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Anatase TiO2 surfaces have been treated with 2,4,6-triphenylpyrilium hydrogen sulfate (TPPHS) dye to yield the modified TiO2/TPPHS
surface. The modified TiO2/TPPHS surface was then supported onto activated carbon (AC) surfaces to yield a new class of catalytic system
AC/TiO2/TPPHS. The catalytic activities of naked TiO2, TPPHS solution, TiO2/TPPHS and AC/TiO2/TPPHS systems were examined in
photo-degradation of phenol and benzoic acid in water, using both UV and visible regions. All studied systems showed low catalytic activity
when used in the visible region. In UV, the AC/TiO2/TPPHS showed highest activity, whereas the naked TiO2 and TPPHS solutions were
the least active systems. The dye role, in enhancing activity of modified surfaces in UV degradation of contaminants, is understandable by
a charge-transfer catalytic effect rather than a sensitizing effect. AC role is explainable by its ability to adsorb contaminant molecules and bringing them closer to catalytic sites.
Ó 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction
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Mono-crystalline and nano-crystalline semi-conducting
materials are especially useful in photo-electrochemical applications [1e21]. Nano-crystalline TiO2 has been widely
used to catalyze the photo-degradation of water contaminants
such as chlorinated hydrocarbons, phenols, benzoic acid and
others [8e17]. Despite the many known advantages of using
TiO2, it suffers the shortcoming of having a large band gap
(w3.2 eV) which restricts its use to the UV region. Such radiations are not highly abundant in the solar radiations that
reach the earth, which limits the use of TiO2 in solar energy
utilization. Therefore, research has been directed to sensitize
TiO2 surfaces in order to function in the visible region. Dye
sensitized TiO2 surfaces have therefore been successfully
experimented in photo-electrochemical devices to produce
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electricity from visible light [18e21]. Literature described
the use of dye sensitized TiO2 surfaces in photo-degradation
of contaminants in the visible region [8,22e24]. In addition
to TiO2, other systems sensitized by low gap dyes, are also
known. Incomplete degradation of fungicides has been reported using 2,4,6-triphenylpyrilium tetrafluroborates sensitized triadimenol, to yield other organic products [25]. Up
to 70% partial oxidation has been reached within 50 h of continued visible illumination. In addition to visible sensitization, dye sensitized systems have also been described in
UV degradation processes [24,25].
Strictly speaking, sensitization involves activation of the
TiO2 surface under wavelengths longer than those corresponding to its band gap. In such a process, the dye is excited
by the visible light, Scheme 1. An electron is then excited to
the dye conduction band. The electron travels across the TiO2
conduction band, and then reduces contaminants with suitable
reduction potentials (more positive than TiO2 conduction
band edge). At the other side, a hole is created in the dye
valence band. The hole may then oxidize easy-to-degrade
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2. Experimental
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Nano-crystalline TiO2 (Anatase), AC, 2,4,6-triphenylpyrilium hydrogen sulfate, phenol, benzoic acid, and other common chemicals have been purchased from Aldrich, Ltd., in
a pure form. AC and TiO2 surface areas were measured according to literature [29e31] using the acetic acid adsorption
isotherms and were 850 and 125 m2/g, respectively.
The dye-modified TiO2 surface was prepared as previously
described for supporting naked TiO2 systems onto AC [8].
TiO2 solid was suspended and stirred with aqueous solutions
of TPPHS (0.003 g in 10.00 mL, 3.4  104 M) for 4 h in the
dark. The solid was then separated, by suction filtration through
a sintered glass funnel, washed with water and dried at room
temperature. Using different dye concentrations gave same
dye/TiO2 ratio, as saturation was obtained with low dye uptake
even with low TPPHS concentrations used. The yellow TPPHS
dye absorbs at around 435 nm. Solid state IR spectra confirmed
the presence of TPPHS onto the TiO2 surfaces. IR bands, due to
adsorbed TPPHS, were unchanged for TiO2/TPPHS system
after use in UV degradation experiments.
The AC supported dye-modified TiO2 system, AC/TiO2/
TPPHS, was prepared by stirring a suspension of AC (0.1 g)
with TiO2/TPPHS (0.5 g) in water for 5 h. The solid was
then separated and washed with water before drying.
Contaminant phenol concentrations were spectrophotometrically analyzed using known literature methods [32]. Absorbance vs. concentration calibration curves were constructed
in order to measure remaining contaminant concentrations in
aliquots that were syringed out from reaction mixtures at different times. Benzoic acid concentrations were measured using HPLC.
GCeMS was used to analyze degradation reaction products. Apart from remaining unreacted phenol or benzoic
acid, no other organic products were detected. This indicated
that CO2 and water were the only resulting products from phenol and benzoic acid photo-degradation. This is consistent
with earlier literature [27].
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contaminants only, which demand oxidizing potentials less
positive than the dye valence band edge. As such, the holes
may not oxidize contaminants that demand more positive potentials. Therefore, dye sensitized TiO2 surfaces have two
characteristic features: they are sensitized to longer wavelengths (e.g. visible), and they oxidize contaminants demanding oxidation potentials less positive than the dye valence
band edge only. If dye modification enhances TiO2 catalytic
activity in UV regions or nearby, the process may not then
be a sensitization process. Therefore, sensitization formalism
need not be claimed in all cases and should be limited to
cases where real sensitization occurs. If the dye modification
enhances TiO2 surface catalytic efficiency in UV regions,
other formalism needs to be adopted.
For this purpose, TiO2 surfaces have been modified here
with TPPHS. The dye-modified TiO2 surfaces were then examined to photo-degrade phenol and benzoic acid in water.
Both species are water contaminants that are difficult to degrade. Both visible and UV radiations have been used in
this study. In order to further enhance its catalytic activity,
the dye-modified TiO2 has been supported onto activated carbon (AC). Very few reports, if any, described supporting dyemodified TiO2 onto activated carbon, and to our knowledge
this is the first study that employs AC surface to support
TPPHS-modified TiO2 and uses the supported modified system in photo-degradation of phenol and benzoic acid. AC
support has the added value of increasing catalytic activity
of TiO2 by adsorbing contaminant molecules and bringing
them into close proximity to the catalytic sites, provided
that the adsorption is not strong enough to inhibit their immigration to the catalytically active sites. The use of AC in supporting naked TiO2 and enhancing its activity has been
described in literature [9,23,26,27]. Due to its hydrophobic
nature, AC has the additional technical advantage of making
supported TiO2 system easier to isolate after reaction completion [26,28]. Results of this study are presented, together with
an understanding of the mode of action of both the dye and
the AC support.
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Scheme 1. Schematic TiO2 sensitization to visible light with TPPHS.

