Journal of Hazardous Materials 164 (2009) 600-608

journal homepage: www.elsevier.com/locate/jhazmat

Contents lists available at ScienceDirect

Journal of Hazardous Materials

Effect of filler types and calcination temperature on the microstructure and
the nitric oxide photocatalytic activity of composite titanium dioxide films

Haiqiang Wang, Zhongbiao Wu*, Yue Liu

Department of Environmental Engineering, Zhejiang University, Zhe Da Road, No. 38, Hangzhou 310027, Zhejiang, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 29 April 2008

Received in revised form 13 August 2008
Accepted 13 August 2008

Available online 20 August 2008

Keywords:
Photocatalysis

The composite titanium dioxide (TiO ) films coating on the woven glass fabric were prepared by a modified
sol-gel process, using pre-calcinated TiO, nanoparticle or silica gel as filler. The characterized physico-
chemical properties of the prepared catalyst films showed that the specific surface area, the microstructure
and the crystal structure of the catalysts were greatly affected by the fillers and the calcination temper-
ature. The physicochemical properties of composite films and the photocatalytic activity of nitric oxide
(NO) show that the pre-calcinated TiO, nanoparticle is more favorable than silica gel as filler. The pre-
calcinated TiO, nanoparticle filler can increase the photocatalytic activities of the catalysts by increasing

NO the specific surface area, introducing a bimodal mesoporous structure, and creating a polymorphous crys-

Composite TiO; film
Sol-gel
Photocatalytic oxidation

tal structure. And the TiO,-TiO; film calcinated at 400 °C exhibits the highest photocatalytic activity for
NO oxidation and is more active than Degussa P25.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOy), such as nitric oxide (NO), nitrous oxide
(N, 0) and nitrogen dioxide (NO,) emitted from industrial boilers,
internal combustion furnaces and engines are one kind of harmful
atmospheric pollutants which can cause acid rain, photochemical
smog and greenhouse effects. Various processes, including com-
bustion modifications, dry processes and wet processes have been
developed to remove NO from flue gas [1]. Wet processes are very
efficient to remove NO, from flue gas, but cannot remove NO
because of its low solubility in aqueous solution. One promising
approach to improving the absorption efficiency of wet processes
is the oxidation of NO to NO, by photocatalytic oxidation (PCO) in
gas-phase [2-5].

The photocatalytic decomposition of NOy in the ambient atmo-
sphere, using titanium dioxide (TiO,) as the photocatalyst, was
firstly reported in 1994 [6]. Ichiura et al. studied the photocatalytic
decomposition of nitrogen oxides over titanium dioxide sheets that
contained metal compounds [7]. Dalton et al. investigated the NOy
adsorbate reaction on the TiO, substrate surface in the photocat-
alytic reaction [8]. Hashimoto et al. reported the photocatalytic
decomposition of NO with Hycom TiO, and zeolite to remove NOyx
in the atmosphere [9]. Recently, group of Lee had done a series
of excellent studies of the NO photocatalytic decomposition in the
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indoor air conditions, including the relation between NO and other
pollutants and the improved method for the catalyst preparation
[10-16].

The PCO of NO was first reported by Devahasdin et al. [17],
but the PCO efficiency of NO in his experiment was low. There-
fore, it is still necessary to develop more effective ways to enhance
the oxidation efficiency of NO. Also, developing an immobilized
photocatalyst is needed for the practical industrial application
[18-22].

For the photocatalytic oxidation of NO, the photocatalyst must
first provide abundant adsorption site for NO. Secondly, nitrogen
dioxide must desorb immediately from the photocatalyst surface
which was a marked difference compared with the common pho-
tocatalytic decomposition of air pollutants (VOCs) [17,23,24].

