemical method
[11–13].

As polyethylene glycol has excellent water solubility, biocom-
patible lubricity, thermal stability plus its features of non-toxic,
non-irritating and moisturizing, so many researches have reported
preparation of TiO2/Ag using polyethylene glycol. Nasr-Esfahani and
Mohammad [14], Kodaira et al. [15] have dealt with the preparation
of TiO2/Ag film, Mallick et al. [16] has used a methoxy polyethylene
glycol (MPEG) template to synthesize Ag film, Popa et al. [17] has
reported a ‘one pot’ facile method for environmentally benign pro-
duction of stable Ag colloids, using short chain polyethylene glycol
as solvent, reducing agent and stabilizer.

Though these published works have reported synthesis of

TiO2/Ag composite, they were almost concerned on photocatalytic
activity, its ultraviolet resistance and antimicrobial effects were not
properly studied simultaneously.

Here, we report for the first time a simple and economical recov-
ery method for silver-deposited TiO2, this method needs no other

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jxtang0733@163.com
mailto:ssswww13@163.com
dx.doi.org/10.1016/j.jhazmat.2009.07.056
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eductant or surfactant except polyethylene glycol, which can save
aw material and reduce cost, thus it is very suitable for industrial
roduction of TiO2/Ag. In our research, PEG-600 was used as a sta-
ilizing agent and reducing agent to synthesize nano-sized TiO2/Ag
omposite colloids, which showed excellent dispersion stability.
his novel deposition precipitation (DP) method needs no calcina-
ions, which is different from traditional deposition precipitation

ethod. Since neither calcinations nor long-term UV irradiation
as needed in this DP method, the agglomeration of Ag particles

n the TiO2 could be nearly avoided. At the same time, its ultraviolet
esistance and antimicrobial activity were investigated in our study.
s TiO2/Ag composite colloids had excellent ultraviolet resistance
nd antimicrobial activity, it can be applied in many fields such as
oating, textiles, plastics, and packaging.

. Experimental

.1. Materials

TiO2 in industrial grade was purchased from Hunan Zhuzhou
hemical Industry Group Co. Ltd. and silver nitrate (AgNO3) with
nalytical grade obtained from Shanghai Institute of Fine Chemi-
al Materials was used as silver sources for preparation of TiO2/Ag.
olyethylene glycol (PEG-600) in reagent grade taken from Guang-
ong Guanghua Chemical was used as solvent for the TiO2/Ag and
educing agent of AgNO3. E. coli and Streptomyces were taken to
nvestigate antimicrobial activity of TiO2/Ag. Phosphate Buffered
aline (PBS) buffer solution was used as diluent, nutrient broth and
gar medium were used for the liquid culture medium and solid
ulture medium of bacteria, respectively.

.2. Analytical techniques

Transmission electron microscopy (TEM, TSM6360) was
mployed to investigate the size and distribution of Ag-deposited
iO2. X-ray photoelectron spectra (XPS) analysis was performed
nder a pressure of 1.33 × 10−7 Pa on the ESCA LAB MK2 instrument
ith Mg K-Alpha as source and a step of 0.05. The C (1s) level

285.0 eV) was taken as the reference binding energy. TU-1901
wo-beam UV–vis spectrophotometer (Beijing Cape Analysis of
eneral Instruments Limited Liability Company) was used to mea-

ure the optical properties and ultraviolet resistance properties of
iO2/Ag colloids; X-ray diffraction (XRD) patterns was recorded
sing a Bruker D8 Advance XRD diffractometer equipped with a
obel mirror, using Cu K� radiation.

.3. Preparation of TiO2/Ag colloids

For the preparation of TiO2/Ag composite colloids, firstly, 30 g
ndustrial TiO2 dispersed in 200 mL deionized water was grinded
nto nano-TiO2 at 3000 rps for 30 min using nanometer grinder.
hen, 5 mL of TiO2 slurry and 1 g of AgNO3 were dispersed in 100 mL
f PEG-600 at continuous stirring using magnetic stirrer. Reactions
ere carried out for 4 h at 60 ◦C. To get TiO2/Ag power, the TiO2/Ag

olloids were centrifuged at rate of 3000 rps for 60 min and washed
ith ethyl alcohol, at last dried in vacuum at 80 ◦C for 24 h.

.4. Antibacterial properties study

First of all, liquid culture medium and solid culture medium
ere collocated for bacteria. Briefly, bacteria and 1 ppm, 4 ppm,

ppm, 10 ppm of TiO2/Ag colloidal dispersions were added to
00 mL liquid culture medium, respectively in the Erlenmeyer flask
haking in thermostat shaker at rate of 170 rps. 0.1 mL so-made
acteria–TiO2/Ag mixture was diluted with 0.9 mL. Phosphate
uffered Saline buffer solution, and completely mixed by vortex.
aterials 172 (2009) 716–720 717

No TiO2/Ag colloids were added to one Erlenmeyer flask contain-
ing 100 mL liquid culture medium, which was served as a control
sample.