2.2. Equipment
A Shimadzu UV-1601 spectrophotometer was used for
absorbance measurements. Gas Chromatography/Mass Spectrometery analysis was conducted on a Shimadzu GCMS-QP
5000. The GC was equipped with an auto-injector (AOC17), a Class 5000 software and a 30 m J&W SCIENTIFIC
long and 0.25 mm I.D. capillary column DB-SMS (5% e
phenyl) Methylopolysiloxane 0.25 mm thick film. The injector
was set up at 250  C, GCeMS interface at 280  C, helium carrier gas at a flow rate of 0.80 mL/min at 25  C. The sample
(2 ml) was injected in the splitless injection mode. The oven
temperature was programmed starting at 100  C for 1 min,
raised to 320  C (5  C/min), and held at 320  C for 10 min.
Aqueous aliquots were first extracted with organic solvents,
and then the organic phase was injected for GCeMS analysis.
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loss. Control experiments conducted under illumination (UV
or vis), in the absence of TiO2 or TiO2/TPPHS showed no significant loss in contaminant concentrations.
In visible light experiments, conducted using different
catalytic systems (naked TiO2, TiO2/TPPHS and AC/TiO2/
TPPHS), no significant contaminant loss was observed under
experimental conditions described here. On the other hand,
UV illumination caused significant contaminant loss depending on the nature of the catalytic system used. Therefore,
unless otherwise stated, all results shown hereafter were
observed using UV illumination.
3.1. Naked TiO2, TPPHS and TiO2/TPPHS catalytic
systems
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When naked TiO2 was used in UV degradation of phenol or
benzoic acid, only up to 8% and 4% contaminant losses were
observed, respectively, within 120 min. Despite the thermodynamic feasibility of degradation in TiO2 catalyzed process, the
reaction demands kinetic enhancement, in such a way to speed
up the charge transfer. When the TiO2 was replaced with
TPPHS solution, only low contaminant loss was observed.
This is presumably due to the dye valence band edge being
not positive enough to degrade phenol or benzoic acid molecules, vide infra.
When modified TiO2/TPPHS surface was used in UV, up to
30% and 35% loss, in phenol and benzoic acid concentrations,
was observed, respectively, within 120 min. Maximum contaminant loss was observed in an open reactor. When the reactor was closed to oxygen, lower contaminant losses were
observed. Moreover, when air stream was used, contaminant
loss was lower than that observed in an open reactor only.
Such results are consistent with earlier reports, where oxygen
is needed in degradation experiments, but higher oxygen pressures inhibit the degradation reaction [9,35e42]. Therefore,
unless otherwise stated, all oncoming experiments were conducted in an open-to-air reactor with no air streams. Turnover
number values, showing the effect of the dye on the TiO2
activity, were calculated as shown in Table 1.

