
A

p
i
p
t
a
t
t
©

K

1

t
a
p
a
t
i
c
a
t
d
a

b
a

1
d

Available online at www.sciencedirect.com

Journal of Molecular Catalysis A: Chemical 281 (2008) 113–118

Study of the photoactivation of titania Degussa P25 in
ethanol–methanol suspensions using a piezoelectric sensor

R. Trejo-Tzab a, J.J. Alvarado-Gil a, P. Quintana a,∗, T. López b,c
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c National Institute of Neurology and Neurosurgery “MVS”, Insurgentes Sur 3877, Col. La Fama,
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bstract

Photoactivation of titanium oxide Degussa P25 in ethanol–methanol suspensions, with different molar ratios, was monitored in situ using a
iezoelectric sensor. The process was studied in a specially designed cell in which the sample can be illuminated by a continuous UV Hg lamp to
nduce photoactivation. The evolution of the process was followed by sending a modulated red laser beam onto the sample positioned on top of a
iezoelectric detector. The output voltage of the sensor is also modulated and its amplitude allows to follow the photoactivation process. In order
o control the photoactivation process, the cell was fed with N2 regulated flux. It is shown that when the sample is illuminated with a UV lamp, the

mplitude of the piezoelectric signal falls gradually up to a value that remains constant. The amplitude of the photoactivation, the initial time and
he velocity of photoactivation signal of titania are related to ethanol–methanol proportion. The mechanism associated with photoactivation and
he role of ethanol–methanol proportion are discussed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Titanium oxide (TiO2) is a promising material for pho-
oelectrochemical energy production [1] and photocatalytic
pplications for oxidative degradation of environmental organic
ollutants [2–5], for remediation processes such as water and
ir purification [6–10], for prevention of stains and steriliza-
ion [11–13]. Titania have several advantages as a catalyst, it
s an inexpensive material, commercially available in various
rystalline forms, non-toxic and photochemically stable. Many
pproaches to improve titania photocatalytic activity have been
ested, and many researchers have pointed out that it is depen-
ent on its phase structure, morphology, crystallinity and surface
rea [14,15].
Among the three crystalline phases (anatase, rutile and
rookite) only anatase and rutile are catalytically active, with
semiconductor band gap located about 3.2 and 3.0 eV, respec-
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Piezoelectric detection

ively. Many studies have confirmed that anatase presents better
hotocatalytic properties due to the low recombination rate of
ts photogenerated electron–holes [15,16]. Moreover, it has been
ound that the mixture of the two phases of titania was more
eneficial for suppressing the recombination of photogenerated
lectrons and holes, and thus enhance photocatalytic activity
17–21]. The recombination process and the electron–hole for-
ation are favored when OH groups increase.
Most of the literature reports on titania photoactivity mecha-

isms are related to n-type electrical properties. On the contrary,
efect chemistry models are essentially based on the formation
f oxygen vacancies and are considered to play an important role
n extending the photoactivity of titania into the visible region of
he solar spectrum [9,22]. It is also known, that titanium vacan-
ies contribute to p-type conductivity of dense polycrystalline
utile [23,24]. Also, theoretical analysis, as first principles quan-
um mechanical calculations, has been applied to determine the

ormation energies of different native defects in anatase, as oxy-
en and titanium vacancies and intersticials [25]. The results
howed that titanium vacancies had the lowest formation ener-
ies under oxygen-rich conditions. Furthermore, experimental

mailto:pquint@mda.cinvestav.mx
dx.doi.org/10.1016/j.molcata.2007.11.035
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vidence for titanium vacancies in TiO2 sol–gel, determined
y Rietveld refinement of powder X-ray diffraction data, pro-
osed that titanium vacancies are compensated for hydroxyl ions
ncorporated into the structure [26].

Degussa P25, a commercial powder, has been used fre-
uently as a benchmark in titania photocatalysis studies. It has
relatively large surface area, about 53.2 m2/g and an average

rystallite size of 25 nm. This powder consists of a mixture of
natase and rutile, with a ratio of 3–4:1 [27], and recent mor-
hology studies by Ohno et al. showed that the particles of
hese polymorphs exist separately [20]. These authors have also
eported that the presence of both phases is important in some
hotocatalytic reactions where oxygen is used as an electron
cceptor [21].

