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Photocatalytic activity of dispersed TiO2 particles deposited on glass fibers
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Abstract

Anatase TiO2 particles were uniformly and dispersedly deposited on the surface of glass fibers by a liquid phase deposition (LPD) method from
a TiF4 aqueous solution upon addition of H3BO3 at 60◦C and then calcined at 60, 300 and 500◦C. The photocatalytic activity of the samples was
evaluated by the photocatalytic oxidation of nitrogen monoxide (NO) in the gaseous phase. It was found that calcination temperatures obviously
influenced the surface morphology and photocatalytic activity of the TiO2 particles deposited on the glass fibers. At 300◦C, the TiO2 samples
exhibited the highest photocatalytic activity for the photocatalytic oxidation of NO and for the further conversion of NO2 (from NO2 to HNO3)
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ue to the enhancement of crystallization of anatase TiO2 particles. At 500◦C, the photocatalytic activity of the sample decreased significantl
o the dropping of many TiO2 particles from the glass fibers. Compared with the TiO2 film photocatalyst, the TiO2 particles deposited on the gla
bers exhibited a lower deactivation rate.
2005 Elsevier B.V. All rights reserved.
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. Introduction

There is an increasing concern about the indoor air quality
IAQ) because the quality of indoor air has a direct impact on
uman healthy due to the lengthened inhabitation in the indoor
nvironment [1–3]. Modern buildings have been designed

o be more airtight in order to decrease the consumption of
nergy since energy conservation measures were instituted in
ffice buildings in the 1970s due to energy crisis. However, the
ecrease of the intake of fresh air resulted in the build-up of
arious indoor air pollutants. Indoor domestic appliances, such
s gas stoves and heaters, could be the main sources of pollutants
ue to the burning of coal, oil and natural gas, particularly in the
reas that are poorly ventilated[4]. Moreover, a great number
f materials used in construction, furnishing and insulation

urther increased the amount of pollutants[5]. Among various
ollutants, nitrogen oxides are the most common pollutants

ound in the indoor environment[3]. It is well known that
he lengthened exposure to the nitrogen oxides with a high
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concentration can cause headache, fatigue, dizziness, d
breaking, throat spasms and fluid build-up in the lungs. Stu
have indicated that NO concentration is usually in the ra
70–500 ppb in the indoor environment[6,7]. Owing to its low
concentration, it is not suitable and effective to use traditi
remediation technique such as adsorption and filtratio
reduce or eliminate the pollutants[8,9]. Moreover, the use o
adsorbents merely transfers pollutants from the gaseous ph
the solid phase and easily causes post-disposal and regen
problems. Despite the importance of IAQ, only few stu
have reported on the feasibility of applying photocata
technology for the removal of indoor air pollutants[2,3].

Photocatalysis technique provides a very promising s
tion for the removal of indoor air pollutants and TiO2 is one
of the most effective photocatalysts due to its strong ox
ing power, non-toxicity and long-term photostability[10–20].
When TiO2 powder is used as a photocatalyst for water pu
cation, it shows high photocatalytic activity due to its la
surface area. However, conventional powdered photocat
have a serious limitation—the need for post-treatment se
E-mail addresses: ceslee@polyu.edu.hk (S.C. Lee), jiaguoyu@yahoo.com
J. Yu).

tion in a slurry system after photocatalytic reaction. Meanwhile,
mobile photocatalyst powder is also not applicable for air purifi-
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cation, as it may contribute to respirable particles that cause
adverse human health problems. Though this can be overcome
by immobilizing TiO2 particles as thin films on solid substrates
[21–25], the formation of TiO2 films on the substrates signifi-
cantly reduced the specific surface area of TiO2 photocatalysts,
resulting in a decrease of photocatalytic activity. If anatase TiO2
particles can be uniformly and dispersedly deposited on the
surface of fibers, the prepared TiO2 photocatalysts not only
have a large surface area and keep high photocatalytic activity,
but also can avoid the disadvantages of TiO2 powdered pho-
tocatalysts. Therefore, it is very interesting to investigate the
photocatalytic activity of the TiO2 particles deposited on the
fibers.

