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a b s t r a c t

In this study, different commercially available TiO2 powders (Degussa P25, pure anatase,
and rutile) were submitted to selective dissolution treatments, with H2O2/NH4OH and 10%
HF, known to remove rutile and anatase from physical mixtures. The aim was to check
whether a particular separation method designed to remove a specific crystalline phase
influences the properties of the other phase from the mixture or not. More precisely, we
have studied how the HF dissolution method designed to selectively remove the anatase
affected the physicochemical and photocatalytic properties of rutile. In a similar way, the
changes in the anatase properties were studied, after the H2O2/NH4OH treatment, initially
used to remove rutile from the mixture. All the samples were characterized by X-ray
diffraction, nitrogen adsorptionedesorption, transmission electron microscopy, diffuse
reflectance (DR) ultravioletevisible, and Raman spectroscopy. The photocatalytic activity
of these powders was tested in the oxidation of p-chlorophenol from water. The selective
treatment methods not only dissolved the target phase but also changed some physico-
chemical and the photocatalytic performances of the other TiO2 crystalline phase in a
considerable manner. These aspects should be taken into account in the studies regarding
the synergistic effects of anatase and rutile, especially in reconstructed TiO2 photocatalysts.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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r é s u m é

Diff�erents oxydes de titane commerciaux (Degussa P25, anatase, rutile) ont �et�e soumis �a
diff�erents traitements de dissolution s�elective, avec H2O2/NH4OH et dans HF 10%, afin de
pouvoir s�eparer les phases rutile et anatase lors de la pr�esence des deux phases cristallines
dans un même �echantillon. L'objectif est de d�emontrer si une m�ethode de s�eparation
particuli�ere, adapt�ee �a la dissolution d'une phase cristalline sp�ecifique, affecte ou non les
propri�et�es de la seconde phase pr�esente dans l'�echantillon. L'�etude pr�esente ainsi l'effet de
la dissolution de la phase anatase par la m�ethode �a l'acide fluorhydrique sur les propri�et�es
physico-chimiques et photocatalytiques de la phase rutile r�esiduelle. De même, les mod-
ifications des propri�et�es de la phase anatase, apr�es traitement H2O2/NH4OH afin de dis-
soudre s�electivement la phase rutile, ont �et�e �evalu�ees. Les �echantillons ont �et�e caract�eris�es
par diff�erentes techniques: Diffraction de rayons X, physisorption d'azote, microscopie
cu).
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�electronique en transmission, spectroscopie UVevis et spectroscopie Raman. Les
propri�et�es photocatalytiques des �echantillons ont �et�e �evalu�ees pour la r�eaction d'oxy-
dation du p-chlorophenol dans l'eau. Les r�esultats obtenus montrent que les traitements
de dissolution s�elective permettent l'�elimination des phases cristallines vis�ees, mais
alt�erent �egalement, de mani�ere consid�erable, les propri�et�es physico-chimiques et photo-
catalytiques de la phase cristalline r�esiduelle. Ces effets doivent donc être pris en compte
lors des �etudes d�edi�ees aux effets de synergie entre les phases anatase et rutile, notam-
ment pour les photocatalyseurs de type TiO2 reconstruits.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Heterogeneous photocatalysis on semiconductors is
known as a viable advanced oxidation process for the
degradation of priority organic pollutants from air and
water. Among many candidates for photocatalysts, TiO2 is
almost the only material suitable for industrial use at pre-
sent and also probably in the future [1].

In a typical photocatalytic process, a chemical reaction is
induced when a semiconductor, which acts as a photo-
catalyst, is irradiatedwith photons of energy higher than or
equal to its band gap energy (Eg) to produce photoelectrons
and photoholes. Then, the reactants could be photo-
adsorbed at surface photoadsorption centers and further
react with either photoelectrons (reduction) or photoholes
(oxidations). These electrons transfer across the interface,
which are at the center of TiO2 photocatalytic processes,
decompose the pollutant through oxidation and reduction
reactions [1].