Producing immobilized TiO, films for future industrial appli-
cations has gained a lot of attentions in the past years. Sol-gel
process was one of the most common methods [19,20], and glass
materials just like glass substrate, glass fabric and woven glass
fabric were usually used as catalyst support. However, the immobi-
lized films produced by common sol-gel methods exhibit relatively
low photocatalytic activity because of their low surface area and
small film thickness. To improve the physical properties of TiO,
films, the application of filler in the sol-gel process was studied
widely. Recently, it has been demonstrated that the addition of
pre-calcinated TiO, particle (Degussa P25) could improve the film
surface structure and the film thickness greatly [25-31]. Hence, it
could enhance the performances of catalysts. However, the influ-
ences of the filler types have received little attention. Furthermore,


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zbwu@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.08.035

H. Wang et al. / Journal of Hazardous Materials 164 (2009) 600-608

few of the studies were focused on the photocatalytic oxidation of
nitric oxide.

In this study, several TiO,-based photocatalyst films (using
woven glass fabric as support) were prepared by a modified sol-gel
process using pre-calcinated TiO, nanoparticle or silica gel powder
as the filler. Their capabilities for NO oxidation were evaluated in
the presence of air under UV-light irradiation. The physicochemical
properties of the prepared TiO, catalysts were fully characterized
and the effects of filler types and calcination temperature on the
physical properties of the catalysts were investigated. Finally, the
relationship between the physical properties and NO oxidation effi-
ciency of the catalysts were discussed.

2. Experimental
2.1. Material

NO gas from a compressed gas cylinder with a nitrogen bal-
ance was used for the NO oxidation experiments (concentration:
10000 ppm). The Degussa P25 TiO, powder was purchased from
Degussa (crystal size: 20-50 nm, surface area: 50 +5m?2 g1, crys-
tal distribution: 70% anatase and 30% rutile). The silica gel powder
was analytically pure (particle size: 2-5 wm). The woven glass fab-
ric was supplied by Hangzhou woven glass fabric factory (thickness:
0.5 mm; filament diameter: 9 um).

2.2. Preparation of TiO, catalysts

Tetrabutyl titanate (0.1 mol), acetic acid (0.3 mol), and anhy-
drous ethanol (0.5 mol) were mixed for 30 min using a magnetic
stirrer. A solution of anhydrous ethanol (0.5mol), acetic acid
(0.3 mol) and distilled water (0.3 mol) was also prepared. The tetra-
butyl titanate solution was added drop-wise into the above mixture
under vigorous stirring. A clear titania sol was produced and the
mixture was stirred at room temperature for 3 h. The obtained tita-
nia sol was used as precursor sol, and the pure TiO, films were
prepared by this precursor sol.

Pre-calcinated TiO, powders (Degussa P25, ratio of pow-
ders:tetrabutyl titanate=1:1), and silica gel powders (ratio of
powders:tetrabutyl titanate = 1:1) were used as fillers, mixed with
the precursor sol, for the coating samples. The powders were ultra-
sonically dispersed in the sol for 30 min.

All of the pristine woven glass fabrics were heated in an elec-
tric furnace at 500°C for 1h prior for immobilization of the TiO,
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(4 cm x 80 cm, total surface area: 640 cm?2). This treatment ensured
complete removal of organic impurities on the surface of the sup-
ports. Immobilization was carried out by the dip-coating method.
The prepared TiO, sol or the powder-sol mixture was dip-coated
onto the woven glass fabric and then dried at 100°C for 1h in an
oven. The procedure was repeated 3 times, and the woven glass
fabric was then dried at 100 °C for 24 h. Calcination was carried out
at different temperatures (300-600°C), in air, for 1h. The typical
catalyst loading achieved with this approach was 1.0 mg/cm?. The
bare TiO, film (Degussa P25) was also prepared by this dip-coating
process without the treatment of calcination, the catalysts load-
ing was approximately 1.0 mg/cm?2. In this experiment, the TiO,
films were named as TF1, TF2, TF3 and TF4 with the different cal-
cination temperatures respectively (300, 400, 500 and 600 °C). For
TiO,-TiO, films, they were named as TTF1, TTF2, TTF3 and TTF4
respectively (300, 400, 500 and 600°C). For silica gel-TiO, films,
they were named as STF1, STF2, STF3 and STF4 respectively (300,
400, 500 and 600°C).

