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Abstract

More stringent regulations concerning effluent release into rivers and streams have made it necessary to develop new technologies for
effluent mineralization, with heterogeneous photocatalysis as an attractive option. The aim of the present work was to investigate the influence
of thermal treatment on the structure and photocatalytic activity of TiO, P25. The TiO, was calcined at different temperatures (0, 200, 300,
400, 500, 600 and 700 °C) and used for phenol degradation (50 mg 1~") under visible and near-UV irradiation for 5 h. Characterization
analyses (textural analysis, acidity and X-ray diffraction (XRD)) showed that the specific surface area decreased with increasing calcination
temperature from 500 to 700 °C, while the catalyst acidity increased after thermal treatment. The anatase—rutile phase transformation
occurred at 600 °C. In this process, both direct and sensitized photocatalysis occurred and uncalcined TiO, showed the highest level of phenol
degradation. An increase in calcination temperature led to a reduction in TiO, activity, which may be related to the presence of rutile and

anatase phases, as well as to surface adsorbed water and hydroxyl groups on the TiO,.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Industries generally generate highly polluting effluents.
Many of the pollutant properties of these effluents are
attributed to phenolic compounds, mainly in the effluents of
alcohol distilleries, due to their toxicity and capacity to
inhibit conventional biological treatments [1].

As a consequence of this situation and more stringent
regulations concerning effluent release into rivers and
streams, new technologies have been developed to reduce
these refractory contaminants. Among them, heterogeneous
photocatalysis, an advanced oxidative process (AOP), has
proved suitable for the ready elimination of phenolic
compounds [2,3].

Recently, much attention has been paid to TiO, particles
for environmental remediation by photocatalytic decom-
position of waste materials and pollutants, due both to its
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high photoactivity in the degradation of organic compounds
and its chemical/photocorrosion stability under various
reaction conditions [4-7]. The bandgap energy of TiO, is
3.0-3.2eV, which can be excited by UV light of
wavelengths shorter than 385 nm. Thus, when TiO, absorbs
a photon and is then promoted to an excited state, an electron
is transferred from the valence band to the conduction band,
where it can function as a reducing moiety, leaving a hole in
the valence band that is a strong oxidizing moiety [8].
Many studies have been reported on the relations between
crystallographic structure and surface properties and the
effect of these properties on the photocatalytic properties
[5,9-11]. Thus, the objective of this work was to investigate
the influence of calcination temperature on the TiO, P25
structure and photocatalytic activity for phenol degradation.

2. Experimental

Degussa TiO, P25, used as a photocatalyst, was
submitted to an agglomeration process (particle size range
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0.210-0.297 mm) and thermal treatment for 4h at
different temperatures (0, 200, 300, 400, 500, 600 and
700 °C).

2.1. Characterization

Textural analysis of the catalysts was carried out using N,
gas adsorption—desorption isotherms at 77 K using Quanta-
chrome Nova 1200 equipment. Surface area measurements
were made according to the BET method and the pore size
distribution was calculated using the -method (micropores)
and BJH method (mesopores) with data determined from the
desorption branch of the isotherms.

A model reaction of isopropanol decomposition was used
to characterize the acidic and basic properties of the
catalysts, for which 0.1 g of catalyst was placed in a tubular
reactor and submitted to activation in situ under a flow of N,/
He (30 mlmin~') at a heating rate of 10 °C min~! and
isothermal steps of 10 min at 100, 200 and 300 °C, and
90 min at 400 °C. The reaction was processed at 350 °C with
isopropanol flow of 12.62cm’h™'. After condensation,
liquid samples were collected at regular intervals of 20 min
for 60 min. Analyses of the liquid products were carried out
on a Varian 3300 gas chromatograph equipped with a
thermal conductivity detector. The column used for analysis
was 10% Carbowax 20M/Chromosorb W-HP with dimen-
sions of 30 m x 1/8 in. It was not possible to characterize
the uncalcined TiO, or TiO, calcined below 400 °C with this
method, because the thermal treatment temperature was
lower than the reaction temperature.

The zero point charge (pHzpc)) of each catalyst was
determined by agitating a suspension (1 g of catalyst and
30 ml of deionized water) for 24 h and then measuring the
pH.

