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Abstract

The photocatalytic efficiency of Ti&immobilised on various supports (glass, cement, red brick and inorganic fibres), using
different techniques (sputtering, sol—gel dip-coating, patented method for inorganic fibres), are compared with the photocat-
alytic efficiency of TiQ Degussa P25 in suspension 2 §lfor the degradation of 3-nitrobenzenesulfonic acid (3-NBSA) and
4-nitrotoluenesulfonic acid (4-NTSA). In all cases, the fixation of J@@ solid supports appreciably reduces the photocatalytic
efficiency. The best results were obtained with Fi inorganic fibres. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction in a recent review [3], but some practical techniques
are protected by patents. Various supports were exper-
Titanium dioxide (TiQ) is a well known for its imented in particular different classes of glass [3,4],

advantage as a photocatalyst. It has often been pro-quartz [5], silica, activated carbon [6], zeolites [6,7],
posed for the elimination of organic pollutants [1,2]. etc. Glass fibres were also proposed [8]. Brezova et al.
Another advantage is its absence of toxicity. TiQe- reported that commercial fiberglass covered withaTiO
gussa P25 is extensively used as a standard in photo-and suspended T§OP25 have comparable activities
catalysis, even though other types such as Hombikat for the photocatalytic transformation of phenol [9].
and Millennium were also proposed. However, the use The activity of fiberglass decreases during repeated
of aqueous suspensions limits practical applications experiments and becomes significant after 20 h, but
because of problems of separation of fine particles of they can be regenerated [10].
TiO, and the recycling of the photocatalyst. The mi-  Often the fixation of TiQ on solid supports re-
crometric size of particles makes it difficult to be sep- duces its efficiency due to various reasons (reduction
arated from water after use, particularly with waste of the active surface, a more difficult exchange with
waters. Many techniques were proposed for the immo- solution, introduction of ionic species [11], etc.) and
bilisation of TiO, on solid supports to eliminate this a direct comparison of efficiency between suspen-
problem. Most of the general methods are reported sions and catalysts on support is not usually reported.
Fernandez et al. compared the efficiencies of ;TiO
* Corresponding author. on glass, on quartz and on stainless steel [11]. Quartz
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gave better results but the comparison was not made2.1.3. Supports

with TiO2 in slurry.

Several supports were used for the deposition of

This work was carried out to develop photocatalysts TiO2: common glass, borosil glass (“Pyrex”), red brick

that can be used to eliminate non biodegradable pol-
lutants contained in waste waters after bio-treatment.

The aim is to compare the efficiencies piDegussa
P25 in aqueous suspension and Ji@mobilised on

inexpensive supports. Results obtained with several

(with a plain surface) and white cement.

2.2. Methods adopted for TgOmmobilisation

The methods most commonly used for depo-

types of supports of commercial commodity, such as sition of TiO, on supports are sputtering and
red brick and cement, are presented since supportssol-gel dip-coating or spin-coating (see, for exam-
such as quartz are not really appropriate for applica- ple, [14-22]). Techniques used in the present work

tion in a sunlight photocatalytic plant for decontami-
nation of waste waters. Commercial TiOn inorganic

are given in detail below. Some other methods are
patented and consequently not available in scientific

fibres was also used for comparison. The study was literature. So, is the case for “TiOon inorganic
carried out using benzenesulfonic acids as substratesfibres” used in the present. Another method was used
since these compounds are by-products in dye indus-in the present study which consists of mixing 3iO

try and they are highly soluble in water [12]. A special

(20-30%) with powdered white cement. Water was

attention is focused on the photocatalytic transforma- added to this mixture in order to form a paste which

tion of 3-nitrobenzenesulfonic acid (3-NBSA), which

was then spread as a thin layer on a preformed round

is chosen as a model compound, since it transforms brick of cement (diameter 52 mm, thickness 5 mm). It

very slowly in sunlight [13].

2. Materials and methods

2.1. Catalyst and reagents

may be noted that the introduction of such a cement
brick in a dilute solution of 3-NBSA significantly
increases the pH of the solution.

2.2.1. Sputtering
The thin films of TiQ were spread by cationic
sputtering with a radiofrequency (13.56 MHz) using a

Photocatalyst used as reference is Degussa P25cold plasma (argon 98%, oxygen 2%) under a pressure

anatase/rutile ca. 70/30, surface areat5B n? gL
Inorganic fibres coated with TgDDegussa P25 were

equal to 0.2 Pa. Power of 2.5wcrhused. It main-
tains the temperature below 70. The amorphous

provided by Isover Saint-Gobain company. Because layers were converted into anatase by calcination at

of confidentiality, they are reported as “Ti@n inor-
ganic fibres”.