Generally, titania photoactivation has been studied indirectly
y exposing different organic compounds and monitoring their
egradation rate. Few works have studied the photoreactivity of
ure TiO2 powder by UV–vis, in a slurry-like phenol system
28], water [29] or ethanol [30].

In this work, a new technique is presented to study in situ the
hotoactivation process of alcohol–titania suspensions, using a
iezoelectric sensor [31]. It consists on the simultaneous illumi-
ation of the liquid sample by a non-modulated UV lamp and a
odulated red laser beam. The UV light induces the photoac-

ivation process changing the optical properties of the sample,
hich are monitored by a red laser beam light reaching a piezo-

lectric sensor positioned at the bottom of the container with the
uspension. The evolution of the dynamic processes occurring
n the sample can be followed with high precision using this pro-
edure. It was shown that the proportion of ethanol-to-methanol
ixtures in titania suspensions affects strongly the dynamics of

hotoactivation.

. Experimental

.1. Materials

Commercial titanium oxide in powered form, Degussa P25,
as used. The solutions were prepared in plastic containers

y mixing 0.04 g of TiO2 in 50 mL of solvent. Pure ethanol
nd methanol, and mixtures in the following molar percent-
ge ratios 17–83, 33–67, 59–41, 82–18, 91–9 (MeOH–EtOH),
ere studied. After preparation, the solutions were homoge-

Fig. 1. Sketch of the photoactivatio
alysis A: Chemical 281 (2008) 113–118

ized in an ultrasonic bath during 30 min to obtain a suspension,
nd kept in a 60 mL plastic container closed with a plastic
ap.

.2. Cell design and measurement technique

The experimental arrangement used in this work is presented
n Fig. 1. The sample (4 mL of the suspension) is placed inside
f a specially designed glass cylindrical cell (5.7 cm high and
.5 cm diameter). The bottom of the cell is a ceramic piezo-
lectric sensor, which is in direct contact with the suspension.
o perform the experiments in different atmosphere, the cell is
nclosed inside of an upside down bottomless cylindrical glass
ontainer (19 cm high and 3.8 cm diameter), closed at the top
ith a glass slide. A glass pipe, near the top of the container,

s connected to a N2 supplying system with a valve that con-
rols the nitrogen flux inside of the cell during the experiments.
he beam of a red laser diode (630 nm) modulated at 15 Hz is
ent onto the surface of the sample, in such a way that the light
oming from the laser is absorbed or scattered by the sample;
herefore, only a fraction of the laser light reaches the sensor.
he sensor generates a periodic signal that is measured using a

ock-in amplifier (Stanford Research Systems SR850), tuned to
etect only the signal at the modulation frequency of the laser.
he amplitude of the piezoelectric sensor is registered as a func-

ion of time. If any changes in the optical absorption happen, the
raction of light reaching the sensor is modified, which allows to
ollow the dynamic processes occurring in the sample. In order
o induce the photoactivation, the sample is illuminated perpen-
icularly to the laser beam with a continuous 175 W commercial
g lamp.
The signal response during the experiments (Fig. 2) is

btained in five stages:

. Initially to calibrate the system, the experiments were run
in air atmosphere during 1000 s, until the signal remains
constant.

. Afterwards the Hg lamp is turned on, the temperature of the
sample increases and the piezoelectric detects a decrease of

the signal. This situation is maintained until the sensor regis-
ters a stable signal (around 3000 s), indicating that the system
has reached a constant temperature. The sample does not
change in color because the cell is open and the suspension

n experimental arrangement.
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+ 2A

π
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4(t − t0)2 + w2
(2)
ig. 2. Typical time scan obtained during the photoactivation and deactivation
rocess, showing the different stages in which the N2 flux, laser and UV radiation
re applied.

is in direct contact with oxygen and the activation cannot be
observed.

. In order to observe the photoactivation, the N2 flux is turned
on to expel the O2. At the beginning the piezoelectric signal
remains stable, but after a few minutes it starts to decrease.
This response is related to a change of color of the sample.
When it is activated, the white suspension becomes blue and
blocks or scatters the red light of the diode laser; the fraction
reaching the sensor allows to obtain a precise measurement of
the photoactivation process. Afterwards, the signal stabilizes
in a time interval that depends on the sample suspension
characteristics.

. In this stage the N2 flux is closed, and the deactivation process
is induced, as a consequence the signal amplitude increases
rapidly reaching a maximum.