X-ray diffraction (XRD) measurements were carried out
on a Ray-X Rigaku Miniflex diffractometer using Cu Ka
irradiation, tension of 30 kV, current of 10 mA, a scanning
speed of 2° min~', and intensity of 2000 cps.

2.2. Photocatalytic activity

Degradation tests were carried out in a refrigerated
(33 °C), aerated (air flow 130 ml min~') and magnetically
agitated reactor.

A 1 g sample of catalyst was suspended in 1 1 of aqueous
phenol solution (50 mg1~") at an initial pH of ~8. The
mixture was irradiated for 5 h with a 250 W high-pressure
Hg lamp, emitting visible and near-UV light, located 15 cm
above the solution surface. At regular intervals of 1h,
aliquots of 10 ml were collected, filtered through a Millipore
filter (pore size 0.45 wm) and analyzed in TRACE GC
ThermoFinnigan gas chromatograph equipped with a flame
ionization detector (FID), using an OV Carbowax 20M
(0.5 pm) fused silica capillary column with dimensions of
30 m x 0.25 mm. o-Cresol was used as the internal
standard.

3. Results and discussion
3.1. Characterization of photocatalysts

Fig. 1 displays the nitrogen adsorption—desorption
isotherms of the catalysts. It can be observed that uncalcined
TiO, and TiO, thermally treated at 200 °C exhibited type II
nitrogen isotherms. This type of isotherm is indicative of
non-porous or macroporous material. These results are
similar to those obtained by Saadoun et al. [9], who reported
that Degussa TiO, P25 is a non-porous powder mixture of
anatase and rutile phases, which showed the presence of
mesopores after thermal treatment at 260 °C under vacuum
for 24 h, as denoted by the hysteresis loop in its adsorption—
desorption isotherm.

All other samples of TiO, calcined above 200 °C
exhibited a type IV nitrogen isotherm with type H3
desorption hysteresis loops, indicative of their mesoporosity.
As the number of mesopores decreased on thermal treatment
above 500 °C, it is worth noting that the hysteresis loops
exhibited for TiO, (600) and TiO, (700) — where the value in
parentheses indicates the calcination temperature — are
smaller than those observed for TiO, (300) and TiO, (400).
In terms of adsorbed volume, TiO, (400) showed greater
adsorption and hysteresis, indicative of a more porous
material.

The hysteresis phenomenon in isotherms for physical
adsorption is related to capillary condensation in mesopor-
ous structures, in which the adsorbed volume tends to a finite
maximum value, corresponding to complete filling of the
capillary [12].

Table 1 shows the textural properties of the TiO, samples.
It can be observed that the specific surface area (BET)
remained practically constant for all samples, at nearly
42 m* g~ !, except for TiO, (600) and TiO, (700), for which
the surface area decreased considerably as the calcination
temperature increased, due to the particle agglomeration
process.

The external surface area, total pore volume and mean
pore diameter decreased as the temperature was increased
from 300 to 700 °C.

The external surface area was estimated from the slope
of a straight line fitted for the linear part of the r-plot. The
intercept of the straight part on the axis for the adsorbed
amount represents the micropore volume [13]. As the
choice of fitting range is an open subject, we chose the
interval 0.6-0.7 P/P,, which led to the best straight line for
the samples.

It has been established that the surface area, porosity, and
pore volume decrease several-fold after heat treatment in the
temperature range 450-900 °C, whereas the pore diameter
increases. The main reason for this change in pore structure
in this temperature range is attributed to sintering and/or
phase transformations occurring in these materials [14].

TiO, is a material with characteristic mesoporosity after
thermal treatment. The mean pore diameter considerably
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Fig. 1. N, adsorption—desorption isotherms for: (A) TiO, (uncalcined); (B) TiO, (200); (C) TiO, (300); (D) TiO, (400); (E) TiO, (500); (F) TiO, (600); (G)

TiO,

decreased after thermal treatment; it changed from 198 A

(700).

(300 °C) to 82 A (700 °C).

The TiO, surface acidity was also studied to gain greater
understanding of the physical nature of these photocatalysts.