In the present work, anatase TiO2 particles were uniformly
and dispersedly deposited on the surface of the glass fibers from a
TiF4 aqueous solution upon addition of H3BO3 at 60◦C and then
calcined at 60, 300 and 500◦C. The as-prepared TiO2 samples
were characterized with X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The photocatalytic activity of the
samples was evaluated by the photocatalytic oxidation of nitro-
gen monoxide (NO) in the gaseous phase.

2. Experimental

2.1. Preparation
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photocatalytic oxidation of NO, which was fed into a laboratory-
scale continuous flow photoreactor. The inlet concentration of
NO was 200 ppb. The detailed experimental set-up and process
have been reported elsewhere[26]. A reactor with a volume of
18.6L (20.1H × 44.2L × 21W cm) and its surface coated with
a teflon film (BYTAC Type AF-21) was used for this study. A
6W 365 nm UV lamp (Cole-Parmer Instrument Co., USA) was
used as light source and its intensity was determined with a UV
meter (Spectroline DRC-100X). The UV lamp was horizontally
placed at the upper part of the reactor, 14 cm from both ends.
The UV intensity measured in all experiments was 600�W/cm2.
The TiO2 sample was supported by a teflon film and fixed hori-
zontally at a vertical distance of 5 cm away from the UV lamp.
Stainless steel sampling ports and teflon tubing were used to
connect the reactor and the analytical instruments. A zero air
generator (Thermo Environmental Inc., Model 111) was used
to supply the air stream. The desired humidity of the flow was
controlled by passing a zero air stream through a humidifica-
tion chamber. The reactant stream and the zero air streams were
pre-mixed in a gas blender (Advanced Pollution Instrumenta-
tion Inc., Model 700) and a mass flow controller controlled
the desired flow. After the inlet and the outlet concentration
of the target pollutants achieved equilibrium (30 min), the UV
lamp was turned on and initiated the reaction. The concentra-
tion of NO was continuously measured by a Chemiluminescence
NO analyzer (Thermo Environmental Instruments Inc., Model
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TiF4 and H3BO3 were dissolved in distillated water
rder to prepare the respective precursor solutions. Th
repared aqueous solutions of TiF4 and H3BO3 were mixed
tirred and used as a deposition solution. The initial con
rations of the deposition solution were 0.025 M TiF4 and
.075 M H3BO3. The pH value of the deposition soluti
as adjusted to ca. 2.0 using hydrochloric acid (1 M HCl
queous ammonia (1 M NH4OH). Then the glass fiber cloth
0.1H × 20.0L × 20.0W cm) were immersed and suspende
250 ml deposition solution at 60◦C for 12 h. After the TiO2-

oated glass fibers were taken out and rinsed with distilled w
he samples were dried at 60◦C for 2 h and then calcined at 3
nd 500◦C in air for 2 h, respectively. Apart from the abov
escribed TiO2 particle samples, TiO2 film deposited on th
tainless steel was also prepared under the same experi
onditions.

.2. Characterization

X-ray diffraction (XRD) patterns were obtained on a Phi
PD 18801 X-ray diffractometer using Cu K� irradiation at a

can rate of 0.05◦ 2θ S−1 and were used to determine the cr
alline phase and the crystallite size. The accelerating vo
nd the applied current are 35 kV and 20 mA, respectively.
canning electron micrographs (SEM) were obtained on a L
tereoscan 440 microscope.

