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Abstract

The previously developed composite sol–gel (CSG) process is proposed for the deposition of thick (10–50�m) porous films of photocatalytic
TiO2. The CSG titania was developed by binding pre-calcined TiO2 particles with TiO2 sol. It had relatively high surface area (15–35 m2/g) and
good resistance against mechanical stress and abrasion. Photocatalytic activity tests were carried out on trichloroethylene (TCE) and toluene,
and compared with those of standard Degussa P-25 titania. The CSG photocatalyst provided good photo-efficiency in removing both pollutants
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rom contaminated air streams. When compared with P-25 titania, the CSG photocatalyst showed a similar photo-efficiency with
inetic rate constants not significantly different from that of P-25. For both photocatalysts the rate of photocatalytic oxidation of
ignificantly greater than that obtained for toluene. Overall, the combination of better mechanical integrity, resistance against ab
omparable photocatalytic efficiency of the CSG titania versus that of P-25 titania, make the composite sol–gel (CSG) photocatal
lternative for industrial applications where long term stability, superior mechanical properties, and good photo-efficiency are of crite.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Titanium dioxide (TiO2) heterogeneous photocatalyst has
een extensively investigated in the past two decades[1–3].
he relatively high photo-efficiency of TiO2 in decomposing
rganic and some inorganic pollutants, as well as its low cost,
iocompatibility, and non-toxicity have made this material
ne of the best candidates for environmental treatments, and
urification purposes[4–7]. Different forms of TiO2, such as

hin and thick film coatings, powders, and membranes have
een utilized to make this catalyst more efficient and more
pplicable. Previous studies have indicated that the method
f TiO2 photocatalyst production and its physical form are
mong the most determining parameters influencing the over-
ll photo-efficiency[8–15].
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Sol–gel processing is a common chemical approac
produce high purity materials shaped as powders,
ings, fibers, monoliths, and self-supported bulk struct
[8,10–12]. Through controlled hydrolysis and polycond
sation reactions of a precursor (e.g. metal alkoxide) a t
dimensional network structure can be developed in the
of a gel. Subsequent drying and calcination steps may r
in an oxide structure, which consolidates at sintering
peratures much lower than that of materials derived
conventional methods. For instance, the sol–gel-derived2
may be sintered at temperatures as low as 600◦C, as oppose
to the “conventional” TiO2 powders requiring 1400–1500◦C
[16–20]. Through the sol–gel processing a number of de
mining properties of the final product such as homog
ity, purity, microstructure (in particular porosity and surf
area), can be controlled better than for the convent
ceramic powders. The ability of shaping the synthes
materials in different forms (by controlling the gelation c
ditions, and sol viscosity) is also considered as the adva
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of the sol–gel processing. However, the high shrinkage of
sol–gel films or monoliths during drying and calcination fre-
quently leads to cracking. In order to avoid this, a number of
factors such as the rates of gelation, drying, and heating, the
solid content of the sol, as well as component geometry (e.g.
film thickness) have to be taken into account[21–26].

Photocatalyst TiO2 has been produced in the two common
forms of coatings and powders. Powders of TiO2, particu-
larly the sol–gel-derived powders, usually contain nano- and
micro-crystallites and therefore have a relatively high surface
area (up to 500 m2/g), and consequently a high catalytic effi-
ciency. Hence, slurries of TiO2 have been applied widely in
the field of heterogeneous photocatalysis[13,14,27,28]fre-
quently in the forms of a suspension, and a coating. It is how-
ever observed that such coatings bond poorly to the substrate
and usually do not possess sufficient mechanical integrity and
therefore, are subject to rapid attrition. On the other hand, if
the photocatalyst is used as a powder (i.e. suspension of the
TiO2 particles), complications such as the need for filtration
and separation of the powder from the treated media (liquid
or gas) are considerable. Therefore, in many applications the
use of immobilized (stabilized) form of structurally bound
TiO2 on a stationary support is preferred[30,37]. We have
demonstrated before that sol–gel-derived thin films of TiO2
with thickness of∼200 nm exhibit high bonding strength to
the substrate and their resistance to abrasion (or attrition)
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in this research was compared against that of Degussa P-25
TiO2, which is a standard photocatalyst used in many inves-
tigations.