From a mechanistic point of view, alcohol decomposition

on solid catalysts occurs as follows: (1) dehydration is

generally catalyzed by acidic sites, and (2) dehydrogenation
is catalyzed by basic sites, or both acidic and basic sites.
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Table 1
Textural analysis of TiO, thermally treated
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Catalyst Specific surface area (m%/g)* External surface area (mzlg)b Micropores area (m%/g)° Mesopores area (mz/g)d
TiO, (uncalcined) 44 44 0 0
TiO, (200) 42 42 0 0
TiO, (300) 34 34 0 32
TiO, (400) 46 45 1 33
TiO, (500) 42 39 3 24
TiO, (600) 14 12 2 6
TiO, (700) 6 5 1 3

? Calculated by BET method.

" Calculated by r-method employing de Boer pattern isotherm.
¢ Calculated by t-method employing de Boer pattern isotherm.
4 Calculated by BJH method (desorption branch).

Thus, isopropanol decomposition was used to characterize
the acidic and basic properties of the catalysts. The acidity is
related to the rate of dehydration (propene formation), while
the basicity is related to the ratio of dehydrogenation
(acetone formation) to dehydration [10,15].

The surface of TiO, has both acidic and basic sites. The
acidic sites are associated with coordinately unsaturated
surface metal ions, while the basic sites are associated with
surface anions or anion vacancies [15].

Thermal treatment influenced the acidity; however, this
influence did not follow the same trend as reported in the
literature, where an increase in calcination temperature
caused a reduction in acidity [10]. The results in Table 2
show the opposite of this behavior: the catalyst acidity
increased with increasing calcination temperature. This
increase was more significant in TiO, (600) and TiO, (700)
and it can be attributed to polymorphic transformation, since
TiO, (500) shows mixed crystallite phases and TiO, (700)
presents only the rutile phase.

In terms of acidity during the reaction, catalysts thermally
treated at 400 and 600 °C showed random results, while
TiO, (500) and TiO, (700) showed a reduction in acidity,
mainly at the end.

Evaluation of the catalyst characteristics during the
reaction showed an increase in basicity, mainly for TiO,
(600) and TiO, (700). The same behavior could be verified
in terms of the increase in calcination temperature.
However, for TiO, (500) the behavior was different. It
did not produce acetone during the first 20 min, after
which production reached a constant value until the end of
the reaction.

Table 2
Model reaction of the isopropanol decomposition

Thermal treatment led to a reduction in isopropanol total
conversion, although this reduction was not very significant.
During the reaction, it was verified that the catalysts suffered
deactivation of nearly 15%, except for TiO, (700), with
deactivation of 24%.

At pH values above the pHpc), the surface of the
catalyst is negatively charged and, conversely, below the
pH(zpc) it is positively charged [16].

According to the literature [15,17], pHzpc, values are
strongly affected by high-temperature pretreatment of the
oxide. Titania has amphoteric character and the pHzpc) of
TiO, P25 is 6.8. We observed that TiO, without thermal
treatment, TiO, (200) and TiO, (300) showed acid
characteristics and the pHgpc) values increased with
increasing calcination temperature. TiO, (700) had a slightly
basic pH value. Table 3 presents a summary of the pHpc,
values of the catalysts.

These results are opposed to the acidity results obtained
for the model reaction and those of Pelizzetti and Minero
[17], who reported that calcination of TiO, samples above
800 °C resulted in a decrease in pHzpc). Such a decrease in
the pHzpc) values was attributed to irreversible changes in
the surface chemistry of TiO, [17].

The fraction of rutile and anatase crystalline phases
present in each sample and the temperature of the anatase—
rutile phase transformation were identified by XRD and on
the basis of the JCPDS data bank.

Fig. 2 shows XRD patterns for the samples. The
intensities of the anatase peaks decreased, while the
intensities of the rutile peaks greatly increased as the
calcination temperature was raised.

