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Abstract: A new mechanically stable TiO,-P25@n-TiO, nanocoating was prepared after grafting of size-selected
titanium-oxo-alkoxy particles on P25-TiO, nanoparticles surface and their immobilization on a glass substrate followed by
a thermal treatment. The 5-nm oxo-TiO; particles were prepared in a sol-gel reactor with rapid reagents micromixing. The
photocatalyst with 65% TiO.-P25 loading shows the highest activity towards ethylene degradation in a continuous-flow
fixed-bed reactor. This material has a higher activity compared to that prepared by a conventional sol-gel method with
strongly polydispersed titanium-oxo-alkoxy nanoparticles and clusters. The reaction conditions were explicitly analyzed
along the reactor as a function of the ethylene concentration in framework of a kinetic model, which shows interplay

between zero and first order processes.
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1. INTRODUCTION

Gas solid heterogeneous photocatalytic reaction
has received growing interest as a promising
technology from researchers in recent years because
of its wide potential applications for air purification. In
these reactions, gaseous pollutants are oxidized over
semiconductor particles illuminated with ultraviolet
lamps or sunlight. The most common and low cost
photocatalyst used in this technique is the commercial
titanium dioxide TiO,-P25 mainly due to its interesting
electrochemical and photocatalytic properties that are
largely applied in the field of photocatalysis for many
applications such as water treatment, air purification
and fuel cells [1-5]. For these applications, TiO,-P25
particles are immobilized as films on different
substrates such as fiber glass, glass rings, glass
beads, glass wool, quartz sand, zeolites, silica or
stainless steel [6-9]. However, films prepared with this
photocatalyst suffer from the poor adhesion of deposit
caused by the low chemical reactivity of TiO,-P25 large
particle size (~ 30 nm).This phenomenon limits their
practical use due to the reduction of the purification
system efficiency and the difficulties in their separation
and recovery from treated effluent.

To improve mechanical properties of photocatalytic
films, several researchers proposed a solution of
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preparing a composite by mixing TiO,-P25 powder with
TiO, particles obtained via sol-gel reaction. The
prepared films by this method, called TiO,-P25
modified powder sol-gel (PPMSG), after a heat
treatment showed a good adherence and high
photocatalytic activity [10, 11]. However, in these
studies, no attention was given to the control of the
particles size issued of the sol-gel reactions and their
homogeneity. In the same time, these particles play a
dominant role in the bond forming between TiO,-P25
and substrate, capable influencing properties of the
photocatalytic films.

Recently, a sol-gel reactor with turbulent mixing of
reactive fluids [12, 13] permitted us to control the
chemical reactions and stabilizing monodispersed
titanium—oxo—alkoxyTiXOy(OiPr)Z sols of a very small
size. In particular, size-selected particles with diame-
ters 2.0 nm, 3.2nm and 5.2nm were obtained [14].

In this article, the micromixing sol-gel method was
used to fabricate new composite TiO,-P25@n-TiO,
photocatalyst, in which the TiO,-P25 particles are
bound to the substrate via titanium-oxo-alkoxy bonds.
Because of their extremely high surface-to-volume ratio
and chemical reactivity, the adherence of the films to
substrates can be enhanced. Moreover, the
photocatalytic activity of the prepared films is expected
to be higher compared to those prepared via
conventional deposition methods since the size-
selected n-TiO, nanoparticles below 10 nm exhibit a
very high photocatalytic activity [15]. We report on
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structural properties of the P25@n-TiO; films and their
photocatalytic kinetics and yield of ethylene photode-
gradation in a fixed-bed continuous-flow reactor.

2. EXPERIMENTAL SETUP

2.1. Chemicals

Titanium tetraisoproxide (TTIP) and propan-2-ol
with respectively >98% and >99.5% purity were
purchased from Acros Organics. TiO,-P25 was used as
supplied. Others reagents were of analytical grade and
water was distilled.