2. Experimental

2.1. Composite sol–gel photocatalyst preparation

The preparation steps for the composite sol–gel TiO2
are described in detail elsewhere[29,30]. Titanium tetraiso-
propoxide (Ti(OPr)4 or TTIP) (Aldrich, 97%), the precursor,
was used without further purification. Anhydrous ethyl alco-
hol was used as the solvent to prevent fast hydrolysis of
titanium alkoxide. Double-distilled deionized water was first
added to the alcohol followed by HCl (Fisher, 36.5%) addi-
tion while the solution was vigorously stirred. HCl catalyst
was used to control the rate of condensation and to prevent fast
gelation of the sol. Hydrolysis was carried out by drop wise
addition of the TTIP precursor to the prepared solution, while
stirring. Pre-calcined commercial TiO2 powder, Degussa P-
25 (5 wt.%), was used as filler mixed with the sol to prepare
the CSG-coating. TiO2 powder was ultrasonically dispersed
into the sol. The stability and viscosity of the suspension were
controlled by altering the powder concentration and sol pH.
The prepared mixture was deposited on the microscope glass
s d
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29]. However, the relatively low surface area of the depos
ayer effectively limits the photo-efficiency of such thin co
ngs. As a result, these kinds of coatings of titanium dio
ave not been considered as good candidates for large
pplications, such as purification of water or air.

In our previous study[30], a new form of TiO2 pho-
ocatalyst coating was developed to overcome the a
entioned limitations. A previously developed proces
ethod of producing sol–gel-derived composites of ph

atalyst TiO2 was utilized[30], wherein pre-calcined TiO2
ne (0.02–0.1�m) particles were used as the filler in
omposite structure, bonded with the gel-derived TiO2. The
esulting coating has porous microstructure (Fig. 1), and
herefore is resistant to cracking during drying and heat t
ent. Also, as compared to the free-flowing powder,
eveloped composite exhibits good photocatalytic efficie
he scratch removal test showed a remarkable stability

ntegrity of the thick film (∼20�m) coatings attached
he soda-lime glass substrates[29,30]. In the present wor
he photo-efficiency of the CSG TiO2 photocatalyst coating
as systematically evaluated in decomposing toluene

richloroethylene (TCE) from contaminated air streams,
ontrolled differential photoreactor. Toluene and TCE w
elected as model compounds because of their industria
ificance and because they are common pollutants in
oil remediation and groundwater contamination sites. A
hese two compounds represent less biodegradable vo
rganic compounds (VOCs) that cannot be easily tre
sing conventional and low cost biological treatment te
iques. The efficiency of the sol–gel composites devel
lides by spin-coating technique (∼1200 rpm). The coate
amples were dried at room temperature for 1 day, and
eat-treated at 500 and 700◦C for 1 h. The heating up an
ooling down rates for all the samples was 6, and 2◦C/min,
espectively.

.2. Photocatalyst characterization

Microstructures of the prepared samples, after b
oated with gold, were observed by SEM Hitachi S-40
nd S-4700-II, at the voltage of 20 kV, and working dista
f minimum 4 mm for the highest magnification. Qualitat
nalyses of the resulting polymorphs of TiO2 were carried
ut by the use of a Siemens-Diffraktometer D5000 at 40
0 mA (Cu K� = 1.542Å) at an angle of 2θ from 15 to 60◦.
he scan speed was 1◦/min. The strongest peaks of TiO2 cor-

esponding to anatase (1 0 1) and rutile (1 1 0) were sel
o evaluate the crystallinity of the samples. The mean c
allite sizeL was determined from the broadeningβ of the
ost intense line, for each polymorph, in the X-ray diffr

ion pattern, based on the Scherer equation:

= kλ

β cos θ
(1)

hereλ is the radiation wavelength,k = 0.90, andθ is the
ragg angle. The anatase and rutile contents in the sa
ere calculated from the equation:

=
(

1 + 1.26IR

IA

)−1

(2)
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Fig. 1. (a) SEM cross-section micrograph shows the microstructure of the CSG-coating after heat treatment at 700◦C for 1 h; (b) large-magnification SEM
micrograph of the CSG-coating sample shown in (a).

wheref is the weight fraction of anatase in the sample, while
IA andIR are the X-ray intensities of the anatase and rutile
strongest peaks, respectively[31].