2.3. Characterization of TiO, catalysts

X-ray diffraction (XRD) analysis was performed on a Phillips
diffractometer at 40kV and 36 mA (Cu Ka=1.542A), at an angle
of 26 from 10° to 80°. The scan speed was 1°/min. The strongest
TiO, peaks, corresponding to anatase (10 1) and rutile (110), were
selected to evaluate the crystal size of the samples. The mean crys-
tal size was determined by the Scherer equation. Microstructures of
the prepared samples, after being coated with gold, were observed
with a scanning electron micrograph (SEM) Phillips XL-30-ESEM,
at a voltage of 20kV. The morphology, structure and grain size of
TiO, particles were examined by transmission electron microscopy
(TEM) and high resolution-transmission electron microscopy (HR-
TEM) using a JEM-2010 instrument. The Brunauer-Emmett-Teller
surface area (BET) of the powders was analyzed by a Micromerit-
ics ASAP 2010C nitrogen adsorption apparatus (USA). Desorption
isotherm was used to determine the pore distribution via the
Barret-Joyner-Halender (BJH) method. Temperature programmed
desorption (TPD) was carried out on a custom-made TCD setup
using 100 mg catalysts. For NO-TPD or NO,-TPD experiments, after
pretreated in He at 400°C for 1h, catalysts were saturated with
anhydrous NO or anhydrous NO, (4% in He) at a flow rate of
30 ml/min for about 30 min. Desorption was carried out by heat-
ing the sample in He (30 ml/min) from 100 to 800 °C with a heating
rate of 5°C/min.

NOx Analyzer

Wet
Scrubber

Fig. 1. Schematic diagram of the photocatalytic oxidation equipment.
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Fig. 2. XRD patterns of TiO; films under different calcination treatments: (a) TF1;
(b) TF2; (c) TF3; (d) TF4.

2.4. Experimental setup

The schematic experimental setup is shown in Fig. 1, including
the gas supply, PCO reactor, and analytical system. The air, NO, and
N, gas streams were mixed to obtain the desired concentration and
to adjust space time. The simulated flue gas used in the experiment
was ca. 90 ppm NOy (ca. 80 ppm NO), the flow rate of simulated flue
gas was 2.01/min and the empty bed retention time (EBRT) was 10s.

The immobilized catalyst was set into a 340 ml Pyrex reactor
with “Z” type. The reactor was irradiated with an Hg-arc lamp
(125 W, Philips) whose wavelength ranged from 300 to 400 nm with
the maximum light intensity at 365 nm. The reactor and light source
were set in a hollow chamber that was coated with tinfoil. The tem-
perature of the reactor was lowered by the cooling gas (80 £ 5 °C).
NO, NO, and O, were measured with a Kane International Lim-
ited Model KM-9106 flue gas analyzer. The relative humidity was
measured with a Testo Co. Ltd. Model 605-H1 relative humidity
analyzer.

The blank test consisted of a gas stream of ca. 90 ppm NOy (ca.
80 ppm NO) that was irradiated by the Hg-arc lamp, without the
TiO, photocatalyst. The variation in the NO concentration was not
observed after 120 min of irradiation. Moreover, there was also no
change of the NO concentration in the inlet or the outlet when the
Hg-arc lamp was turned off while the catalyst was present in the
reactor. Therefore, it is concluded that the absence of the TiO, or
the Hg-arc lamp does not cause the oxidation of NO.

Table 1
Characterization of the photocatalysts
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Fig. 3. XRD patterns of TiO,-TiO; films under different calcination treatments: (a)
TTF1; (b) TTF2; (c) TTF3; (d) TTF4.