.3. Photocatalytic activity

The evaluation of photocatalytic activity of the TiO2 particle
hotocatalyst was performed in the gas phase by measuri
-

-
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2c), which monitored NO, NO2 and NOx (NOx represent
O + NO2) with a sampling rate of 0.7 L/min. The photoc
lytic activity of TiO2 particle photocatalyst was characteri
y the removal rates of NO, NO2 and NOx. The NO, NO2 and
Ox removal rates (%) are calculated according to the follow
quations[2,3]:

O removal (%)= [NO]inlet − [NO]outlet

[NO]inlet
× 100% (1)

O2 removal (%)= [NO2]inlet − [NO2]outlet

[NO]inlet
× 100% (2)

Ox removal (%)= [NOx]inlet − [NOx]outlet

[NO]inlet
× 100% (3)

here [NO]inlet, [NO2]inlet and [NOx]inlet represent the inlet po
utant concentrations and [NO]outlet, [NO2]outlet and [NOx]outlet
re the outlet concentrations measured at an irradiation tim
20 min after the UV lamp was turned on.

. Results and discussion

.1. Surface morphologies and crystalline phase

The glass fibers used as the substrates show a wide
ter distribution range from 100 nm to 2�m. When the glas
bers were immersed into the deposition solution, TiO2 parti-
les were gradually deposited on their surface. The form
rocess of the TiO2 particles on the glass fibers was repo

n our previous study[26]. When the TiO2-coated glass fibe
ere heat-treated at 300◦C, the morphology of the TiO2 parti-
les on the glass fibers has no obvious change.Fig. 1(a) and (b
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Fig. 1. SEM photographs of the TiO2 particles deposited on the glass fibers and calcined at 300◦C ((a) and (b)) and 500◦C ((c) and (d)).

show the SEM images of the surface of the TiO2-coated glass
fibers calcined at 300◦C. It can be found that the TiO2 parti-
cles with sizes of 200–400 nm are uniformly and dispersedly
deposited on the surface of the glass fibers. Further, observation
indicates that the TiO2 particles deposited on the glass fibers
are composed of many smaller TiO2 particles with a size of
20–70 nm (as shown inFig. 1(b)). At 500◦C, the number of
the TiO2 particles deposited on the glass fibers decrease signifi-
cantly (as shown inFig. 1(c) and (d)). This may be attributed to
the difference in thermal expansion coefficients between TiO2
and glass fibers, which causes the interfacial stresses and results
in the dropping of TiO2 particles from the surface of the glass
fibers.

The intensities of X-ray diffraction peaks of the TiO2 parti-
cle photocatalysts deposited on the glass fibers were very weak
for phase analysis due to the limited amount of TiO2 particles.
To determine the crystalline phase and crystallite size of the
TiO2 particles deposited on the glass fibers, TiO2 powders were
also prepared from the same deposition solution without the
addition of the glass fibers.Fig. 2 shows the XRD patterns
of the TiO2 powder samples calcined at 60, 300 and 500◦C.
At 60◦C, only the diffraction peaks of anatase are observed.
This indicates that crystalline anatase TiO2 particles could be
prepared at 60◦C. The average crystallite size of the TiO2 pow-
ders was calculated according to Scherrer’s equation from the
(1 0 1) diffraction peak of anatase and was ca. 6 nm at 60◦C.
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3.2. Effect of calcination temperature on the photocatalytic
activity

Fig. 3 shows the photocatalytic activity of the as-prepared
TiO2 particles deposited on the glass fibers at 60◦C for the pho-
tocatalytic oxidation of 200 ppb NO. It can be seen that prior
to UV illumination, the adsorption and desorption of NO have
reached an equilibrium. When UV lamp was turned on, the
photocatalytic oxidation of NO was initiated immediately. The
concentration of NO dropped rapidly in the first 20 min and then
reached a lowest value of ca. 63 ppb. After that, the concentra-
tion of NO increased slightly with increasing irradiation time.
This was ascribed to the accumulation of HNO3 on the surface
of TiO2 particles, resulting in the deactivation of TiO2 photocat-
alyst [27]. After UV irradiation for 120 min, the concentration
of NO gradually reached a photo-steady-state concentration (ca.