Mixed-phase photocatalysts containing both anatase
and rutile crystallites have been reported to display
enhanced photoactivity relative to the single-phase titania.
The reason for this is still not fully elucidated although
some speculative explanations have been proposed. An
improved charge carrier separation, possibly through the
trapping of electrons in rutile and the consequent reduc-
tion in electronehole recombination, is usually invoked to
explain this behavior [2e4]. Surface trapping of holes
together with lattice trapping of electrons has been also
reported [4,5].

Degussa (Evonik), Aeroxide TiO2 P25, is a mixed-phase
titania photocatalyst and is widely used because of its
relatively high photocatalytic activity for a wide range of
photocatalytic reactions. Its high photocatalytic activity is
often attributed to a synergistic effect between its
component phases, anatase and rutile [4,6,7]. This
assumption, however, is a controversial topic, which is not
yet fully elucidated [8,9].

To check the synergistic effect of an anataseerutile
mixture, such as Degussa P25, these crystalline phases
were separated e following the methods adapted from the
literature, thoroughly characterized, and tested in the
photocatalytic oxidation of 4-chlorophenol (4-CP) from
aqueous solution [8,10,11].

Chlorophenols are a particular group of priority toxic
pollutants, because most of them are toxic and hardly
biodegradable, and are difficult to remove from the envi-
ronment [12]. 4-CP is a representative model of priority
organic pollutants because it may be produced as a
byproduct of the chlorination of the organic material or
within the disinfection stage for drinking water produc-
tion. It can accumulate in living organisms and result in
negative effects including carcinogenicity and acute
toxicity [12e14].

As a continuation of our previous work, in the present
study, we sought to check whether a particular separation
method designed to remove a specific crystalline phase
(anatase or rutile) influences the properties of the other
phase from the mixture or not. More precisely, we studied
how the HF dissolution method designed to selectively
remove the anatase affected the physicochemical and
photocatalytic properties of rutile. In a similar way, the
changes in the anatase properties were studied, after the
H2O2/NH4OH treatment, initially used to remove rutile
from the mixture.

After the application of the specific separation methods,
commercial photocatalysts were thoroughly characterized
and tested in the photocatalytic oxidation of 4-CP from
aqueous solution.

2. Material and methods

2.1. Materials

Three TiO2 samples, from SigmaeAldrich, were used in
this study: anatase (denoted as An, Product No. 232033),
rutile (denoted as Ru, Product No. 204757), and Degussa
(Evronik) P25 (denoted as P25, Product No. 718467). The
model pollutant 4-CP used to test the photocatalytic ac-
tivity of TiO2 powders was also supplied by SigmaeAldrich.

2.2. Treatment of crystalline phases

Selective dissolution of anatase and rutile was achieved
by using the methods described in a previous article [8].
Briefly, the selective dissolution of anatase was accom-
plished by treatment with a 10% HF solution [10]. Rutile
TiO2 was dissolved adopting a modified method, using a
mixture of hydrogen peroxide (30%) and ammonium hy-
droxide (2.5%) solutions [11]. The commercial TiO2 samples
used as starting materials and the samples issued from the
selective dissolution treatments are summarized in Table 1,
together with their names.

The main characteristics of Ru (P25) and An (P25),
which are already discussed in detail in another study, are
summarized in Table 2 [8].



Table 1
Summary of the TiO2 samples used in this study.

Initial
samples

Treatments Treated samples

P25 Treatment 1 (HF) Ru (P25)
Treatment 2 (NH4OHeH2O2) An (P25)

An Treatment 1 (HF) e

Treatment 2 (NH4OHeH2O2) An (3 h), An (6 h),
An (12 h)a

Ru Treatment 1 (HF) Ru (6 h), Ru (12 h),
Ru (24 h)b

Treatment 2 (NH4OHeH2O2) e

a Treatment for 3, 6, and 12 h.
b Treatment for 6, 12, and 24 h.