2.1.1. Reagents for coating

Titanium(lV) isopropoxide 97%, titanium(IV)
ethoxide, tech. and titanium diisopropoxide bis(acety-
lacetonate), 75wt.% solution in 2-propanol, were
provided by Sigma-Aldrich.

2.1.2. Substrates

3-Nitrobenzenesulfonic acid sodium salt >95%
(3-NBSA), Fluka; 4-Nitrotoluene-2-sulfonic acid
dihydrate >90% (4-NTSA), TCIl; Phenol 99.5%,
Merck.

Water used for experiments was purified with
Milli-Q system and its purity controlled by measure-
ment of its resistivity (>18 M2 cm).

470°C during 5h. The conversion was controlled by
XRD. Thickness was in the range 0.2xth. Supports
used were glass, red brick, white cement and ceramic
tiles.

2.2.2. Sol-gel dip-coating

Three methods were used. In the first one (prepa-
ration R), titanium tetraisopropoxide (30ml) was
dissolved in isopropanol (200 ml). The mixture was
stirred during 15min and kept aside for half-hour
period before use. For the second,)Ptitanium
tetraethoxide (18 g) was stirred with acetic acid (18 ml)
and then 200 ml of ethanol/water mixture was added.
The mixture was stirred half-hour and allowed to equi-
librate overnight before use. In the third preparation
(Ps), titanium diisopropoxide bis(acetylacetonate)
(24 ml) was mixed with isopropanol (171 ml) and
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water 5ml. The resulting yellow mixture was stirred
for about 30 min and used immediately. In all cases,
the film of TiO, was deposited by dip-coating. Its
thickness depends on dip-withdrawal speed (usu-
ally 3.4mms?t) and by the number of cycles (3,
6 or 9). The samples were represented by the na-
ture of the support (Gl for glass, Rb for red brick,
Wh cem for white cement), the type of preparation
used (R, P, or Ps) and the number of layers §L
Lg or Lg). For example, Rb B¢ for six layers of
preparation 1 on red brick. After dip-coating sup-
ports were dried at 100C during 12h and calcined
at 450°C for 5 h to obtain the anatase form of TO
The thickness of the film obtained is in the range
0.1-1.0um [3].

Only some of the typical results obtained are
reported here since the different methods used in
dip-coating lead to results not significantly different.

2.3. Irradiation devices

The device used consists of two identical crys-
tallizers (i.d. 53mm) exposed to two fluorescent
lamps Philips TLD 15W/05. Three or four crys-
tallizers can be exposed to UV light under simi-
lar conditions. The advantage of this device is not
only the possibility of studying any kind of cat-
alysts on any kind of support, but also catalysts
in suspended form with the same flux of incident
light. The flux of incident light was evaluated to be
3.4 x 10 photons cm?s1 (i.e. 56 x 1079 einstein
cm2s1) with chemical actinometry (potassium
ferrioxalate).

The solid supports used for catalysts were most
often cut as round disksz( 52 mm) consistent with
the diameter of the crystallizers. The magnetic strir-
rer screened less than 3% of the surface. This effect
was neglected. With Ti©on solid supports the mag-
netic stirrer was above the support. In the case of
fibres, the layer of fibres was maintained on glass
rods with the stirrer beneath it. Smaller supports
may also be used. It may be necessary when it is
difficult to cut a round disk, or in the case of soft
catalysts to prevent from abrasion by magnetic stir-
rer. With supports smaller than the round disk (as
it is with TiO2 on glass), it may be assumed that
light intensity received is proportional to the area
and the rate of transformation may be normalised as
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follows:

disk area

standard rate- measured ratg —
support area

(disk area= 21.2 cn?)

In all cases initial volumes were 32 ml, which corre-
sponds to 1.5 cm depth. Water evaporation is not neg-
ligible, but this concentration effect was easily elim-
inated by weighing before and after irradiation and
making up the volume with pure water. It is worth not-
ing that sampling (0.5-1.0 ml) does not modify pho-
ton flow received, but it is not negligible with respect
to irradiated volume. It results a systematic modifica-
tion of apparent kinetics, but this phenomenon is not a
disadvantage for the comparison of initial transforma-
tion rate induced by different photocatalysts irradiated
in the same conditions. In fact, the kinetics becomes
more linear and this facilitates the determination of
initial slope.

2.4. Analyses

Irradiated solutions were analysed by HPLC on a
column Gg using UV detection and methanol/water
mixture of 40/60v/v as the eluent. Tetrabutylammo-
nium hydrogen sulfate (TBA) T M was added to
water in order to obtain a correct retention time. In
the absence of it retention times are too short due to
the ionic character of the substrates. Spectrophotomet-
ric titration was experimented, but results with this
method were less precise.