Subsequently, the bacteria suspension was diluted 105 times.
After the serial dilution had been carried out, 0.2 mL of each
bacteria–TiO2/Ag mixture was added to a Petri dish containing
10 mL warm agar medium. One additional plate was poured con-
taining 10 mL of nutrient agar for control purposes. The plates were
incubated for 24 h at 37 ◦C and then analyzed for the number of bac-
terial colonies to determine the growth inhibition rates of TiO2/Ag
in accordance with the Eq. (1)

R(%) = A − B

A
× 100 (1)

where R = the growth inhibition rates, A = the number of bacte-
rial colonies from control sample, and B = the number of bacterial
colonies from TiO2/Ag sample.

3. Results and discussion

Polyethylene glycol (HOCH2(CH2OCH2)nCH2OH) is non-
electrolyte, having many polar groups such as C–O, C–H, H–O
so that it can be absorbed onto TiO2 by hydrogen bonding [18]
and supposed to enhance the steric hindrance effect on surface
of nano-TiO2 to prevent agglomeration of TiO2. In the presence
of AgNO3, Ag+ was bonded to the polar side groups such as C–O,
C–H, H–O in PEG-600 according to Eq. (2), so that the reduction
of silver ions on the surface of TiO2 in the PEG solution can occur
while hydroxyl groups of PEG was oxidized to aldehyde groups
(CH2CH2OH → CH2CHO) based on Eq. (3). The merit of method for
preparation of TiO2/Ag composite nano-material, which extends
PEG-based routes toward a more environment-friendly production
of Ag nano-particles on the surface of TiO2, is the use of longer chain
polymer as both solvent and reducing agent, which leads to an
increase stability of the obtained TiO2/Ag colloids and eliminates
the need of co-stabilizers.

(2)

(3)

3.1. Morphological analysis

Fig. 1 is TEM image of TiO2/Ag composite colloids, which enable
identification of the location, distribution and size of Ag-deposited
TiO2. As result of hydroxyl and polyethylene glycol absorbed on
the surface of TiO2, it can be enhanced as adsorbent or carriers
for metal, which is beneficial for the deposition of conductive sil-
ver. Since density of silver particles is higher than that of TiO2, the
TEM image of silver particle is significantly darker than that of TiO2.
This makes it easy to identify Ag spherical nano-particles from TiO2
particles. In Fig. 1, it is clear that Ag particles with size of 20 nm
were successfully deposited on the surface of TiO2 (50–150 nm),

which would be beneficial for the UV shielding capability of TiO2.
It is confirmed by the fact that the absorbance of the Ag-deposited
TiO2 sample is higher than that of the pure TiO2 powders below
462.5 nm. Fig. 1 also shows that TiO2/Ag nano-particles dispersed
evenly, which is attributed to the stabilizing of PEG-600 [19,20]. In
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Fig. 1. TEM images of TiO2/Ag.

ig. 1, no free Ag particles are found in the mixture, indicating that
ilver particles are strongly anchored to the TiO2 supports.

.2. XRD analysis

The XRD patterns of TiO2/Ag and TiO2 sample are shown in
ig. 2. To our best acknowledge, it is widely known that the for-
ation of metallic silver particles crystallized in the face centered

ubic (fcc) structure is in accordance with the JCPDS file No. 4-
862, the peaks at 38.1◦, 44.6◦, 64.7◦, 77.5◦ assigned to diffractions
rom the (1 1 1), (2 0 0), (2 2 0) and (3 3 0) planes are of fcc silver.

and R represent the anatase and rutile diffraction peak absorp-
ion of TiO2, respectively. The TiO2 sample exhibit well-crystallized
natase phase in Fig. 2(a), XRD peaks at 25◦ (major), 37◦, 48◦, 55◦,
6◦, 62◦, 71◦, and 75◦ appear significantly. In Fig. 2(b), weak peaks
orresponding to metal Ag can be found at 2� = 44.3◦ (2 0 0), 64.4◦

2 2 0), 77.4◦ (3 3 0). It indicated that Ag had successfully anchored
o the TiO2 supports. Unfortunately, due to the strong diffraction
eaks of the TiO2 supports and the low amounts of the met-
ls present [5,8], the intense peak corresponding to metal Ag at

◦
� = 38.1 (1 1 1) is covered up by peaks corresponding to TiO2 at
� = 37.8◦ (0 0 4), 38.6◦ (1 1 2). Owning to deposits of Ag, TiO2/Ag
howed some rutile structures on the pattern at 2� = 27.5◦, 36.4◦