F
5

ith increasing calcination temperatures, the peak inten
f anatase increase and the width of the (1 0 1) peak bec
arrow, which is ascribed to the growth of anatase crysta
nd the enhancement of crystallization. The average cr

ite sizes of the TiO2 powders calcined at 300 and 500◦C are
a. 10 and 15 nm, respectively. Therefore, it can be conc
hat the TiO2 particles deposited on the surface of the g
bers (as shown inFig. 1) consist of many smaller anatase T2
rystallites.
s
s

l-

d

ig. 2. XRD patterns of the TiO2 powders calcined at 60◦C (a), 300◦C (b) and
00◦C (c).
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Fig. 3. Photocatalytic activity of the as-prepared TiO2 particles deposited on the
glass fibers at 60◦C for the photocatalytic oxidation of 200 ppb NO. Residence
time: 11.4 min; humidity levels: 2100 ppmv.

88 ppb). However, the concentration of the generated NO2 by the
photocatalytic oxidation of NO almost kept a constant.

To evaluate the effect of calcination temperatures on the pho-
tocatalytic activity of TiO2 particles deposited on the glass fibers,
the prepared samples were then calcined at 300 and 500◦C for
2 h, respectively. When calcination temperature was higher than
500◦C, the fiber was easily destroyed due to its low melting
point. Therefore, the maximum calcination temperature was lim-
ited to 500◦C. Table 1lists the photocatalytic activities of the
TiO2 particles deposited on the glass fibers and calcined at 60
300 and 500◦C. It can be observed that the removal rate of NO
increases with increasing calcination temperatures. At 300◦C,
the TiO2 particle sample shows the highest photocatalytic activ-
ity. This is ascribed to the enhancement of crystallization of
anatase TiO2 particles (seeFig. 2). At 500◦C, the removal rate
of NO obviously decreases from 64.87% (at 300◦C) to 19.35%.
This is due to the dropping of a large number of TiO2 particles
from the surface of the glass fibers (as shown inFig. 1(c) and
(d)).

For the photocatalytic oxidation of NO, the following reac-
tions may exist[28,29].

NO + HO2
• → NO2 + OH• (4)

NO2 + OH• → HNO3 (5)

It is well known that nitrogen oxides (NO and NO2) are a
m man

T
E TiO
p

T
(

3
5

health. Therefore, it is not enough to evaluate the photocatalytic
activity of TiO2 samples only by the removal rate of NO. More
attention should be paid to the further conversion of NO2 (from
NO2 to HNO3), because HNO3 is more easily removed in prac-
tice. During the photocatalytic oxidation of NO, NO2 is the
intermediate and can further react with OH• to form HNO3 (Eq.
(5)). To evaluate the further conversion from NO2 to HNO3, the
conversion rate of NO2was defined as follows:

NO2 conversion (%)= [NO]inlet − [NOx]outlet

[NO]inlet − [NO]outlet
× 100% (6)

where [NO]outlet and [NOx]outlet were the outlet concentrations
measured at an irradiation time of 120 min after the UV lamp
was turned on. The conversion rates of NO2 are shown inTable 1.
It can be seen that the NO2 conversion rate is over 50% when
calcination temperature is not higher than 300◦C. At 500◦C,
however, it decreases significantly due to the less TiO2 photo-
catalysts on the surface of the glass fibers. Therefore, to obtain
the TiO2-coated glass fibers with highly photocatalytic activity,
the clacination temperature should be kept at or below 300◦C.