3. Results and discussion
3.1. Crystal structure and size of TiO catalysts

The XRD patterns of the sol-gel TiO, catalyst films calcinated
at different heat treatments are presented in Fig. 2. The crystal
size of these catalysts, determining by the Scherrer equation, is
between 0 and 33.6nm, as listed in Table 1. As shown in Fig. 2,
the TiO, film treated at 300°C has an amorphous (and/or an
ultra-fine crystalline) structure and exhibits a broad peak at about
20=25°. By increasing the calcination temperature, the (101)
anatase peak becomes sharper, which illustrates the dependence of
crystallinity on the applied temperature. The phase transformation
from anatase to rutile occurs around 500 °C. The maximum temper-
ature used for samples preparation in this study was 600 °C, and at
this temperature the percentage of rutile in the catalyst reached
38.9%.

The XRD patterns of the TiO,-TiO, catalyst films calcinated at
different heat treatments are presented in Fig. 3. As shown in Fig. 3,
the (101)peak of anatase and the (1 10) peak of rutile appear when
the calcination temperature is as low as 300°C, mainly because
pre-calcinated TiO, powders (Degussa P25) were used as filler.
For the composite TiO,-TiO, films, the initial anatase crystallite
size increases only slightly with an increase in temperature, from
18.6 nm calcinated at 300°C to 21.3 nm at 600°C.

However, for the composite silica gel-TiO, films (Fig. 4), the crys-
tallization behavior is similar to that of pure TiO, films. With this

Material Code Calcination temperature (°C) Anatase (%) Crystallite size (nm) Rutile (%) Crystallite size (nm) Surface area (m? g1)
TiO, TF1 300 - - - - -
film TF2 400 100 9.7 - - 83.5
TF3 500 95.4 134 4.6 14.1 17.98
TF4 600 61.1 21.1 38.9 32.6 2.46
TiO,- TTF1 300 84.9 18.6 15.1 19.0 115.4
TiOy TTF2 400 90.2 12.8 9.8 18.1 90.0
film TTF3 500 88.1 16.3 1.9 25.6 58.5
TTF4 600 69.8 21.3 30.2 33.6 26.6
Silica STF1 300 100 3.0 - - 340.8
gel- STF2 400 100 8.2 - - 264.3
TiOy STF3 500 100 10.9 - - 210.0
film STF4 600 79.0 17.0 21.0 27.4 177.5
Degussa P25 - - 20-30 40-50 40-50
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Fig. 4. XRD patterns of silica gel-TiO, films under different calcination treatments:
(a) STF1; (b) STF2; (c) STF3; (d) STF4.

filler, the phase transformation from anatase to rutile takes place
around 600 °C. This temperature is higher than that observed for
pure TiO, films. As shown in Table 1, the anatase crystal size was
decreased comparing with the TiO, films or TiO,-TiO, composite
films.

3.2. Surface morphology of TiO, catalysts
The morphology of the different catalyst films was examined by
SEM and shown in Fig. 5. The surface of pure TiO, film is flat, and

clear crack can be seen on the film. It is a compact film after the
calcination process (Fig. 5a). For TiO,-TiO, composite film (Fig. 5b),
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the surface is rough and the structure is complex. Obviously the
addition of pre-calcinated TiO, particles retains the gel structure
during drying and calcination. Degussa P25 particles and TiO, par-
ticles combine well in the catalyst surface. With the participation of
pre-calcinated TiO, particle, a self-supported membrane or gran-
ule was produced [26]. Also it creates a mesoporous structures on
the TiO,-TiO film surface. For the silica gel-TiO, film, lots of cracks
appear on the film surface. But the TiO; films and silica gel particles
are separated.

Fig. 6 shows HRTEM images of TiO, films, TiO,-TiO, films and sil-
ica gel-TiO, films prepared by the sol-gel process. From the HRTEM
micrograph of TiO, film (Fig. 6a), it can be seen that the primary par-
ticle size is about 10 nm, which is in agreement with the value of the
crystallite size determined by XRD (9.7 nm, as shown in Table 1).
Furthermore, it can be found that the TiO, particles on the TiO,
films have a good crystallinity and these particles have a com-
pact structure together. For the composed TiO,-TiO,, films (Fig. 6b),
the large particles (20-50 nm) are the pre-calcinated TiO, particles
which have a perfect crystallinity and a clear fringe, and the little
particles dispersed around the large particles are generated from
the TiO, sol. The addition of pre-calcinated TiO, particles inhibits
the growth of TiO, particles (from the sol) in some degree and
provides a polymorphous crystal structure of TiO,. Furthermore,
the pre-calcinated TiO, particles and the generated TiO, particles
are combining well together. Also, one can see lots of slits on the
composite TiO, films, due to the stereospecific blockade of pre-
calcinated TiO, particles. For the composed silica gel-TiO, films
(Fig. 6¢), the crystal size of TiO, particles is about 8 nm, and little
of the TiO, particle is coated on the silica gel surface. The addition
of silica gel also inhibits the growth of TiO, particles (from the sol),
but the filler (silica gel) and the catalyst is separate which is unlike
the structure of composite TiO,-TiO, films.

