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Titanium dioxide (TiO,) has been studied exten-
sively as a photocatalyst and photoactive material
for environmental cleanup, such as wastewater treat-
ment, antifouling, deodorizing, antibacterial.'* In
comparison with micro-TiO, powders, nano-TiO,
powders have far higher photoactivity due to their
nano effect, so that nano-TiO, has much wider appli-
cation field. On the other hand, polymer materials
have been widely used in some situations where anti-
microbial and antipollution properties are highly de-
manded, for instance, food package, refrigerator and
furniture. Incorporating nano-TiO, particles into a
polymer is considered as a feasible way to satisfy this
requirement. For this reason, there had been many
studies on antimicrobial properties, mechanical prop-
erties and rheological properties of nano-TiO,/plas-
tics composites.!”® Nevertheless, as for rubber com-
posites, micro-TiO; is usually used as white pigment
or non-reinforcing filler, and to date, there are only
a few researches on the antimicrobial property of
micro-TiO, /rubber composites though this property
is essential for some rubber products. Very recently,
Gao et al.® and Iketani et al.® reported that the nano-
TiO,/silicone rubber films, prepared by fluidifying
sedimentation and so-gel method, exhibited high pho-
tocatalystic activity. However, they did not investigate
antimicrobial properties of these films. In this work, it
was the first time that nano-TiO,/rubber composites
had been prepared by directly blending nano-TiO,
with rubber. The antimicrobial and mechanical prop-
erties and micro-morphology of nano-TiO,/rubber
composites were studied. The effect of thermal-oxida-
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tive aging on both antimicrobial and mechanical prop-
erties of these composites was also investigated.

EXPERMENTAL

Materials and Preparation of Specimens

Two kinds of nano-TiO, powders were used in this
work. One, developed by a researching group in Bei-
jing University, is composed of 99% anatase crystal
and has the diameter of 20—40nm, which is denoted
by BT. The other is P25, one of the most efficient
photocatalysts produced by Degussa Corp. (Germany)
and consisted of 70% anatase crystals and 30% rultile
crystals, with an average diameter of 30 nm and a spe-
cific area of 500m?g~'. Natural rubber (NR, NR-
SCR5) and nitrile-butadiene rubber (NBR, N220s)
with the nitrile content of 41.5 wt. % and the Mooney
point ML1+4@ 100°C) of 56 produced by JSR
Corp. (Japan) were used as polymer matrix. The other
reagents are commercial products.

The TiO, /rubber compounds were mixed on a tow-
roll miller according to the formulations described in
Table 1. Subsequently, these compounds were cured at
150°C for their optimal curing time (i.e., Tyo deter-
mined by a Disc Oscillating Rheometer) to obtain
cross-linked TiO,/rubber composites.

Measurements and Characterization

The thermal oxidative aging experiments were per-
formed at 100 °C for NR or 120°C for NBR for 72h
according to ISO 188-1988 standard. The hardness
(Shore A) of the composite was examined according
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Table I. The Formulation of Nano-TiO,/Rubber Composites

BT/NR BT/NBR P25/NR
Rubber/phr® NR: 100 NBR: 100 NR: 100
Nano-TiO,/phr BT:0,1,2,3,4,5 BT:0,1,2,3,4,5 P25:0,1,2,3,4,5
Zinc oxide/phr 5.0 5.0 5.0
Stearic acid/phr 1.0 1.0 1.0
Sulfur/phr 2.0 2.0 2.0
Accelerator M /phr 0.5 0.5

Accelerator DM€ /phr —

1.5 —

aphr is the abbreviation of per one hundred weight-parts rubber; ®2-mercaptobenzthiazole;

“dibenzthiazyl disulphide.

to ISO 48-1994 standard. The tensile properties of
composites including stress at 100% strain and tensile
strength were tested according to ISO 37-1994 stand-
ard. Antimicrobial properties of prepared TiO,/rubber
composites were evaluated according to correspond-
ing standards (FZ/T01021-92 and GB1597-1995).
The bacterium suspension (10° colony forming units
per milliliter, CFU/ml) was uniformly coated on the
surfaces of nano-TiO,/rubber and rubber without
nano-TiO, (blank sample) cured sheets with the di-
mension of 10 x 5 x 2mm?. These sheets coated with
bacterium were stored at 25 °C in ambient air for 24 h.
The average numbers of bacterium on nano-TiO2/
rubber samples and blank samples were examined.
Consequently, the antimicrobial property of the
nano-TiO, /rubber composite can be calculated by us-
ing following equation,