Catalyst” Specific acidity Specific basicity Acetone formation/propene Total conversion (%)
(mmol propene/(h m?)) (pmol acetone/(h m?)) formation [ra/rp] (E-3)
20/ 40’ 60’ 20 40’ 60/ 20/ 40 60’ 20 40’ 60’
TiO, (400) 9 8 8 32 66 78 7 8 9 55 53 45
TiO, (500) 9 8 8 0 100 90 0 12 11 50 44 43
TiO, (600) 16 21 16 156 243 320 10 11 20 41 39 35
TiO, (700) 41 37 33 513 970 1070 12 26 32 42 35 32

? Values in parenthesis show calcination temperature in °C.
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Table 3
Zero point charge (pHzpc)) of TiO, samples

Table 4
Anatase and rutile crystalline phases of TiO,

Catalyst pHzpc) Catalyst Anatase fraction (%) Rutile fraction (%)
TiO, (uncalcined) 3.52 TiO, (uncalcined) 83 17
TiO, (200) 3.61 TiO, (200) 82 18
TiO, (300) 3.77 TiO, (300) 82 18
TiO, (400) 5.45 TiO, (400) 82 18
TiO, (500) 6.41 TiO, (500) 76 24
TiO, (600) 6.61 TiO, (600) 11 89
TiO, (700) 741 TiO, (700) 0 100

TiO, P25 consists of mixed phases (83% anatase and 17%
rutile), with the anatase fraction decreasing with increasing
calcination temperature, as shown in Table 4. There was no
difference in phase constitution among the samples
thermally treated from 200 to 400 °C.

TiO2 (700)

TiO2 (600)

|

TiO2 (500)

TiO2 (400)

TiO2 (300)

TiO2 (uncalcined

A(101)
R(110)
R(101)
A(103)
A(112)
R(111)
A(200)
R(211)
Bew A(211)
R(220)

20 30 40 50 60
20

Fig. 2. X-ray diffraction patterns of TiO, samples.

The anatase—rutile phase transformation took place at
600 °C, and the sample at this temperature had 11% anatase
phase and 89% rutile phase. No anatase phase was detected
in TiO, thermally treated at 700 °C. This result was similar
to that presented by Kim et al. [18], who reported that the
anatase—rutile phase transformation took place at tempera-
tures of 600-800 °C.

The rutile phase content (Xg) in crystalline TiO, was
calculated according to the following equation:

I/Ix-K

Xg =LA 2
ATl R/, K

(D

where Iy is the height or area of the peak of the rutile (110)
phase in the XRD pattern, I, that of the anatase (101) phase
and K is a constant equal to 0.79 [19].

3.2. Photocatalytic degradation

The catalyst photocatalytic activity was evaluated using
the photodegradation of phenol as a model pollutant under
visible and near-UV irradiation. In this process, both direct
and sensitized photocatalysis took place, with the latter
predominant, as the glass protection around the lamp retains
only part of the UV radiation.

The reduction in phenol concentration was determined by
gas chromatography; under the operational conditions used,
no other products were observed. According to the literature,
the main intermediates can be catechol, hydroquinone and
benzoquinone [20-23].

Thus, it is believed that direct photodegradation of phenol
to CO, and H,O could be occurring, according to step 1 of
the ““‘series—parallel”” mechanism proposed by Salaices et al.
[20].

All TiO, samples showed photocatalytic activity for
phenol photodegradation. The highest level of degradation
(53%) was obtained with the uncalcined TiO,. Samples
calcined between 200 and 500 °C presented similar
degradation percentages of nearly 36%.

TiO, in rutile form is less effective than the anatase form
as a photocatalyst for the oxidation of most organic
compounds. Therefore, it is normal that the TiO, calcined
at 600 and 700 °C showed lower photoactivity than that
thermally treated at 500 °C [5]: TiO, (600) achieved 18%
phenol degradation, while TiO, (700) reached only 13%.
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The better result for uncalcined TiO, may be explained
by its anatase phase structure and hydroxyl groups on the
powder surface. It has been found that these two aspects
can enhance photocatalytic reactions [19]. An increase in
rutile content results in a decrease in surface adsorbed
water and hydroxyl groups, which are crucial for
photocatalysis, since they react with photoexcited holes
on the catalyst surface and produce hydroxyl radicals,
which in turn are powerful oxidants in degrading organics
in water [17,24].