3.3. Effect of irradiation time and reaction cycles on the
photocatalytic activity

It is important for a photocatalyst to have a long-term and
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ajor pollution source in our environment and harmful to hu

able 1
ffects of calcination temperatures on the photocatalytic activity of the2
articles deposited on the glass fibers

emperature
◦C)

NO removal
(%)

NO2 removal
(%)

NOx removal
(%)

NO2

conversion
(%)

60 55.5 −24.9 30.6 55.2
00 64.9 −29.6 35.2 54.3
00 19.4 −17.8 1.6 8.2
,

epeated photocatalytic activity, which can reduce the tim
hotocatalyst replacement.Fig. 4shows the effect of irradiatio

ime on photocatalytic activity of the TiO2 particles deposite
n the glass fibers at 60◦C for the photocatalytic oxidatio
f 200 ppb NO. It can be seen that the concentration of
lightly increases with increasing UV irradiation time. This in
ates that the TiO2 particles deposited on the glass fibers h

ow deactivation rate even for 12 h UV irradiation. Howev
o deactivation was found in our previous study for the ph
atalytic degradation of BETX (benzene, toluene, ethyben
ndo-xylene)[3]. The difference in the deactivation rate may
ttributed to different pollutant concentrations and the amou

ig. 4. Effect of irradiation time on photocatalytic activity of the TiO2 particles
eposited on the glass fibers at 60◦C for the photocatalytic oxidation of 200 p
O. Residence time: 11.4 min; humidity level: 2100 ppmv.
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Fig. 5. Effect of reaction cycles on photocatalytic activity of the TiO2 particles
deposited on the glass fibers at 60◦C for the photocatalytic oxidation of 200 ppb
NO. Residence time: 11.4 min; humidity level: 2100 ppmv.

the TiO2 photocatalysts used. In our previous study, the BETX
concentration was kept at ca. 35 ppb and the weight of the TiO2
photocatalyst used was ca. 1.64 g. However, in this study, the
NO concentration was maintained at ca. 200 ppb and the weight
of the TiO2 photocatalyst employed was lower than 0.5 g cal-
culated according to the experimental conditions. Our previous
results suggested that a higher pollutant concentration and les
amount of TiO2 photocatalyst might cause an obvious deacti-
vation, while the deactivation was hardly observed when the
concentration pollutants was very low and more photocatalys
was applied in a reaction system[2,3]. Other researchers also
reported a similar deactivation of catalyst when pollutant con-
centrations were high (several hundreds ppm)[30,31].

Fig. 5 shows the effect of reaction cycles on photocatalytic
activity of the TiO2 particles deposited on the glass fibers at
60◦C for the photocatalytic oxidation of 200 ppb NO. After
adsorption and desorption reached equilibrium, the UV light was
turned on for 1 h and then turned off for 30 min to recover to the
equilibrium status of adsorption and desorption. This proces
was repeated for four times to evaluate the effect of reaction
cycles on the photocatalytic activity of the TiO2-coated glass
fibers. It was found that when the UV lamp was turned on,
NO concentration decreased rapidly and reached a lowest valu
Then, with increasing UV irradiation time, the NO concentra-
tion gradually increased from 66.0 ppb (A) to 81.3 ppb (B). This
could be ascribed to the decreasing number of the active site
o
s ilar
l ined
a lytic
o ho-
t the
p hoto
c on
w xida
t
U alyt-

ically oxidized into NO2 and then further oxidized into HNO3.
The formed HNO3 would be probably adsorbed to the active
sites of TiO2 photocatalyst and led to the decrease of photo-
catalytic activity of TiO2 particles. In this study, however, it
was found that the photocatalytic activity of the TiO2 particles
deposited on the glass fibers was not obviously affected by the
previous photocatalytic reactions. Therefore, it was reasonable
to suggest that the HNO3 adsorbed on the active sites could
transfer to non-active sites of TiO2 particles or the surface of the
glass fibers and then recovered to a surface similar to the virgin
TiO2 before UV irradiation. Another possible reason was that
the NO2 intermediate might accumulate on the active sites of
TiO2 particles and let the TiO2 photocatalyst deactivate. When
UV lamp was turn off, the NO2 molecules could transfer into the
air steam due to the competitive adsorption of NO molecules,
leading to the recovery of active sites on the surface of TiO2
particle photocatalyst.