2.3. Photo-degradation experiments
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HPLC analysis was conducted on a Waters 2695/Separation
Module equipped with a Photodiode Array detector, functioning at 254 nm. Analysis was performed on a 250  4 mm I.D.
Merck Lichrospher 100 RP-18 (5 mm) column fitted with guard
column. The injected volume was 20 ml. Elution was conducted
using 20% acetic acid solution, pH ¼ 3, as mobile phase.
Thermal gravimetric analysis (TGA) was thankfully conducted at the SCA-CNKS laboratory, Service Central d’Analysis, France, using a 2950HR V5-3 TA. Under-air heating was
started at room temperature and ended at 1000  C, with temperature increase rate of 5  C/min. Solid state FT-IR spectra
were recorded for TiO2, TiO2/TPPHS, and AC/TiO2/TPPHS
as KBr pellets, on a Shimadzu FTIR-8201PC.
UV irradiation was conducted using an Oriel 500 W Hg/Xe
lamp equipped with a Model 66901 Universal Arc Lamp
Housing, and a fiber optical bundle. The lamp was run at
a 150 W working power. To maximize exposure of reaction
mixture to irradiation, and to minimize radiation loss, the bundle terminus was directly inserted inside the reactor through
a glass tube. The glass tube was in turn dipped inside the
reaction mixture. Visible illumination was conducted using
a model 45064 e 50 W Xe lamp (Leybold Didactic Ltd.)
equipped with a housing and a concentrating lens. Lamp specifications are described in special manuals [31e34]. In each
case, the reaction vessel that contained reactants, solvent and
catalyst, was wrapped out with aluminum foil to reflect any
lost radiations back to reaction mixture. The reaction mixture
was thermostated by dipping the reaction vessel inside a water
bath. The reaction mixture was magnetically stirred.
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A typical degradation experiment was conducted as follows:
different catalytic systems were placed inside a thermostated
three-necked glass flask reactor. Water samples, contaminated
with known concentrations of phenol or benzoic acid, were
added to the reactor. The pH was measured as 6.0 and 2.7 in
phenol and benzoic acid solutions, respectively. Illumination
was conducted either by UV or visible lamps, as described
above. Aliquots were syringed out of the reaction vessel at different reaction times, and spectrophotometrically analyzed as
described earlier.
To ensure that contaminant loss was due to photo-degradation, control experiments were conducted. Experiments were
run using different catalytic systems in the dark. Illumination
experiments were also conducted in the absence of catalysts.
Additional control experiments were conducted using AC surface only, to see if contaminant loss may occur due to adsorption rather than degradation. Only up to 3% contaminant loss
was observed due to contaminant adsorption onto AC surface,
as relatively high contaminant concentrations were used in
degradation experiments here.
3. Results and discussion
Experiments conducted in the dark, with or without catalytic systems, showed no significant phenol or benzoic acid