Det WD F——— 1oum

15.1 zhsjiang univ

Fig. 5. SEM images of surface morphologies of the TiO films and the composite TiO films support on woven glass fabric: (a) TF2, 3000x; (b) TTF2, 3000x; (c) STF2, 3000x.
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Fig. 6. TEM images of the TiO; films and the composite TiO, films support with fiberglass: (a) TF2; (b) TTF2; (c) STF2.

3.3. BET surface and pore distribution of catalysts

The analytical results for the TiO, films, the composite TiO,-TiO,
films and the composite silica gel-TiO, films are listed in Table 1.
The BET data in Table 1 shows that addition of the filler in the TiO,
sol can increase the surface area of catalyst films greatly. When
the calcination temperature is 400°C, the BET surface area of the
TiO,, film is 83.5m?2 g~!. While for the TiO,-TiO, film and silica gel-
TiO, film, the surface areas are 90.0 and 264.3 m2 g~! respectively.
Using silica gel as filler can increase the surface area three times
as the TiO, films. Furthermore, the surface area of pure TiO; film
declines dramatically with the increase of calcination temperature.
But with the addition of fillers, the surface area of the composite
films decreases tardily.

In order to investigate the effect of filler types on the pore struc-
ture of the prepared films, the above samples were analyzed by
N, adsorption, and the results are shown in Figs. 7-9. The inserted
adsorption isotherms in Figs. 7-9 show that all of the films pre-
sented type IV isotherms, indicating the presence of mesopores
(2-50nm) [32]. As for the pure TiO, films (Fig. 7), the observed hys-
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Fig. 7. Pore-size distributions of pure TiO film (TF2).

T
100



H. Wang et al. / Journal of Hazardous Materials 164 (2009) 600-608 605

_ 120
(o2} - .pf
&= 0.004 . = . F !
§ N @101 —=— Adsorption ¢
Y e ] +— Desorption g
£ I\ 3
3 0.003 [ 5 e
> s . &
° " e <] P
S / " £ .
/ | &
% 0.002 | [ 8™ -
3 .
3 | \ & oz os  os o8 1o
pt / -\ // \ Relative pressure (P/P0)
S | \ \
= _ | ] \ a
2 0001 ot g
] " L |
\
L8

I 0000+ " m n n
m

1 10 100

Pore diameter (nm)

Fig. 8. Pore-size distributions of composite TiO,-TiO; film (TTF2).

teresis loop is a type of H2 at lower relative pressure. The pore-size
distribution of TiO, film is narrow (2.5-4.2 nm). With the addition
of pre-calcinated TiO, particles, the hysteresis loop of the TiO,-TiO,
composite filmis a mixture type of H2 at lower relative pressure and
H3 at higher relative pressure. The hysteresis loop at lower relative
pressure region (0.4 <P/Py < 0.8) is attributed to smaller mesopore,
while that at higher relative pressure (0.8 < P[Py < 1.0) is attributed
to larger mesopores [31]. Fig. 8 shows that TiO,-TiO, film has the
pore size of ~4 and ~13 nm with the maximum pore volume. It was
found that using pre-calcinated TiO, as filler cannot only lead to an
enhancement in the BET surface area of the films, but also to an
evolution of pore structure from mono-modal pore-size distribu-
tion to bimodal pore-size distribution. However, the hysteresis loop
of the silica gel-TiO, composite film is a mixture type of H1 and H2
at lower relative pressure. Fig. 9 shows that the main pore volume
of silica gel-TiO, film is micropore volume (<2 nm) and the quan-
tity of mesopore volume is a little in the composite silica gel-TiO,
film.