3.4. Comparison of photocatalytic activity of TiO2 particles
and thin films

To further evaluate the photocatalytic activity and the deac-
tivation rate of the TiO2 particles deposited on the glass fibers,
the TiO2 film was also prepared on the stainless steel substrate
under the same deposition conditions.Fig. 6 shows a typical
s
t
p er,
o tes
o ch
w e
g i-
s d
o or
t the
T
a cat-
a
d f the
T at of

F

f TiO2 particles due to the formation of HNO3. However, it
hould be noted that at the following reaction cycle, a sim
ow NO concentration of 66.5 ppb (C) could also be obta
t the beginning of UV irradiation and then the photocata
xidation of NO showed a similar process to the former p

ogradation reaction (from A to B). It could be inferred that
revious reaction cycles had no an obvious effect on the p
atalytic activity of the TiO2 particle samples. This phenomen
as also observed in the further repeated photocatalytic o

ion experiments of NO, as shown in theFig. 5(D and E). When
V lamp was turned on, the NO molecules were photocat
s

t

s
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s
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urface morphology of the as-prepared TiO2 film deposited on
he stainless steel and dried at 60◦C. The TiO2 film is com-
osed of many TiO2 particles with a size of 50–100 nm. Furth
bservation indicates that the TiO2 particles are the aggrega
f many smaller TiO2 particles with a size of 20–50 nm, whi
as similar to the image of the TiO2 particles deposited on th
lass fibers (as shown inFig. 1). Fig. 7 shows the compar
on of photocatalytic activity of the TiO2 particles deposite
n the glass fiber and TiO2 thin film on the stainless steel f

he photocatalytic oxidation of 200 ppb NO. Compared with
iO2 particles deposited on the glass fibers, the TiO2 film shows
higher photocatalytic activity at the beginning of photo

lytic reaction. However, the photocatalytic activity of TiO2 film
ecreases rapidly. After 70 min, the photocatalytic activity o
iO2 particles deposited on the glass fiber is higher than th

ig. 6. SEM image of the TiO2 film deposited on the stainless steel at 60◦C.
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Fig. 7. Comparison of photocatalylic activity of the TiO2 particles deposited on
the glass fiber and TiO2 thin films on stainless steel for the photocatalytic oxida-
tion of 200 ppb NO. Deposition temperature: 60◦C; residence time: 11.4 min;
humidity level: 2100 ppmv.

TiO2 thin film on the stainless steel, indicating that the TiO2
particles deposited on the glass fiber exhibits a lower deactiva-
tion rate for the photocatalytic oxidation of NO. This further
confirms that the formed HNO3 from the photocatalytic oxida-
tion of NO can diffuse to the surface of glass fibers due to its
larger surface area. On the contrary, for the TiO2 film deposited
on the stainless steel, the photocatalytic reaction of NO occur
on the surface of the film and no other space can be used fo
the diffusion and transfer of HNO3. Therefore, the accumula-
tion of HNO3 on the surface of the TiO2 film leads to a higher
deactivation rate.

4. Conclusion

Anatase TiO2 particles could be uniformly and dispersedly
deposited on the surface of the glass fibers by a LPD metho
using TiF4 as the precursor at 60◦C. Calcination temperature
obviously influenced the surface morphology and photocatalytic
activity of the TiO2 particles deposited on the glass fibers. When
the calcination temperature was not higher than 300◦C, the TiO2
samples showed a high photocatalytic activity for the photocat
alytic oxidation of NO and for the further conversion of NO2
(from NO2 to HNO3). In contrast, at 500◦C, the sample exhib-
ited a low photocatalytic activity due to the dropping of TiO2
particles from the glass fibers. Compared with the TiO2 film
photocatalyst, the TiOparticle photocatalyst prepared by this
m alyti
a
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