3.2. AC/TiO2/TPPHS catalytic system
In UV illumination, the supported modified catalyst AC/
TiO2/TPPHS showed higher catalytic activity than its unsupported counterpart. About 65% and 57% losses in phenol
and benzoic acid concentrations, respectively, were observed
when the AC/TiO2/TPPHS catalytic system was used, within
120 min. In the visible light processes, only little contaminant
degradation was observed.
Values of turnover number for different catalytic systems
used in UV degradation of phenol and benzoic acid degradation are shown in Table 1. The table shows that in either phenol or benzoic acid, the catalytic activities for different
catalytic systems vary in the order: AC/TiO2/TPPHS > TiO2/
TPPHS > naked TiO2 w TPPHS.
Temperature effect on catalytic activity of AC/TiO2/TPPHS
was studied in UV degradation of phenol and benzoic acid.
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Table 1
Values of turnover numbers for different catalytic systems, measured for degradation of phenol and benzoic acid in water, using UV illumination
TiO2
amount (g)

Naked TiO2
Dye only
TiO2/TPPHS
AC/TiO2/TPPHS

0.5
0
0.5
0.5

Turnover number (moles reacted contaminant per
mole dye, after 120 min)

0
0.006 (1.476  105)
0.006 (1.467  105)
0.006 (1.476  105)

Phenol
degradation

Benzoic acid
degradation

33a
27
270
372

49.4a
50.4
316.0
454.9
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TiO2 in visible degradation of these contaminants. Despite its
relatively high band gap, 435 nm, and its ability to degrade other
contaminants such as methyl parathion [35], its valence band
edge position may not be low enough to oxidize phenol and benzoic acid in the visible region. This was evident by the inability
of TPPHS solutions to degrade phenol and benzoic acid using
visible and UV. Therefore, a sensitization mechanism of TiO2
by TPPHS, as shown in Scheme 1, to degrade phenol and benzoic acid in the visible light should be ruled out. Phenol and benzoic acid demand positive oxidation potentials more positive
than 1.2 and 1.0 V/SCE, respectively, as calculated from
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The temperature showed no significant effect on catalyst efficiency, and slightly higher activity was observed at lower temperatures. The results are consistent with earlier literature
[27,43], which showed that photo-catalytic degradation rates
are not much affected by changes in temperature. The degradation rate independence of temperature is reflected by the
low activation energy (a few kJ/mol) compared to ordinary
thermal reactions [27]. Moreover, at higher temperatures, oxygen concentrations in the reaction solution are lowered by increasing the temperature. This explains why at 20  C the rate
was slightly higher than at higher temperatures here. The reaction rate was also independent of initial contaminant concentration, and the rate was slightly higher when using lower
concentrations. This is in accordance with literature [27]
where organic contaminant photo-degradation is independent
of the contaminant concentration, and in some cases, the
rate is lowered with increased initial concentration. Different
explanations are proposed, all of which rely on the adsorption
of contaminant molecules on the solid surface in a Langmuire
Hinshelwood model. One acceptable explanation is the fact
that at higher contaminant concentration, the contaminant
molecules may compete with the adsorbed intermediates and
inhibit degradation [27].
TGA, measured for AC/TiO2/TPPHS before and after use
in photo-degradation experiments, showed no difference in
carbon content during the process. Samples of AC/TiO2/
TPPHS, recovered after pre-use in photo-degradation experiments showed 20% carbon loss on heating in the range 550
and 600  C during TGA. This matched other fresh AC/TiO2/
TPPHS unused samples in degradation experiments, Fig. 1.
The findings indicate that AC is robust enough to survive
photo-degradation experimental conditions. This, together
with its catalytic enhancement of TiO2/TPPHS system, makes
AC an advantageous support for photo-degradation catalysts.
Another advantage in using AC support is its hydrophobic nature. Nano-sized TiO2 particles form colloid-like mixtures
with water which makes them difficult to isolate after use. Using the hydrophobic AC support makes it easier to isolate the
AC/TiO2/TPPHS catalytic system by simple filtration.

co

Calculations were made assuming the presence of 0.006 g (1.476  105 mol) TPPHS.
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3.3. The role of the dye
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Phenol and benzoic acid are examples of difficult-to-oxidize
contaminants. In this work, the TPPHS dye failed to sensitize the