3.4. Adsorption and desorption performances of catalysts

The adsorption and desorption performances of the cat-
alysts were determined by NO and NO, temperature pro-
grammed desorption measurements, and the results are shown in
Fig. 10.
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Fig. 9. Pore-size distributions of composite silica gel-TiO, film (STF2).

(a)
. Degussa P25
/ }M‘p,fv,\_‘M;Au\,\g,wﬂmww
[ TF2
- - j—/ vJJ»_/\fi‘\‘_»A‘,;d\A_ANMV”N'\WWM
=1
s o
2L
» el TTF2
(=) / . N
O /
= /
I
//‘\ STF2
" 1 " 1 L | " 1 " I " 1

) .
SN~ DegusaP2s
_ TF2
-
L
©
c
2 )
(2] A
3 et S TR
'—
. .
A \ STF2
S A N oo st ——
n 1 1 1 n 1 n 1 n 1 " 1
100 200 300 400 500 600 700

NO, desorption temperature (°C)

Fig. 10. NO-TPD and NO,-TPD profiles for various catalysts: (a) NO-TPD; (b) NO,-
TPD.

From the NO-TPD curves of pure Degussa P25 and TF2, it is
observed that one broad desorption peak spanned in the temper-
ature range of 200-400°C is present for both samples which is
attributed to NO desorbed form the catalysts (Fig. 10a). While the
peak area of Degussa P25 is larger than that of TF2. With the modifi-
cation of P25 powder, the NO desorption peak area of TTF2 enlarge
greatly. For the silica-gel modified catalyst (STF2), the NO desorp-
tion peak area has a little increase and the desorption temperature
is ranged from 275 to 400 °C. From the NO,-TPD curves for the cat-
alysts (Fig. 10b), two peaks spanned in the temperature range of
200-400°C are observed for the Degussa P25 and no desorption
peak is present for the TF2. These two peaks are also measured
for the TTF2 sample and the peak areas have little change. But the
NO, adsorption and desorption behaviors are changed a lot with
the modification of silica gel. One broad peak ranged from 200 to
400°C and another peak ranged from 450 to 600°C are observed
for the STF2 sample.

Obviously, with the modification of Degussa P25, the NO
adsorption capability is improved greatly and the NO, adsorp-
tion capability is scarcely influenced for the composite titania film.
But with the modification of silica gel, the NO adsorption capabil-
ity increases a little and the NO, adsorption capability increases
greatly for the composite titania film.
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3.5. Test of NO photocatalytic activity

Removal of NO from a gaseous phase was carried out in a
continuous-flow reactor using different catalysts. The gas stream of
ca. 90 ppm NOy (ca. 80 ppm NO) in air (relative humidity: 60-70%;
0, concentration: 21%) passed through the reactor at a flow rate of
2.01/min with an empty bed retention time of 10 s. After a stabilized
period of about 1h, outlet NO concentration became the same as
that of inlet gas and then the experiment was started by turning on
the UV lamp.

The concentrations of NO and NO, were recorded by the
NOy analyzer. A typical experimental result of NO and NO,
concentrations against the reaction time (use Degussa P25 as
catalyst) is shown in Fig. 11. At the start time, the concen-
tration of NO dropped rapidly, and then after 30 min a steady
state was achieved. During the steady state, the concentration
of NO and NO, are kept as constant in the experiment. The
NO oxidation efficiency is evaluated according to the definition
of NO conversion = (([NO]inlet — [NO]outlet)/[NO]inlet) x 100. The
PCO efficiency of NO by Degussa P25 was 48.8% at the steady time.