ABNg — ABN¢

ABNpg

x 100%
€]

where ABNg and ABN( represent average bacterium
numbers on blank and the composite samples, respec-
tively. The ultra-thin sections of BT /rubber and P25/
rubber composites were cut under about —100 °C by
using a microtome and collected on the copper grids.
In order to avoid the disturbance of ZnO and other
agents, these additives were not added to the compo-
sites used in TEM experiments. TEM observations on
TiO, powders, and BT /rubber and P25/rubber com-
posites were performed on an H-800-1 transmission
electronic microscope (Hitachi, Japan).

Antimicrobial property =

RESULTS AND DISCUSSION

Micro-morphologies of TiO, Powders and TiO,/Rub-
ber Composites

Figure 1 shows transmission electron microscope
(TEM) images of BT and P25 powders. It can be
clearly seen that the dimensions of both powders are
at nanometer level. Figure 2 displays TEM images
of BT/NR, BT/NBR and P25/NR composites con-
taining 5 phr TiO,. It can be seen that both BT and
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(b)

Figure 1. TEM photographs of nano-TiO, powders: (a) BT;
(b) P25.

P25 particles are dispersed uniformly in polymer
matrixes at nano level. However, the dispersion state
of TiO;, in BT/NR composites is finer than those in
BT/NBR and P25/NR composites. The dimension
of dispersed TiO, particles in BT/NR is about 20-
50 nm, which is similar to the size of original BT par-
ticles, and no apparent agglomerates of BT particles
can be observed in Figure 2a. The diameters of disper-
sion in BT/NBR and P25/NR are within the range
from 60 to 80nm, and are larger than those of their
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.

(c) P25/NR

Figure 2. TEM photographs of nano-TiO,/rubber (5/100)
composites.

original TiO, particles, indicating the existence of
agglomerates. It also can be found from Figures 2b
and 2c that the dimension of agglomerates in P25/
NR is slightly larger than that of in BT/NBR. Gener-
ally, the dispersion level of nano-inorganic particles in
a polymer composite is related to the viscosity of ma-
trix, the agglomeration forces among nano-particles,
the surface tension difference between polymer and
inorganic fillers, as well as the shear force during
the blend processing.!®!! The stress-induced crystalli-
zation feature of NR results in high viscosity during
mixing, and as a result, the finer dispersion of TiO,
was observed in NR composite.

Antimicrobial and Mechanical Properties of Nano-
TiO,/Rubber Composites

The antimicrobial properties of BT/NR, BT/NBR
and P25/NR before and after thermal oxidative aging
are shown in Figures 3a and 3b, respectively. In com-
parison with pure rubber matrixes, addition of only
1 phr nano-TiO, can substantially improve the anti-
microbial properties of materials. Within the loading
range of nano-TiO, involved in this work, the anti-
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Figure 3. Influence of filling amount of TiO, on antimicrobial
properties of TiO, /rubber composites before (a) and after (b) ther-
mal oxidative aging. O phr represents the gum rubber vulcanizates.