Fig. 1. TGA data measured for AC/TiO2/TPPHS: (a) fresh sample and (b) recovered sample after pre-use in degradation.
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Scheme 2. Schematic oxidation potential levels, for phenol and benzoic acid,
relative to band edge positions of TiO2 and TPPHS.
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the catalytic activity of TiO2 in UV and visible degradation of
phenol and benzoic acid here.
In the suggested formalism, the overall degradation process
(which involves hole transfer from TiO2 valence band to contaminant molecules) is thermodynamically feasible. On the
other hand, the kinetics are enhanced by the dye molecules.
The results are consistent with literature in this aspect. TiO2
surfaces, modified with TPPHS and other dyes, showed higher
catalytic activity in UV degradation of contaminants than naked TiO2 counterparts [9,44,45]. In some cases it has been
stated that TiO2 is sensitized by the dye, in the UV [41]. In
other reports humic acid dyes inhibited the catalytic activity
of TiO2 in degrading p,p-DDT contaminants by UV [46].
The inhibition effect is understandable by the ease of degradation of humic acid in UV which competes with p,p-DDT degradation onto TiO2 sites.
The fact that AC enhanced the catalytic activity of TiO2/
TPPHS, in UV degradation of stable contaminants, here, is
other evidence in favor of charge-transfer formalism. Numerous reports described AC as support for TiO2 [9,23,26,27,
47,48]. Literature also indicated that AC supported TiO2
showed higher activity in UV degradation of stable contaminants with no added dyes [26,27], and the AC and TiO2
showed synergistic effects [49]. AC adsorbs water contaminants and brings them into closer proximity to the catalytic
sites at the TiO2 surface. Such formalism is acceptable, as
AC has no reason to play as a TiO2 sensitizer. AC may also
have another role, as by adsorption of intermediates it brings
them into close proximity to active sites and enables their
complete degradation to yield complete contaminant degradation. This is consistent with other earlier reports [27]. The fact
that the reaction rate was independent of reactant concentration is consistent with the discussion presented here, vide supra. Other supports, such as molecular sieves, may play more
significant roles in enhancing catalytic activities of TiO2 systems. Catalytic activity of 4-chlorophenol photo-degradation,
by TiO2/Cr in the visible region, has been significantly enhanced by molecular sieve supports, and the molecular sieves
seem to play a role in the sensitization process itself [50].
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thermodynamic data. Over-potentials are needed for contaminant degradation, and more positive potentials than these values
should be available for degradation to occur. The needed potentials are more positive than that of the dye valence band,
wþ0.76 V/SCE, Scheme 2. This explains the failure of naked
TPPHS to catalyze degradation in the visible and UV regions.
This also explains the failure of AC/TiO2/TPPHS system to
degrade stable organic contaminants in the visible region.
In the UV region, TPPHS modification enhanced the catalytic activity of TiO2. In this region, the TiO2 is itself excited.
Therefore, the ability of TiO2/TPPHS to degrade phenol and
benzoic acid in the UV region is not a sensitization process. Alternatively, the dye molecules enhance the catalytic activity of
TiO2 by other processes. One possible mechanism is that the
dye molecules, attached here to TiO2 surface as cations, may facilitate the charge transfer between the TiO2 valence band and
the contaminant molecules. The dye ions may adsorb the contaminant molecules and encourage the charge-transfer process.
Thus, the holes, created in the TiO2 valence band, immigrate
faster toward the contaminant molecules through the dye. The
role of the dye molecule in TiO2 catalytic activity enhancement,
here, is therefore understandable in charge-transfer formalism
(Scheme 3) rather than sensitization formalism. Attempts to replace TPPHS with other low energy-band gap dyes, such as tetraphenylporphyrinato-manganese(III) ions, failed to enhance
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4. Conclusions

py

The catalytic activity of TiO2 surface, in UV degradation of
phenol and benzoic acid, may be enhanced by surface modification with dyes such as TPPHS. Further enhancement could
be achieved by supporting the TiO2/TPPHS onto AC. The
enhanced activity of the modified TiO2 surfaces in UV may
be due to a charge-transfer enhancement mechanism, rather
than sensitization formalism.
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