Single-point Brunauer–Emmett–Teller (BET) measure-
ments with nitrogen as the adsorption molecule (Micromerit-
ics FlowSorb II 2300) were used to determine the surface area

of the samples. N2 (30%) in He was used as the adsorption
gas. To evaluate the surface area of the coatings, the coated
layer was removed off the substrate using a sharp blade and
then analyzed using the BET surface area analyzer. All mea-
surements were made on approximately 1 g samples, which
were heated at 60◦C for several days prior to testing. To
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Fig. 2. Schematic diagram of the experimental set-up for photocatalytic reactions studies.

prevent any possible crystallization in the dried gel, higher
drying temperatures were avoided. Test specimens were out-
gassed for 2 h and cooled to liquid nitrogen temperature prior
to the test.

2.3. Photocatalytic activity tests

All photocatalytic activity experiments were carried out
using an experimental set-up similar to that described else-
where[30,32]. It consisted of a 25 mm wide aluminum reac-
tor that allowed for the contaminated air to flow over the
photocatalyst,Fig. 2. The photocatalyst-coated glass plates
were placed in the 25 mm well, milled from the aluminium
block and covered by quartz window. Gaskets between the
quartz window and aluminium block created a flow passage
of 25 mm (width) by 3 mm (height) above the photocatalyst
glass plates. Monochromatic germicidal lamps (λ = 254 nm)
or black light lamps (λ = 365 nm) provided UV illumina-
tion to the photocatalysts. The light intensity was controlled
by adjusting the distance between the lamp and the catalyst
surface. UV intensities were measured by a research radiome-
ter (IL1700, International Light Inc., SED240 detector for
λ = 254 nm and SED033 detector forλ = 365 nm).

Toluene and TCE were purchased as analytical reagent
grade (Fisher-certified ACS). Toluene or TCE contaminated
fl r the
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s ler,
F pho-
t were
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t
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TCE). Stainless steel tubing (1/16′′ i.e. 1.6 mm diameter)
was used for online samplings from the inlet and outlet
streams. Gas analysis was conducted using a gas chromato-
graph equipped with a mass spectrometer detector (GC/MS,
Saturn 2200, Varian Inc.) and a megabore capillary column
(CPSil-8 CP5860). The injector temperature was 200◦C. The
initial column temperature was 50◦C and it was held con-
stant for 2 min, after which it was increased to 110◦C at a
rate of 40◦C/min. Gas samples were injected into the GC/MS
using a six-port sampling/injection valve (Valco Instruments
Co. Inc., Huston, TX). At least three replicate samples were
injected into the GC/MS.

For a differential reactor, the oxidation rate could be
directly estimated from changes in the concentrations of pol-
lutant (TCE or toluene) as shown by[30,32]:

r = (Cin − Cout)Q

A
(3)

wherer (g/m2/h) is the oxidation rate,Cin andCout (g/m3),
the inlet and outlet concentrations, respectively,Q (m3/h),
the volumetric flow rate, andA (m2) is the surface of the
photocatalyst exposed to UV irradiation.

To ensure the glass plate reactor operated in differen-
tial mode, the fractional changes of pollutant concentrations
were monitored to be less than 10% for all the experiments.
A ence
o ns.
T and
t t any
r ests
( pres-
e d/or
o cata-
l

ow was generated using a syringe pump that allowed fo
ntroduction of pure pollutant into a stream of clean air (p
urized building air) controlled by a mass flow control
ig. 2. The polluted stream subsequently entered the

oreactor. The retention times and inlet concentrations
djusted using the mass flow controller for air and the in

ion rate of the syringe pump, respectively.
Gas samples were taken from the inlet and outlet stre

nd analyzed for the primary contaminant (i.e. toluen
lso, control experiments were carried out in the abs
f a photocatalyst and under direct photolytic conditio
he results showed no significant oxidation of TCE

oluene during the photolysis experiments, indicating tha
emovals obtained during the photocatalytic oxidation t
using CSG and P25 photocatalysts) were due to the
nce of photocatalysts and reactions involving OH (an
ther) radicals generated on the surface of the photo

ysts.
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Fig. 3. XRD patterns of TiO2 powders: (a) Degussa P-25 powder and (b) the CSG TiO2 coating.