3. Results and discussion

3.1. Direct phototransformation

The Kg's of 3-NBSA and 4-NTSA were eval-
uated to be 1.6 using a conductometric method. In
unbuffered solution 10* M~ or less, 3-NBSA is in
the anionic form. It absorbs UV light approximately
up to 340nm with a maximun at 260 nmap{ax ~
7500 M1cm1). In the same conditions 4-NTSA
absorbs up to 360 nm with a maximum at 276 nm
(emax ~ 8600 M 1cm1). In spite of a significant
overlap with sunlight spectrum, the phototransforma-
tion in sunlight was found to be negligible after one
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week in October. The quantum yield of 3-NBSA was were adhered on cement. The latter was given up since
measured at 254 nm. It is in the ran@e6—20) x 104 the layer was not sufficiently strong to be bound on
according to the method used [13,23]. It is consistent the cement. With titanium dioxide P25 20% and 30%,
with values reported for 3-nitrophenol [24]. This low we obtained 9% transformation in 12 h with a solution
value is due to the electron-withdrawing effect of nitro  of 3-NBSA of 2x 10~° M. It is not negligible, but not
group. Consequently, photocatalysis is useful for the better than the results of sol-gel dip-coating and the
elimination of 3-NBSA and 4-NTSA and these sub- graph was not reported in Fig. 1, for simplification. It
strates were chosen to test supported photocatalysts. may be noted that the presence of cement significanly
increases the pH of the solution. The drastic loss of
3.2. Phototransformation with Tislurries efficiency (a factor of >200 compared to slurry), can-
not be attributed only to the reduction of active area,
In order to evaluate the photonic efficiency of im- but the high concentration of ionic species in the sup-
mobilised TiQ, solutions of the same concentration port which probably contributes to recombination of
(2 x 107®) of phenol, 3-NBSA and 4-NTSA were charges in the photocatalyst leading to its deactivation.
photocatalytically transformed using Degussa P25 in
suspension 2 gl. This value of TiQ concentration 3.3.3. Sol—gel dip-coating deposition of BiO
was chosen after studying the influence of the concen-  Several methods were used for coating Z@ dif-
tration on the rate of transformation [13]. Phenol is ferent supports. They are described in Section 2.2.
transformed more rapidly than 3-NBSA and 4-NTSA. Only some typical results are reported in Table 1,
The relative photonic efficienay; was defined by Ser-  Figs. 1 and 2. It appears that the photocatalytic effi-
pone et al. by taking phenol as the reference [25]. It ciency of photocatalysts obtained by coating on red
was evaluated to be 0.72 and 0.45 for 3-NBSA and brick (Rb) or white cement (Wh cem) is relatively low
4-NTSA respectively. It reflects the fact that the rate compared to slurries. It can be noted that preparation
constant of reaction ofOH radicals with 3-NBSA P1 gave better results on red brick than on white ce-

[23] is significantly lower than with phenol [26]. ment and that the number of layers slightly increases

the efficiency. On Wh cem, preparatiog ave bet-
3.3. Photocatalytic transformation of 3-NBSA on ter results than preparation ,ut this difference was
immobilised TiQ not observed with red brick.

The most outstanding feature with dip-coating
Several kinds of supports and deposition methods method is that photocatalytic activity is higher when
were used in order to select a technique that can beglass is used as the support, than with red brick
used in photocatalytic plants for depollution of waste
waters.

Table 1
. Transformation rates of nitrobenzenesulfonic acids on suspended

3.3.1. Sputtering and immobilised Ti@ P25

This tEChn.Ique was U.Sed on common glass, I_Dyrex Substrate Catalyst Initial transformation rate
glass, red brick and white cement. Photocatalytic ef- (10-5Mh-Y)
fect was negligible |n.sp|te of formation of anatase as ;... P25 (slurry) 63
revealed by XRD. This may be due to the fact that the 3 ngsa P25 (slurry) 45
thin film formed'on th'e'surface ha}s probably a low SUr- | obilised TiGy P25
face area and insufficient porosity for the adsorption 5 \gsa Wh Cem RLg ~001
of hydrophilic 3-NBSA. Hence, this technique is not Wh Cem BLg ~0.02
appropriate for the utility of waste water treatment. Rb PiLe/Rb PiLg 0.02-0.03

GIPsL3 0.074

3.3.2. TiQ mixed with cement Fi/F 0.15-0.17

A layer consisting of a mixture cement/TiQvas 4-NTSA P25 (slurry) 2.8
spread on a round cement brick as described in Section Eb RLe/Rb Fole gigoz

2 .