The amount of chemisorbed water directly bound to
Ti(IV) ions on the surface is higher at lower temperature. As
the calcination temperature of TiO, increases, the density of
surface-bound hydroxyl groups (OH ) or chemisorbed H,O
decreases, subsequently reducing the probability of OH™
production and thus retarding the photoreaction. The greater
the number of surface OH™ groups, the faster is the
photocatalytic reaction [25].

These surface-adsorbed water and hydroxyl groups are
also related to the TiO, pHzpc) value that varies with
thermal treatment, since the TiO, samples calcined at higher
temperatures undergo only partial rehydroxylation when
exposed to water. Thus, the higher activity of uncalcined
TiO, must also be due to its low pHzpc, value, which
facilitated phenol degradation.

Photocatalytic phenol degradation using uncalcined TiO,
can be described by a Langmuir-Hinshelwood model of
pseudo-first order [In(Co/C) = k,pt] with an apparent reac-
tion rate constant of 0.1459 h™' and a correlation coefficient
of 0.9921.

Fig. 3 shows the change in phenol concentration with
photoirradiation time. The concentration decreased with
time in the seven systems, but uncalcined TiO, showed the
best photocatalytic performance, in spite of the surface area
and fraction of the crystalline phases being equal to those of
TiO, calcined above 500 °C.

These results differ from the traditional idea that a large
specific surface area is favorable for the reaction, because
this large area may dilute the concentration of active sites
for phenol adsorption, and that an increase in catalyst

1,24
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Fig. 3. Profiles of the phenol degradation.

crystal size is detrimental to catalytic activity, since it
results in a reduction of the contact area between reactant
and catalyst.

Thermal treatment led to changes in the crystallinity,
surface area, and size of TiO, particles. All these factors may
affect the photocatalytic activity, but it is difficult to estimate
the separate contribution of each of them [26,27].

When all the anatase is transformed into rutile, the
sample still has a certain activity. This indicates that both
anatase and rutile contribute to the reaction, but the anatase
phase is more active than rutile. However, it is difficult to
relate crystallite phases and activity. As shown above, the
activity is also related to the textural properties.

Although the uncalcined TiO, and TiO, calcined from
200 to 500 °C showed the same surface area, uncalcined
TiO, led to the highest level of phenol degradation,
indicating that the thermal treatment influenced the other
textural properties and the photocatalytic activity.

This result is indicative that phenol degradation in this
case may occur by direct photocatalysis, in which the
absorption of energy greater than the TiO, bandgap energy
(UV irradiation) promotes the injection of a valence band
electron into the conduction band, causing charge separa-
tion. Oxidative degradation is attributed to indirect reaction
at positive holes, where adsorbed water or a hydroxyl group
is oxidized to a hydroxyl radical (OH®), which then reacts
with phenol. The ratio between the catalyst surface area and
the initial phenol concentration is an important factor
affecting the ability of phenol to undergo sensitized
photocatalysis. This results from the necessity for direct
interaction between a short-lived excited state of phenol and
a TiO, particle to achieve charge injection into the
conduction band [28].

4. Conclusions

The results presented in this work showed that the
temperature of calcination strongly influenced the structure
and photocatalytic activity of TiO,.

In terms of textural analysis, an increase in calcination
temperature caused a reduction in the specific surface area
after thermal treatment above 500 °C. The external surface
area and mean pore diameter decreased with increasing
temperature.

It was verified that photocatalysts present acidic sites that
are responsible for propene formation in isopropanol
decomposition and that with thermal treatment there was
an increase in the specific acidity, leading to an increase in
acidic force and a slight increase in basicity related to the
ratio between acetone and propene formation.

The XRD patterns for TiO, showed that this was
constituted of anatase and rutile phases. The percentage of
the latter increased as the calcination temperature increased
and the anatase-rutile phase transformation occurred at
600 °C.
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As the luminous source emitted visible and near-UV
radiation, direct and sensitized photocatalysis could occur in
this process. The greatest activity for phenol degradation
was obtained with the uncalcined TiO,, in spite of the
similarity in the values for surface area and crystalline phase
fraction in relation to the other catalysts. This can be
explained by the presence of surface-adsorbed water and
hydroxyl groups on the uncalcined TiO, surface. This is an
indication that thermal treatment had a greater influence on
the activity than on the textural properties.
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