. When the signal of the previous stage stabilizes, the lamp
is turned off and the amplitude measured by the detector
increases and after some time remains stable. It can be noted
that this signal level is higher as compared with the one
observed at the first stage. This is due to the evaporation of a
small amount of alcohol (0.1 mL) during the experiment.

. Results and discussion

The piezoelectric amplitude as a function of time, for
ure alcohols and mixtures of different concentrations of
thanol–methanol suspensions, are shown in Fig. 3. As can be
een, the general behavior for all samples is very similar; how-
ver, the amplitude fall-off and the initial activation time are
ifferent.

In order to measure the piezoelectric signal fall-off (S) dur-
ng stage 3, a sigmoidal fitting was performed [32] using the
ollowing equation in function time, t:
= A2 + A1 − A2

1 + (t/t0)p
(1)

here A1 and A2 are the highest and lowest amplitude values
f the sigmoidal curve (Fig. 3). When t � 1, |A1 − A2| is the

F
o

ig. 3. Results for the normalized amplitude as a function of time for samples of
itania suspensions of pure EtOH and MeOH, and mixtures of ethanol–methanol.

otal decrement of the sigmoidal; t0 is the sigmoidal inflex-
on point that measures the time at which the process is in
he middle, and p determines the rate at which the signal (S)
ecreases. The piezoelectric amplitude |A1 − A2| due to the
hotoactivation (Fig. 4) shows an increase with methanol con-
ent, reaching a maximum around 60 mol% and diminishing
fterwards.

On the contrary, in order to analyze the velocity of the pro-
ess, the time derivative of the signal was obtained (Fig. 5); the
inimum point determines the maximum speed at which the

hotoactivation process occurs. This value increases slightly for
methanol concentration of around 60 mol%.

The velocity presents a Lorentzian-like behavior, the width
f the transition and the height of the peak can be obtained using
he equation:
ig. 4. Normalized photoactivation amplitude (in arbitrary units) as a function
f methanol concentration.
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ig. 5. Time derivative (in arbitrary units) of the piezoelectric amplitude for ph
nd (b) 59, 82, 91 and 100% MeOH.

here dSi/dt is the velocity far from the time t0, at which the
ime derivative reaches its maximum. A and w are the area and
he half width height of the peak, respectively.

Additionally, the effective time at which the photoactiva-
ion process starts is obtained from the fitting parameters in the
ollowing form:

i = t0 − w

2
(3)

nd measures the time at which the piezoelectric signal starts to
hange due to the photoactivation process.

The initial time for photoactivation (ti) shows an increase
hen MeOH content grows (Fig. 6). For concentrations under
0 mol%, ti grows slowly and above this concentration a strong
ncrement is observed.

In order to explain our experimental results, it is important
o mention the main reactions involved in the photoactivation

rocess [33–35]. Initially, the UV light reaching the titania sus-
ension induces the generation of hole–electron pairs:

iO2 + hν → e−
cb + h+

vb (4)

ig. 6. Behavior of the initial activation time as a function of methanol concen-
ration.

w
[

h

O

e

o

C

C

tivation as a function of time: (a) 100% EtOH and 17, 33, 59 mol% of MeOH

If the charge recombination is prevented or delayed, titanium
s reduced by the electrons

−
cb + Ti4+ → Ti3+ (5)

As a consequence, titania becomes blue [36,37] and the piezo-
lectric signal falls corresponding to stage 3 in Fig. 2 and the
ime interval from 3000 to 5000 s in Fig. 3. The total decrease
f the signal in this stage, can be parametrized by the factor
A1 − A2| (Eq. (1)) that measures how strong is the activation
rocess. On the contrary, the time at which this decrement is
bservable corresponds to the initial time (ti).

In alcohol suspensions, electrons can also be attached to
xygen in the form [33–35],

cb
− + O2 → •O2

− (6)

This mechanism goes against the formation of Ti3+, and
herefore could induce the sample to become white.

In the case of methanol, the photogenerated holes interact
ith the hydroxyl ions and lead to the following processes

38,39]:

vb
+ + OH− → •OH (7.1)

H• + CH3OH → H2O + •CH2OH (7.2)

•CH2OH + O2 → •O2CH2OH

→ HCHO + •O2
− + H+ (7.3)

CH3OH + Ti4+ − O•+

→ •CH2OH + Ti4+ − O + H+ (7.4)

According to these results, methanol functions as a hole scav-
nger and therefore favors titania photoactivity [40].