2.2. Several percentages of Bi20%, 30% and 40%
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Fig. 1. Photocatalytic transformation of 3-NBSA with H®@n red brick and white cement (sol—gel technique) using the horizontal device:
white cement with six layers of preparations 1 and 3 (Wh calngRand Wh cem BLg); red brick with six and nine layers of preparation
3 (Rb RLe and Rb RLyg).

or cement, as it appears in Fig. 2. However, it can fabrications. The second generation gave slightly bet-
be noted that the coated glass sample was smallerter results, but the difference was not really meaning-
(3.2cm x 3.2cm) than the other samples (disk ful. Most surprisingly, the use of two layers of fibres
5.2cm) and for a quantitative comparison the amount did not improve the efficiency of the photocatalytic
of 3-NBSA transformed was standardized using the transformation. This phenomenon may tentatively be
relation given in Section 2.2. For a more accurate explained by the fact that the first layer transmits less
comparison samples of the same size would be apt. than 30% of incident light. Consequently, the second
layer receives only a little proportion of light, but it

3.3.4. Titanium dioxide on inorganic fibres reduces of convection current in the crystalliser and
Inorganic fibres coated with T provided by chemical exchanges at the surface of the photocatalyst.
Isover Saint-Gobain were used under similar condi-  Earlier literature reported a decrease of photocat-

tions as the other catalysts in the horizontal device, alytic activity of TiO, on glass fibres [10]. In or-
with the difference that the layer(s) of fibores was der to observe if this phenomenon occurs with the
(were) maintained at mid-height in the solution. presentexperimental conditions, a solution of 3-NBSA
With one layer the phototransformation of 3-NBSA 2 x 10~°M was subjected to photocatalytical trans-
(2 x 107°M) was significantly higher than with all  formation with TiQ, on inorganic fibres provided by
the supports previously used, but the initial rate of Isover Saint-Gobain for a period of 4.5h and the ini-
transformation is of course lower than with P25 slurry tial transformation rate was measured. Then the same
2gl~1. Kinetics of transformation are reported in sample of fibres was used for the transformation of
Fig. 2 and initial rate constants in Table 1. Two differ- 3-NBSA 10 2M. After 58 h, the catalyst was re-used
ent samples fibres;Fand K correspond to different  on a solution 2 10~° M. The transformation rate was
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Fig. 2. Comparative photocatalytic transformation rates of 3-NBSA (&2 M) with TiO, P25 (slurry 2 gt1); TiO2 on inorganic fibres

(one layer of fibres Fand F,); red brick coated by sol-gel dip-coating method (six layers with preparation 1:1R§);Rylass with three
layers of preparation 1 (GlJR3), sample smaller, results normalised.
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Fig. 3. Comparative photocatalytic transformation rates of 4-NTSA with, Tiurry 2g?1), TiO, on inorganic fibres () and coated
red bricks (Rb PLg and Rb BLg).
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found to be the same as before. It can be deducedCentre Franco-Indien pour la Promotion de la
that this photocatalyst maintains a good efficiency for Recherche Avancée (CEFIPR#yY its financial sup-
the transformation of benzenesulfonic acids even after port (contract no. IFC/2205-2). They thank Isover
repetitive usage. It may be due to the absence of the Saint-Gobain for coated inorganic fibres. They are
accumulation of photoproducts on the its surface. also very grateful to Dr. C. Guillard for her skill-
ful assistance in sol-gel dip-coating and for helpful
discussions. They are indebted to J. Cellier and M.
Jacquet (University Blaise Pascal, Clermont-Ferrand)

3.4. Photocatalytic transformation of 4-NTSA

The efficiencies of immobilised Ti®©were also

for sputtering TiQ on inorganic supports, for thermal

compared using 4-NTSA as the substrate. Most rep- treatment and for XRD analysis of some samples.

resentative results are reported in Fig. 3 and Table 1.
They are not much different from the results obtained
with 3-NBSA. It confirms that TiQ on inorganic
fibres is significantly more efficient than with bricks
coated by sol-gel dip-coating technique.

4. Conclusions and per spectives

Direct photolysis of 3-NBSA and 4-NTSA is very
low in spite of their absorption in UV range. The low
quantum yield obtained for 3-NBSA is consistent with
values obtained with nitrophenols. It may be attributed
to the electron-withdrawing property of N@roup.

The photocatalytic activity of Ti@ sputtered on
glass or red brick is very low in spite of its anatase
structure obtained by calcination. It might be due to a
low surface area.

The fact that TiQ-cement mixture and Ti@spread
on red brick or cement by sol-gel dip-coating method
are significantly less efficient than TiQlurries, can-
not be attributed only to the reduction of the active sur-
face, but also to the presence of ionic species that con-
tribute to the charge recombination. Experiments will
be carried out to improve the method of dip-coating
by calcination after every layer.

At the present time, the best results were obtained
with TiO2 on inorganic fibres. The efficiency is not
significantly increased by using several layers. It re-
mained constant even after repetitive uses for the trans-
formation of 3-NBSA.

The extension work of Ti@immobilisation to other
kinds of support is in progress.
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