2.2. Photocatalyst Preparation

The composite TiO,-P25@ n-TiO, photocatalyst
was prepared in three steps including (1) nanoparticles
fabrication and mixing with TiO»-P25 powder followed
by (2) immobilization on glass bead support and (3)
thermal treatment. The mixing of TiO, oxo-particles with
TiO,-P25 powder was achieved at the nucleation stage
in which they are metastable and have a high reactivity.
The sol nanoparticles are prepared in the sol-gel
reactor using titanium tetraisopropoxide (TTIP) as a
precursor. In the present experiments the standard
operation conditions were conserved. Two stock
solutions: 50 cm® of a TTIP/propan-2-ol solution and 50
cm® of a H,O/propan-2-ol solution, was synchronously
injected under nitrogen into the turbulent mixing zone
(Re = 4500) of sol—gel reactor [13] where the oxo-TiO,
nanoparticles were generated from hydrolysis-
condensation reactions. The particle size can be tuned
by adjusting the hydrolysis ratio H = Cy0/Ctrip, Where
Cu2o and Crrp are respectively water and titanium
precursor concentrations. We have prepared colloids
using hydrolysis ratio H = 2, which corresponds to one
of stability domains of the sol-gel process and enables
particles size of 5.2nm [14]. The suspended oxo-
particles solution was subsequently transferred to a
glove box LABstar MBraun where they were combined
slowly with TiO2-P25 powder under stirring. The mass
ratio r of TiO,-P25 to n-TiO, are 30, 40, 50, 65, 80 %.
The immobilization of the colloidal nanoparticles on
glass beads is achieved by dip-coating. The obtained
films were finally dried at 80°C during 1hour followed
by a heat treatment at 450°C during 4 hours.

2.3. Photocatalyst Characterization

The prepared samples were  structurally
characterised by X-ray diffraction XRD (INEL XRG
3000) using CuKo radiation with Nickel filter. The
surface morphology of photocatalyst was examined by

SEM JEOL JSM 64400F with acceleration voltage of
10 kV. Raman spectra were measured at 516 nm using
micro-Raman  high-resolution HR800 installation
(HORIBA JobinYvon) with the spectral and spatial
resolution respectively 0.25 cm' and 5 pum. The
scattered light is collected by Peltier cooled CCD
camera in a backscattering configuration.

The photocatalytic activity of the prepared samples
was tested in a continuous-flow fixed-bed reactor on
ethylene decomposition. A gas flow of pollutant (120
ppm) mixture with dry air and flow rate of 7.5 mL/min
passes through a reactor tube of 6-mm diameter made
of glass transparent in the UV-A spectral range [16,
17]. The glass beads coated photocatalyst samples
were filled the reactor tube of 15 cm length. The tube is
surrounded at a radial distance of 3 cm by six 8-W
lamps emitting at 362 nm (AAnwm = 22 nm). The reactor
temperature 46 + 2 °C was maintained during the
experiments. Ethylene concentrations before (C;,) and
after (C,yt) the photocatalytic reactor were monitored by
online gas chromatography (Varian 191 CP 3800)
equipped with a capillary column (HP-PLOT/Q) and a
flame ionization detector FID. Two injection loops of
250 pL and heated at 80 °C allow measurements of
pollutant concentration in continuous mode. The
reactor yield (or ethylene conversion) is calculated
according to the formula: 1(%) = (Cis-Cout)/Cinx100. The
column temperature and flow rate of the carrier gas
(N2) were respectively 50 °C and 5 mL/min.

3. RESULTS AND DISCUSSION

3.1. Thermal Analysis

Thermal studies were performed with TiO,-P25@n-
TiO, powder obtained with 40wt% of TiO,-P25 loading.
The results of differential thermal (DTA) and thermo
gravimetric (TGA) analyses are shown in Figure 1.

The results are closed to those obtained with a pure
TiO, (not presented here). The quasi total mass loss
was observed in the temperature range between 60
and 350 °C. This is attributed to departures of
physically adsorbed solvent molecules, burning of the
organic residues as well as the condensation of non-
hydrolysed alkoxy groups [18, 19].

The crystallization of the anatase phase is
associated with the exothermic peak at 379 °C on ATD
curve which is markedly low compared to that of pure
TiO, observed usually around 400 °C. According to
Kumar et al. [20] crystallites nucleation and growth take
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place at this point and the presence of TiO,-P25
anatase in the composite can reduce the activation
energy and promote the crystallisation process by
decreasing the onset temperature.
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Figure 1: ATD-ATG curves of TiO2-P25@ n-TiO2 composite.
The oxo-TiO; preparation conditions are: Cyrp = 0.15 M, H =
2, T=20"°C, Re =4500.

3.2. TEM, Raman and X Ray Diffraction Analyses

As we mentioned previously, the sol particles
formed during the induction period of the sol-gel
process (about 50 minutes by our experimental
condition) are homogeneous of size close to 5.2 nm.
Their general chemical composition is
TiOx+y)2(IOPr),(OH),. They exhibit high reactivity and
are capable forming strong covalent bonds with surface
hydroxyls of TiO,-P25 and substrate, as illustrated in
Figure 2.
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Figure 2: Diagram illustrating bond formation by n-TiO2
particles allowing producing a composite film mechanically

durable.