3. Results and discussion

3.1. 3.1 Effect of heat treatment temperature on the
catalyst properties

The XRD patterns of the commercially calcined Degussa
P-25 TiO2 powder, and the CSG TiO2 coating are shown
in Fig. 3. It was shown previously[30] that the sol–gel-
derived material, prior to the calcination process, had an
amorphous (and/or an ultra-fine crystalline) structure, show-
ing a very broad peak at about 2θ = 25◦ (which is identified
as the most intensive peak (1 0 1) for the anatase TiO2).
The anatase characteristic peaks became sharper, as the cal-
cination temperature increased. The phase transformation,
from anatase to rutile, took place at temperatures as low
as 300◦C. The commercial powder (Degussa P-25, in as-
received state with approximately 80% anatase and 20%
rutile) phase transformation, from anatase to rutile, appar-
ently initiated at 500–600◦C [33]. In this study, 700◦C was
the maximum temperature used for CSG preparation as it was
sufficient for ceramic bond formation to assure the desired
structural integrity and adhesion of the CSG titania photocat-
alyst.

The specific surface area of P-25 was reduced by about
50% when heated to 700◦C for 1 h (Table 1). This indi-
cates partial sintering of the powder, leading to shrinking of
t ores.

T
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This, as a result, affected the surface area of the CSG-coating,
which decreased to∼60% of its initial value, after heating at
700◦C for 1 h.

The normal loads which caused the complete coating
removal, for P-25 and CSG samples, within the scratch track
(observed by optical microscope) are shown inTable 1. For P-
25 TiO2 powder coating deposited from a slurry (i.e. without
the sol binder), the normal load needed to remove the coat-
ings from the substrate was in the range of 0–0.2 N. These
powder slurry deposited coatings show also no change (i.e. no
increase) in their adhesion strength after firing up to 700◦C
for 1 h. However, as shown inTable 1, the load required for
the complete removal of the TiO2 CSG-coating, increases
considerably due to the calcination treatment.

3.2. Effect of gas flow rate

Gas flow rate is one of the important process parameters
affecting the rate of photocatalytic oxidation. It affects gas
phase mass transfer and the transport of pollutants to the cat-
alyst surface where oxidation takes place. The effect of flow
rate on the oxidation rate of TCE in the glass plate differential
photoreactor is shown inFig. 4. The rate of TCE oxidation

F ntial
p

he agglomerates and reduction in the size of the fine p

able 1
hysical and chemical characteristics of CSG TiO2 coating, compared
-25 photocatalyst

aterial Heat treatment
conditions

Anatase (%) Surface area
(m2/g)

La (N)

egussa P-25 – 78 45.21 ∼0
500◦C, 1 h 70 40.04 ∼0
700◦C, 1 h 43 28.31 0.17

SG-coating – 75 22.11 0.2
500◦C, 1 h 75 34.33 6.14
700◦C, 1 h 17 14.61 10.6

a Critical linearly increasing loads.

ig. 4. Effect of gas flow rate on the TCE oxidation rate within the differe
hotoreactor.
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Fig. 5. Photocatalytic oxidation rate for TCE (�) P-25, (�) CSG-coating:
(a) 254 nm low pressure UV source; (b) 365 nm low pressure UV source.
kP25 andkCSG represent the first-order rate constants for the P-25 and CSG-
coating photocatalysts, respectively.

increased with flow rate up to about 0.65 m3/h. The direct
effect of flow rate on PCO rate indicates that mass transfer
plays an important role and that the rate of oxidation is lim-
ited by mass transfer. Higher flow rate enhances turbulence
in the reactor and increases gas phase mass transfer, bringing
more pollutants to the photocatalyst surface. As the flow rate
increased and mass transfer limitation decreased, the rate of
oxidation levelled off and stayed constant,Fig. 4. In other
words, beyond 0.65 m3/h there was no mass transfer limita-
tion. This information was invaluable for further experiments
as it allowed us to conduct proper experiments on determin-
ing the intrinsic kinetics for the degradation of pollutants (i.e.
TCE and toluene) in the glass plate differential photoreactors.