For pure ethanol, Eq. (7.1) is also valid; nevertheless, instead

f Eqs. (7.2)–(7.4), we have the following reactions [33]:

H3CH2Oad + h+ + O(lattice) → CH3COO− + 2H+ (8.1)

H3CH2OHad + 2h+ + O(lattice) → CH3COOH + 2H+ (8.2)
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In this case, the hole trapping mechanisms are not as effi-
ient as in methanol (Eqs. (7.1)–(7.4)) [33]; therefore, titania
hotoactivation is lower in ethanol suspension than in methanol
ne. This effect can be observed in Figs. 3 and 4, in which it is
hown that the photoactivity of titania in methanol is 28% higher
han in ethanol.

However, in a titania methanol–ethanol mixture, the mecha-
isms described in Eqs. (7) and (8) are also present, but in this
ase the interaction with •OH radicals could be enhanced by
thanol oxidation [33]:

•CH2OH/CH3CH2O + •OH

→ •CH2CH2OH/•CH2CH2O + H2O (9.1)

•CH2CH2OH/•CH2CH2O + O(lattice), O2,
•OH

→ CH2O/HCOO−/HCOOH (9.2)

H3CH2OH + 2•OH → CH3CHO + 2H2O (9.3)

The synergy of both mechanisms in ethanol–methanol mix-
ure, is clearly observed in Fig. 4, where the maximum intensity
s around 60 mol% of methanol. This behavior can be inter-
reted as a higher hole consumption in the mixture than when
ure alcohols are used, diminishing the recombination process
f the hole–electron pairs and enhancing Ti4+ to Ti3 reduction.

For concentrations above 60 mol% MeOH, photoactivation
ecreases since the hole interaction does not proceed by the
echanisms shown in Eq. (8), which is only valid for high

thanol concentrations [33]. At this stage, the hole excess
ncreases the charge recombination and diminishes the forma-
ion of Ti3+.

On the contrary, the initial time (Fig. 6) slowly grows up
o 60 mol% MeOH, since the photogenerated holes are more
asily trapped by ethanol than by methanol (see Eqs. (7) and
8)). At higher methanol content, the slower hole scavenging
ffect is dominant (Eq. (7)) delaying the starting time of the
hotoactivation process, and therefore the initial time increases
teeply. The delay in the initial time could be related to the
echanisms presented in Eq. (9), where the activation process is

ontrolled by •OH radicals. A higher number of radicals (which
s increased at higher methanol content) produces a larger delay
n the initial time.

. Conclusions

The photoactivation of titanium oxide Degussa P25 in
thanol–methanol suspensions, with different molar ratios, was
onitored at real time using a piezoelectric sensor. The pho-

oactivation process generates a gradual decrement in the
iezoelectric signal until it remains constant. In contrast, deacti-
ation is observed as a gradual increase reaching its stabilization

fter a time interval. The analysis of the experimental data of
he activation kinetics provides the parameters corresponding
o the total change of the amplitude, initial time and velocity
f the different stages of the process. The photoactivation pro-

[

[

alysis A: Chemical 281 (2008) 113–118 117

ess amplitude increases with methanol content and reaches a
aximum around 60 mol% MeOH. For higher concentrations of
ethanol, the signal amplitude falls down gradually up to pure
ethanol value.
The initial time increases slowly when the methanol propor-

ion grows, however above 60 mol%, it increases steeply. The
bserved results can be explained in terms of the combined effect
f ethanol and methanol. Ethanol favors the fast consumption of
he photogenerated holes, on the contrary, methanol prevents the
ecombination of electron–hole pairs, acting as a photoactivation
ontroller. These results can be useful in providing information
n choosing the appropriate mixtures of alcohols for specific
pplications of photocatalytic reactions.
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Photobiol. A: Chem. 148 (2002) 169–176.
40] D.C. Hurum, A.G. Agrios, K.A. Gray, T. Rajh, M.C. Thurnauer, J. Phys.

Chem. B 107 (2003) 4545–4549.


	Study of the photoactivation of titania Degussa P25 in ethanol-methanol suspensions using a piezoelectric sensor
	Introduction
	Experimental
	Materials
	Cell design and measurement technique

	Results and discussion
	Conclusions
	Acknowledgements
	References