The PCO behavior of NO has already been studied by Deva-
hasdin et al. [17]. The PCO behavior consists of a series of
oxidation steps: NO — HNO, — NO, — HNOs. At the initial stage
of the reactions, NO is quickly adsorbed onto the catalyst and
reacts with the hydroxyl radical to form nitrous acid (HNO,). The
adsorbed HNO, can further react with another hydroxyl radical
to produce adsorbed NO,. Furthermore the adsorbed NO, can
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Fig. 11. The variation of NO, NO; and NO, concentration with the irradiation time
(catalyst: Degussa P25, dip-coating on woven glass fabric).

be oxidized to produce HNO3. When the equilibrium between
HNO,, NO, and HNOs is established on the catalyst, the feed
NO will only be converted to NO,. Thus NO, is the dominant
product at the steady state. The photocatalyst used in their work
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was also Degussa P25, and the PCO efficiency was nearly 30%
(inlet NO: 40 ppm, space time: 12s, UV-light: 2 x 25W black
light).

For the catalysts of TF1, TF2, TF3 and TF4, the conversion of NO is
14.7,61.5, 36.9 and 29.2% respectively at the steady state (Fig. 12a).
The activity of catalyst varies with the calcination temperature.
When the calcination temperature is 300 °C, the NO photocatalytic
activity is very low because of the low crystallinity of TiO, particles
which is also approved by the XRD patterns (Fig. 2). The TF2 TiO,
film has the best NO photocatalytic activity among the pure TiO,
films. Above this calcination temperature, the crystal size of the
TiO, filmincreases and the surface area declines with the increasing
calcination temperature, leading to the decline of NO photocatalytic
activity.

The conversion of NO for the catalysts of TTF1, TTF2, TTF3, and
TTF4 at steady state is shown in Fig. 12b. This illustrates that the
TiO, nanoparticle filler can significantly improve the activity of
the catalysts. It is clear that TTF2 exhibits the highest photocat-
alytic activity for NO conversion and is more active than Degussa
P25. In addition, the conversion of NO for the composite silica gel-
TiO, films is shown in Fig. 12c. The results indicate that the NO
photocatalytic activities of composite silica gel-TiO, films are all
declining and the silica gel is not a favorable filler for composite TiO,
films.

3.6. Discussion

The photocatalytic activity of TiO, photocatalyst is governed by
many factors, such as: (a) crystal structure, (b) surface area and (c)
pore structure.

Anatase and rutile are the most studied phases among the three
crystal phases of TiO,. Anatase is generally considered to be the
active component based on the comparison between anatase and
rutile [33]. However, a lot of literature reports that mix-phase TiO,
(anatase and rutile) had the better photocatalytic activity than
pure anatase and rutile [34-36]. The hole and electron can trans-
fer between anatase and rutile because of their different valence
band and conduction band, which successfully separate the photo-
generated electron-hole pairs. Also, many catalytic “hot spots”
may be located at the solid-solid interface of anatase and rutile,
which is favorable for the improvement of photocatalytic activ-
ity [33]. Besides, the crystal size of catalyst particles and surface
area are also important factors for the photocatalytic activity. For
the pure mesoporous TiO, films, the anatase structure is formed
when the calcination temperature is higher than 400°C. Calci-
nated at 500 °C, the pure mesoporous TiO, film becomes a mixture
crystal of anatase and rutile (Fig. 2). Its surface area is decreased
and the crystal size is increased (Table 1). Thus, the TF2 film with
pure anatase structure, larger surface area and smaller crystal size
has the best photocatalytic oxidation efficiency among the pure
mesoporous TiO, films. With the addition of pre-calcinated TiO,
particles, the crystal structure is changed under the lower calci-
nation temperature (300°C). TiO, particles generated from TiO,
sol have not been crystallized under this calcination temperature.
With the increasing calcination temperature, the composition of
TiO, crystal is redistributed in the composite TiO,-TiO, films. The
crystal size of anatase in TTF2 declines with the increasing calci-
nation temperature because of the formation of the little anatase
crystal generated from the TiO, sol. The addition of silica gel inhibits
the augmentation of anatase crystal size and the formation of
rutile structure (Fig. 4, Table 1). Calcinated at 400°C, the crystal
size of anatase is only 8.2 nm. The rutile structure did not form
before 600 °C. In the aspect of crystal structure, the pre-calcinated
TiO, particles (Degussa P25) are better than silica gel to use as
fillers.