3.3. Rates of TCE and toluene photocatalysis

Figs. 5 and 6show the intrinsic PCO rates of TCE and
toluene, respectively, obtained at 0.72 m3/h gas flow rate.
For toluene, the CSG-coating provided photocatalytic activ-
ities comparable to that of the standard photocatalyst P-25
titania. In other words, comparison between oxidation rates
of toluene using two different photocatalysts and two UV
sources (shown inFig. 6) suggests that there was little dif-
ference between the performance of these two photocatalysts
and both systems provided similar contaminant removal effi-

Fig. 6. Photocatalytic oxidation rate for toluene (�) P-25, (�) CSG-coating:
(a) 254 nm low pressure UV source; (b) 365 nm low pressure UV source.
kP25 andkCSG represent the first-order rate constants for the P-25 and CSG-
coating photocatalysts, respectively.

ciencies. For TCE photocatalysis, however, P-25 titania and
CSG photocatalyst performed differently when 254 nm UV
source was used (Fig. 5a). Although P-25 and CSG photo-
catalysts performed similarly under 365 nm UV irradiation,
P-25 photocatalyst provided higher TCE degradation than
the CSG-coating. The kinetic rate constant obtained for P-
25 titania was 50% larger than that for CSG-coating. It is
not quite understood why P-25 performed slightly better
under this particular condition, while both photocatalyst per-
formed similarly under other experimental conditions. One
possible speculation could be the contribution of free radi-
cals (i.e. chlorine free radicals) that are generated during the
photocatalysis of TCE with germicidal (i.e. 254 nm) UV irra-
diation. Higher surface area associated with P-25 titania (see
Table 1) might contribute to significantly greater Cl radical
subtraction, resulting in higher rates of TCE oxidation.

Another similar observation is related to the oxidation rate
obtained by both P-25 and CSG photocatalysts that followed
first-order kinetics over the range of inlet concentrations (up
to about 1.0 g/m3) tested in the photoreactor. This is in agree-
ment with previous studies[30,34], indicating that PCO rates
follow first-order kinetics at low concentrations and approach
zero-order with increasing the concentration of pollutants in
the air. In addition, the order of PCO was not dependent upon
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the source of UV irradiation and both 254 and 365 nm UV
resulted in first-order kinetics.

The first-order rate constants obtained for each contami-
nant and UV irradiation wavelength can be compared using
the information inFigs. 5 and 6. The rate of PCO for TCE
was significantly greater than that for toluene (Fig. 5). A
combination of OH and Cl radical-initiated/sensitized oxi-
dations was likely responsible for these greater rate con-
stants[35]. For the PCO of toluene, the rate was smaller
because both direct hole transfer to the compound and H
abstraction by OH radicals are relatively small[36], espe-
cially compared to the Cl radical-initiated oxidation dur-
ing the PCO of TCE. Chlorine radicals have already been
proven to accelerate the chain reaction during the PCO of
TCE, resulting in significantly higher removal rates[35].
Figs. 5b and 6balso show that PCO rate constants offered
by 365 nm UV were lower than those resulted from 254 nm
UV. Although both 254 and 365 nm UV sources possess
enough ionization energy to overcome the band gap energy
of anatase titania (3.2 eV) and generate charged carriers
(electron-hole pairs) required for initiating the oxidation
reactions, the higher lamp intensity was likely the primary
reason for the higher PCO rates obtained using 254 nm
UV source (3.05× 10−3 W cm−2 for UV 254 nm versus
2.13× 10−3 W cm−2 for UV 365 nm).

Overall, the performance of the CSG-coatings prepared
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