21]. However, the peak for the anatase structure of pure TiO2 was
eaker and broader compared to that for TiO2/Ag. Generally, the

ig. 2. XRD patterns of TiO2 and TiO2/Ag (a) synthesized mesoporous TiO2; (b) 25%
g on TiO2/Ag.
Fig. 3. UV–vis absorption spectra of AgNO3, pure TiO2, TiO2/Ag colloid dispersed
in PEG-600 (A) pure TiO2; (B) TiO2/Ag colloid containing 5000 ppm Ag; (C) AgNO3

containing 5000 ppm Ag.

broader the peaks, the smaller the crystallites are; our samples
were characterized by relatively large crystallite sizes of 50–150 nm
and 70–170 nm for the anatase structures of TiO2 and TiO2/Ag,
respectively.

3.3. Optical properties

Fig. 3 illustrates the absorption spectra of AgNO3, pure TiO2,
TiO2/Ag composite colloids in the wavelength range 275–650 nm.
In Fig. 3, short dot line, dash dot line and solid line represent absorp-
tion spectra of pure TiO2, TiO2/Ag composite colloids and AgNO3,
respectively. It reveals that absorption peak of TiO2/Ag appeared at
420 nm attributed to the classical surface plasmon excitation of the
Ag nano-crystals. However, the peak is widen due to the deposi-
tion of Ag on anatase TiO2. As shown in Fig. 3, the absorbance of
the Ag-deposited TiO2 sample is higher than that of the pure TiO2
below 462.5 nm, and is lower than that of the pure TiO2 at long
wavelengths (>462.5 nm). That is beneficial for the UV shielding
capability of TiO2.These results appeared due to the presence of Ag
particles and their interaction with TiO2 particles [9,13]. The differ-
ence in UV–vis absorption spectroscopy between AgNO3 and that of
TiO2/Ag could be employed to determine the extent to which Ag+ is
reduced to Ag. Actually, the color of colloidal solution changed from
white to yellow and finally colored in grayish brown due to depo-
sition of finely dispersed silver on TiO2 in the process of TiO2/Ag
preparation.

3.4. Ultraviolet resistance

Ultraviolet light spectrum could be divided into UVA
(400–320 nm), UVB (320–280 nm), UVC (280–200 nm) as well
as vacuum ultraviolet (200–100 nm). The UVC has little effect on
human body as it is absorbed by the ozone layer before arriving
on the earth comparing with UVA and UVB. Therefore, we could
evaluate the anti-ultraviolet effects by study of UV absorption
capability of TiO2/Ag colloids with UV spectrum in the range
of 280–400 nm. TiO2/Ag colloid was diluted with PEG600 to
2.37 mg/mL, 1.18 mg/mL, 0.59 mg/mL and 0.29 mg/mL, whose UV

absorbance performances were investigated by spectrophotometer
scanning from 200 nm to 400 nm.

Fig. 4 demonstrates UV absorbance of TiO2/Ag composite
colloidal solution at different concentrations. Due to higher con-
centrations of TiO2/Ag, the absorbance values vary from 0 to 5.
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Fig. 5. XPS survey spectrum of TiO2/Ag.

Table 1
XPS Data of TiO2/Ag.

Element Area (cts-eV/s) Sensitivity factor Concentration (%)

cidal effect. Based on growth inhibition rates shown in Table 2, it is
clear that the growth inhibition rates against E. coli was 99.9% as the
concentration of TiO2/Ag was 10 ppm, but it weakened significantly
with decrease of TiO2/Ag concentrations; the growth inhibition
rates against Streptomyces was 97.9% as the concentration of TiO2/Ag

Table 2
Growth inhibition rates of TiO2/Ag against Streptomyces and E. coli.
ig. 4. UV absorbance of TiO2/Ag colloids at different concentrations. (a) UV
bsorbance of all the TiO2/Ag colloid; (b) high-resolution UV absorbance of TiO2/Ag
t 0.59 mg/mL and 0.29 mg/mL.

ig. 4(a) is UV absorbance of all the TiO2/Ag colloids, Fig. 4(b)
s high-resolution UV absorbance of TiO2/Ag at 0.59 mg/mL and
.29 mg/mL. From the figure it is noted that the ultraviolet absorp-
ion value of all the TiO2/Ag colloids is below 0.25 with l < 275 nm,
nd rise sharply at wavelengths from 275 nm to 310 nm. This phe-
omenon can be explained as follow. TiO2 was coated by a large
umber of Ag nano-particles, which was confirmed by the fact that
he UV absorbance of TiO2/Ag colloids is lower than that of pure
iO2 in Fig. 3. However, the absorption of ultraviolet does not vary
bviously above 310 nm. According to evaluation form on the effect
f sunscreen comprehensive in “UV absorbance Law” [22] in which
he material with absorbance values between 0.5 and 1.0 is defined
o have the smallest UV protective effect, the middle UV protective
ffect from 1.1 to 1.5, effective protection ultraviolet radiation in
he range of 1.6–2.0, full protective ultraviolet radiation above 2.1.
hus, complex colloidal solution with concentration at 0.29 mg/mL
as smallest UV protective effect, moderate UV protective effect
s the concentration is 0.59 mg/mL, and fully protective ultraviolet
adiation effect as the concentration is 1.19 mg/mL.