microbial properties of BT/NR and BT/NBR increase
with TiO, content increasing. While that of P25/NR
firstly increases with TiO, content, and then changes
little when the loading of P25 exceeds 2 phr. Figure 3a
also illustrates that the antimicrobial properties of
BT/NR and BT/NBR composites are somewhat low-
er than those of P25/NR, especially at low TiO, con-
tent. As a matter of fact, the mechanism of the hetero-
geneous photocatalysis begins by the irradiation of
semiconductor (i.e., TiO,) with energy superior or
equal to the band gap.” There is ejection of electrons
(e7) from the valence band to the conduction band
with formation of positive holes (h"). The electrons
might react with O, to form O, ™, while the positive
holes might react with H,O to form hydroxyl radical
(eOH). Both O,™ and eOH have high activity to at-
tack organic bacterium and result in their degradation.
In general, the ejection process is mainly determined
by two factors: the crystal type of nano-TiO, and
the dispersion level of nano-TiO, in polymer matrix.
Anatase TiO, is more photosensitive than rutile and
brookite TiO, to form electron-hole pairs. Smaller di-
mension of dispersion TiO, particles facilitates ejec-
tion of electro-hole pairs from the inner of particles.
If only these two factors are considered, the anti-
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microbial properties of BT /rubber composites, espe-
cially BT/NR systems, should be superior to those
of P25/rubber composites. However, our experimen-
tal results reveal that there should be some other factor
dominating this antimicrobial process. Besides ejec-
tion of electron-hole pairs, the reactions among elec-
trons, holes, O, and H,O are also essential to final
antimicrobial properties of composites. In nano-TiO,/
rubber composites, the rubber matrix around TiO, dis-
persion particles impedes diffusion of electrons or
holes from inside to the surface of composites, where
electrons and holes might react with adsorbed H,O
and O, to form O,~ and eOH. The fine dispersion
of nano-TiO, benefits ejection of electro-hole pairs,
but in this case, the interfacial interactions between
TiO, and rubber matrix are also strong, resulting in
strong impeding effect against diffusion of electron-
hole pairs and subsequent reactions. While poor dis-
persion of nano-TiO, generally means relatively weak
interfacial interactions between TiO, and rubber ma-
trix, which facilitates diffusion of electron-hole pairs
in the composite. Consequently, P25/rubber compo-
sites with relatively poor dispersion morphology pos-
sess better antimicrobial properties. Our results also
imply that the finer dispersion of TiO, in polymer ma-
trix does not always lead to better antimicrobial prop-
erty. Figure 3b depicts the antimicrobial properties of
BT/NR, BT/NBR and P25/NR after thermal oxida-
tive aging. The results demonstrate that nano-TiO,/
rubber composites have long-term effective antimicro-
bial properties.

Figure 4 displays the mechanical properties of
these composites. It can been seen that the hardness
(Shore A) used to characterize the compressive char-
acteristics, stress at 100% strain and tensile strength
of TiO,/rubber composites change little with TiO,
content increasing, which is likely attributed to limit-
ed filling amount of nano-Ti0,.!% As described in the
previous section, excellent antimicrobial properties of
nano-TiO, arise from O, and eOH formed by photo-
catalysis process. Therefore, there is an important
question: whether these products also accelerate the
aging course of rubber. The mechanical properties
of TiO,/rubber composites after thermal oxidative
aging were examined. The results are also shown in
Figure 4. For NR and NBR gum vulcanizates, the
hardness and stress at 100% of theirs after aging are
slight improved. The tensile strength of NR gum vul-
canizate was dramatically enhanced by thermal aging;
while the tensile strength of NBR gum vulcanizate
was decreased a lot. This change in mechanical prop-
erties induced by aging is likely attributed to the
change of cross-linking density caused by thermal
aging.!"!? Figure 4 also reveals that incorporation of
nano-TiO, into rubber makes little effect on mechan-
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Figure 4. Influence of filling amount of TiO, on mechanical
properties of TiO,/rubber composites before (solid symbols)
and after (open symbols) thermal oxidative aging: (a) hardness
(Shore A); (b) Stress at 100% strain; (c) Tensile strength. O phr
represents the gum rubber vulcanizate.

ical properties after thermal aging, indicating that
nano-TiO, does not accelerate the aging course of
matrix rubbers.

CONCLUSIONS

By compounding small amount of nano-TiO, with
rubber, the resulted composites were endowed with
good antimicrobial ability. The antimicrobial property
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of the nano-TiO,/rubber composite is somewhat
influenced by the dispersion state of nano-TiO,, and
out of authors’ expectation, the relatively bad disper-
sion state would lead to relatively good antimicrobial
property. Small amount of nano-TiO, have little rein-
forcing effect on the matrix rubber, and do not accel-
erate the aging course of matrix rubber.
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