The TEM micrograph of TiO2-P25@n-TiO,
composite shown in Figure 3 reveals that n-TiO,

particles with diameter about 5 nm are attached to the
surface of 30 nm TiO,-P25 crystalline grains. Moreover
this coverage sticks the grains together forming
continuous structures. This result confirms the
nanoparticulate nature of the coatings prepared using
oxo-TiO; colloids; it is also in agreement with previous
measurements carried out on the model mica substrate
[16]. The chemical hydroxyls of the attached oxo-
particles, not consumed for forming bounds between
TiO2-P25 grains, remain available to react with those of
substrate resulting in a highly adherent nanocomposite
film.

20 nm

Figure 3: TEM micro graph of TiO2-P25@ n-TiO2 composite
treated at 450°C and using r = 40% of TiO>-P25 powder
loading. TiO2-P25 grains are shown by dashed line.

Because of a very small nanocoating mass of
10pg/cm2, x-ray diffraction patterns of the thermally
treated composite material were measured in the
prepared powder-like samples. One of such patterns is
shown in Figure 4. The patterns of the coatings and
powders are expected to be quite similar since,
according to Martyanov and Klabunde [21], the
substrate has little influence on the anatase phase
crystallization, while can significantly increase the
anatase-rutile transition temperature. Two principal RX
diffraction peaks are observed at 25.07 and 27.25 °
respectively assigned to anatase (101) and rutile
(110).Their intensity ratio (anatase/rutile) is much larger
compared to the original pure TiO,-P25 qualitatively
indicating the presence of n-TiO, anatase phase in the
composite.
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Figure 4: X-ray diffraction (XRD) diagrams of TiO,-P25@n-
TiO2 composite prepared with 65% Degussa P25 loading and
treated at 450 °C (4H). The colloid preparation conditions are
Crme = 0.15 M, H=2, T=20 °C, Re = 4500.

Raman spectrum of the composite powder is shown
in Figure 5. Several strong peaks are observed at 144,
400, 518 and 639 cm™ for the anatase phase and are
respectively attributed to vibrational modes Eg, Byg, Aygq,
Ey. The small amount rutile phase in TiO»-P25@n-TiO-
composite gives a weak rise of shoulders, the most
intense of which appear at 443 and 610 cm” due to Eq
and Ay modes [22].
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Figure 5: Raman spectra of TiO2-P25@n-TiO2 composite
prepared with H = 2, r = 65% treated at 450 °C. A and R
denote the anatase and rutile phases respectively.

3.3. Photocatalytic Activity

The effect of TiO,-P25 addition on the
photocatalytic activity under UV radiation of TiO,-
P25@n-TiO, films was evaluated via photooxidation of
ethylene in the presence of air. Figure 6 shows the
pollutant conversion on the composite films prepared
with r=30, 40, 50, 65, 80 wt%.

TiO,-P25 mass ratio 1 (wt%)

Figure 6: Ethylene conversion obtained by TiO2-P25 @ n-
TiO2 films as a function of Degussa loading. The
experimental conditions are Cin=120 ppm, pollutant residence
time 5 s.

It can be noted that the ethylene conversion in the
reactor increases by 10 % with the increase of TiO,-
P25 loading before stabilizing around 66 %. This
enhancement in the composite activity may be
explained by the total photocatalyst mass bound to the
substrate and/or reduction of the immobilised particles
size resulting in more optimal reaction conditions [23,
24]. Regarding the saturation of the photocatalytic
activity, it can be explained by the common mass
saturation effect as depicted by Herrmann [25].

Figure 7 shows the photocatalytic ethylene
conversion by composite TiO,-P25@n-TiO, prepared
with 65% (correspondent to the saturation range in
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Figure 7: Ethylene photooxidation byTiO,-P25 @ n-TiO2
films prepared with r = 65% Degussa TiO2 loading. The result
with analogous composite obtained by conventional sol-gel
method is given for comparison.
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Figure 6) of TiO,-P25 loading and heat-treated at 450
°C for 4 hours using conventional sol-gel and
micromixing methods. The enhancement of the
conversion efficiency around 25% is recorded for the
size-selected TiO,-P25@n-TiO.photocatalyst. In
addition to a smaller size of the bound particles, this
may be also related to a higher specific surface area
72 m2/g of the size-selected composite compared to
57 m’/g of that obtained by a conventional sol-gel
method. We conclude that the homogeneous and
reactive oxo-TiO, particles promote the bonds
formation between TiO,-P25 and substrate and
enhance photocatalytic efficiency of the composite.