.5. XPS analysis

X-ray photoelectron spectroscopy (XPS) experiments were per-
ormed to elucidate both the TiO2 structure and the chemical state
f Ag particles. Fig. 5 shows the XPS survey spectrum of TiO2/Ag
owders prepared by the deposition precipitation method. XPS
eaks show that the TiO /Ag powders contain only Ti, O, and Ag ele-
2
ents and a trace amount of carbon. The C element is ascribed to the

dventitious hydrocarbon from XPS instrument itself. The evalua-
ion of binding energy values for the Ti2p and O1s peaks show that
hey are in the ranges 458.2–458.8 eV and 530.0–530.2 eV, respec-
Ag3d 8855 5.200 1.56
O1s 28,603 0.660 39.78
C1s 13,423 0.250 49.28
Ti2p 18,378 1.800 9.37

tively. These values can be attributed toTi4+ and O2 in TiO2. No
Ti2p peak that attributed to Ti3+ was observed. Spectral data are
summarized in Table 1.

Previous studies show that the Ag3d5/2 binding energies for the
Ag, Ag2O and AgO are 368.2 eV, 367.8 eV and 367.4 eV, respectively.
Fig. 6 shows the high-resolution XPS of the Ag3d and Ti2p region
of the TiO2/Ag sample. In Fig. 6(a), the XPS curve of the TiO2/Ag
can be well fitted with a distribution of which there are two peaks
centered at 369.2 eV and 375.7 eV corresponding to Ag3d5/2 and
Ag3d3/2, respectively. No peak corresponding to Ag2O (367.8 eV)
or AgO (367.4 eV) was observed in the XPS spectra of TiO2/Ag, this
indicates that the Ag species deposited on TiO2 powders are all
in form of metal Ag, but not Ag2O or AgO. Fig. 6(b) provides the
titanium Ti2p and oxygen O1s XPS spectra of the TiO2. The Ti2p
spectrum showed peaks at 460.2 eV and 466 eV that correspond to
the 2p3/2 and 2p1/2 lines for Ti in the 4+oxidation state, no reduc-
tion in the valence state of titanium were observed in the TiO2/Ag
sample.

3.6. Antimicrobial activity study

The antibacterial activity study of TiO2/Ag was carried out
against E. coli and Streptomyces. Table 2 summarizes the results
obtained for growth inhibition rates of the TiO2/Ag particles against
E. coli and Streptomyces. Evidently, TiO2/Ag has strong antibacteri-
Growth inhibition rates (%)

Concentrations 1 ppm 4 ppm 7 ppm 10 ppm

E. coli 35% 60% 66.7% 99.9%
Streptomyces 85.3% 90.5% 96% 97.9%
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ig. 6. Ag3d and Ti2p high-resolution XPS spectrum of TiO2/Ag (a) Ag3d; (b) Ti2p.

as 10 ppm, but changes of inhibition rates are not very obvious
ith the decrease of concentration of TiO2/Ag.

. Conclusions

It is clear that PEG monomer chains have stabilizing effect on
iO2/Ag nano-particles, as both TEM and UV–vis experimental data
onfirmed. Experiments on the synthesis and stability of TiO2/Ag
olloids with longer chain PEG and P-25 (Degussa) are now under-
ay. As result of hydroxyl on the surface of TiO2, it can be enhanced

s adsorbent or carriers for metals, which is beneficial for the depo-
ition of conductive silver, XPS and XRD revealed that formation of
g nano-particles on the surface of TiO2.

The antimicrobial activity study suggested that TiO2/Ag com-
osites exhibits satisfactory antibacterial property, the growth

nhibition rates against E. coli was 99.99% as the concentration of
iO2/Ag was 10 ppm. The minimum UV protective effect could be
chieved as the concentration of TiO2/Ag was 290 ppm according

o Ultraviolet Resiatance test. The post-reaction TiO2/Ag particles
ere proven to have antibacterial capabilities that render them
otentially useful as antibacterial agents for a variety of applica-
ions. Materials coupled with this kind of TiO2/Ag composites could
e grafted with ultraviolet resistance and antibacterial properties.

[

[
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