For the photocatalytic oxidation of nitric oxide, the main prod-
uct of reaction is nitrogen dioxide. To ensure the steady progress
of the reaction, nitrogen dioxide should desorb from the cata-
lyst surface immediately, which is a marked difference between
the photocatalytic oxidation of nitric oxide and the common pho-
tocatalytic decomposition of air pollutants (VOCs). Hence, the
pore structure of the photocatalyst which is the key factor in the
adsorption-desorption process should play more part in the pro-
cess of NO photocatalytic oxidation. With the traditional sol-gel
process, the pure TiO, film coated on the woven glass fabric is a
typical mesoporous film with a narrow pore distribution (~3.8 nm,
Fig. 7). The adsorption capability of NO and NO, are low (Fig. 10).
After the modification of pre-calcinated TiO, particles, the surface
area of the composite TiO,-TiO, film is enhanced and the pore
structure is transferred to a bimodal pore-size distribution from a
mono-modal pore-size distribution. While the NO adsorption capa-
bility is increased and the NO, adsorption capability is scarcely
influenced for the TiO,-TiO, film (Fig. 10). When the silica gel is
used as the filler, the main pore volume of silica gel-TiO, film is the
micropore volume (pore size <2 nm). The great increase in BET sur-
face area (Table 1) is due to the micropores in the composite silica
gel-TiO, film. The NO adsorption capability increased a little and
the NO, adsorption capability increased greatly for the silica gel-
TiO, film (Fig. 10). Nitrogen dioxide is easy to adsorb on the zeolite
or silica gel with micropore structure [37]. To desorb the nitrogen
dioxide from these films, the enlarged pore size is favorable (Fig. 10).
Hence, the composite TiO,-TiO, film with bimodal pore-size dis-
tribution favors the adsorption of nitric oxide and the desorption
of nitrogen dioxide from the photocatalyst surface compared with
other films. At the steady state, nitrogen balance between the gas
inlet and the gas outlet is built with the composite TiO,-TiO, films.
Thus the accumulation rate of products on the composite TiO-
TiO, films can be neglected. In the experiments, it was also found
that nitrogen balance was not built with the composite silica gel-
TiO, films. The nitrogen dioxide concentration is reduced in the
gas outlet, indicating that an excess amount of NO, was adsorbed
on the surface of the silica gel-TiO, catalyst films. The nitrate ion
could occupy the reaction site and decrease the NO photocatalytic
activity.

From these observations, the addition of pre-calcinated TiO,
particles in the TiO, sol can improve the crystal structure of TiO,
at low calcination temperature, build a bimodal pore-size distribu-
tion and increase the surface area of the photocatalyst. The bimodal
mesoporous Ti0,-TiO; film under 400 °C calcination temperature
has the best photocatalytic oxidation efficiency among the tested
TiO, films.

4. Conclusion

Photocatalytic oxidation of NO in air conditioning was investi-
gated using several types of composite TiO; films in this study. The
composite TiO, film coating on the woven glass fabric was prepared
by a modified sol-gel process, using commercial TiO, nanoparticle
or silica gel as filler.

The experiments demonstrate that the pre-calcinated TiO,
nanoparticle is more favorable than silica gel as filler. It can increase
the photo-efficiency of the catalysts by increasing the specific
surface area, introducing a polymorphous structure under low
calcination temperature, and building a bimodal pore-size distribu-
tion. Because of the favorable adsorption of NO,, the nitrate ion may
occupy the reaction site on the silica gel-TiO, films and that will
decrease the photocatalytic efficiency of the silica gel-TiO, films as
the reaction time increases. It is clearly shown that the composite
TiO,-TiO, film treated at 400 °C exhibits the highest photo-activity
for NO oxidation and is more active than Degussa P25.
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