3.4. Reaction Order

The reaction order required a special consideration
since defines the optimal conditions of the process.
The fit of the experimental data with the
phenomenological expression dC/dt=kC" proposed
by Emeline et al. [26] adapted to a fix-bed continuous-
flow reactor [17] is shown in Figure 8 and results in the
reaction orders n=0.46+0.02. This indicates a
significant presence of both zero and first order
reaction kinetics.

0.55/0.5/0.46/0.42/0.4

n(C,/C,0)

0 50 100 150 200 250 300
C,.ppm

Figure 8: Fit of experimental data with the phenomenological
expression of Emeline et al. [26] adapted to a continuous-flow
fix-bed reactor [17].

More instructive in these conditions is to treat the
experimental data with the exact solution of
photocatalytic kinetics in the fix-bed continuous flow
reactor. The solution can be found in our published
article [17] and it is remind below.

The concentration dependence of the ethylene
photooxidation rate can be explained by the Langmuir-
Hinshelwood (L-H) model that takes into account
chemical processes given below:

S+hv—S (1)
§— 55 )
Cetihs 5, (3)
C+S —L—Pp (4)

where S, S*, C, Coys and p stand correspondingly for the
ground-state and activated surface sites, gaseous and
adsorbed pollutant concentrations and reaction
products concentration and T, k,, kg and k. are
correspondingly excited state lifetime, adsorption,
desorption and reaction constants. The solution of
kinetic equation describing processes (1)-(4) in the
continuous-flow fix-bed reactor is

a-ln(&jJr(cm—cou,):bL (5)
where a=(k,+k,)/k,, b=Sk /v from Egs 1-4, S is
the total number density of available active surface
sites and L is the reactor length. This expression can
be respectively reduced to the pure 1" or 0 reaction
orders when the first or second term in the left part of
Eq. 5 dominate.The application of Eq. 5 to our
experimental data is shown in Figure 9 by a solid line.
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Figure 9: Fit of experimental data with Eq.5 for the mixed
order process.

The agreement is quite good. Moreover, Eq. 5
permits clearly distinguishing between the two
contributions of the 0 and 1* order reactions to the total
process kinetics presented by the two terms.These
contributions are shown in Figure 10.

Evidently, the process kinetics follows the 1% order
at low input ethylene concentrations. This regime
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Figure 10: Contributions of zero and first order processes in
the continuous flow reactor versus input concentration of
ethylene.

corresponds to the non-saturated L-H adsorption of
ethylene at the photocatalyst surface in the reactor at 0
< z < L. With an increase of input concentration, the
saturation first establishes in the reactor cross-section
with a maximal concentration, which is C;, at the
reactor input (z = 0). With the following increase of
input concentration, the L-H adsorption saturation
propagates along the reactor length z until z = L. When
the saturation reaches z = L, the pure regime of the 0
order kinetics installs in the reactor. Accordingly, our
experimental conditions 40 ppm < Cj, < 300 ppm
correspond to a regime of the saturation propagation
along the reactor length 0 < z < L (Figure 10).
Resuming, the pure 0 and 1 order kinetics do not
appear in our experimental conditions. However,
experimental kinetics tends to almost pure 1 and 0
order respectively at ethylene concentration of below
50 ppm and above 300 ppm.

4. CONCLUSION

We report on the preparation of the mechanically
stable TiO,-P25@n-TiO, composite coating on a glass
substrate after chemical colloid deposition of size-
selected titanium oxo-alkoxy nanoparticles on TiO, P25
nanoparticles. The 5-nm oxo-TiO, nanoparticles were
generated in a sol-gel reactor with rapid micromixing,
grafted on TiO, P25 surface and immobilized on glass
substrate at the beginning of the induction stage. The
obtained films were dried at 80°C during 1 hour
followed by a thermal treatment at 450°C during 4
hours. The photocatalytic test of ethylene degradation
in a continuous-flow fixed bed reactor shows the
maximum activity of the coating prepared with loading

of 65 wt% TiO,-P25, which may be explained by the
retention of smaller immobilized particles resulting in
more optimal reaction conditions. Kinetics studies are
achieved using Langmuir-Hinshelwood model adapted
to a fixed-bed continuous-flow reactor show a mixed
reaction orders n = 0.46+0.02, which indicates a
significant presence of both zero and first order
reaction kinetics. An explicit analysis of this reaction
regime shows that first and zero order processes
dominate respectively at ethylene concentrations
above and below 100 ppm. This analysis will be useful
in optimisation of the photocatalytic process.
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