Table 2
Summary of the physicochemical characterization data for An (P25) and
Ru (P25).

Sample DpXRD
a,

nm
SBET

b, m2/g DpTEM
c,

nm
Eg

d, eV Raman lines,
cm�1

An (P25) 41.5 64.2 30e40 3.43 143.9; 196.9;
395.9; 517.2

Ru (P25) 65 39.8 60 3.17 448; 611.5

a Crystallite size from XRD (Scherrer equation).
b Specific surface area from N2 adsorption isotherm (BET).
c Particle diameter from TEM images.
d Band gap from DR UVevis spectra.
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2.3. Characterization of the photochemical materials

All materials were completely characterized to obtain
information on the composition, structure, morphology,
and their optical properties. The samples were character-
ized by X-ray analysis using a Siemens D5005 diffractom-
eter. The recording was done on the 2q ¼ 6e80� range,
using a step of 0.02� (2q) and a counting time of 23 s per
step. Nitrogen adsorption measurements were carried out
at �196 �C with an automatic Micromeritics ASAP 2000
instrument. The morphology of the powders was deter-
mined on a JEOL 2100 instrument, operated at 200 kV with
a LaB6 source and equippedwith a Gatan Ultra scan camera.
The ultravioletevisible (UVevis) spectra and the bang gap
values were obtained using a Shimadzu UV-2450 spectro-
photometer, equipped with an integrating sphere (ISR-
2200). Raman spectra (Stokes spectra) were obtained at
room temperature using an HR UV 800 confocal scanning
spectrometer (Horiba Jobin Yvon) equipped with a Peltier-
cooled charge coupled device (1152 � 298 pixels) used for
detection. The Raman scattering is excited using a
514.52 nm excitation wavelength supplied by an external,
air-cooled, Arþ laser (Melles Griot) through an Olympus
high-stability BXFM microscope coupled confocally.

2.4. Photocatalytic tests

The photocatalytic activity of TiO2 powders was tested
in the oxidation of 4-CP from water. For this purpose, a
reactor equipped with a 9W UV-A immersion lamp (with a
spectral response between 350 and 400 nm and a
maximum at 366 nm), air bubbling, and magnetic stirrer
was used. The initial light flux, as determined by chemical
actinometry using potassium ferrioxalate, was 1.25 �
10�4 E min�1. The TiO2 powder (200 mg L�1) was dispersed
in 500 mL aqueous solution containing 4-CP (20 mg L�1)
and stirred for 2 h under dark. Then, the UV lamp was
turned on and the reactionwas performed for 2 h. The 4-CP
concentrations were analyzed by a 4-aminoantypirine
standard method using a JASCO V-530 spectrophotometer.

3. Results and discussion

3.1. Physicochemical characterization of TiO2 photocatalysts

The X-ray diffraction (XRD) patterns recorded at high
angle values for several selected samples are presented in
Fig. 1. The commercial anatase (An) and rutile (Ru) samples
showed well-defined, narrow, and intense specific diffrac-
tion peaks located at 25.4�, 37.8�, 48.0�, and 54.5� 2q for
anatase and at 27�, 36� and 55� 2q for rutile. Although the
XRD patterns for both An and Ru samples displayed peaks
of the other crystalline polymorph, these were in negligible
quantity, that is, less than 1% [8]. Degussa P25da mixture
of 78% anatase, 14% rutile, and 8% amorphous TiO2 [4,8]d
presented less intense and broad peaks, for both anatase
and rutile phases. This is because of the smaller size of the
particles coexisting in Degussa P25 as compared with
“pure” An and Ru samples. As anticipated, the low intensity
“impurity” peaks completely disappeared after selective
dissolution treatments. No other changes could be detected
in the XRD patterns of the An- and Ru-treated samples. This
fact confirmed the preservation of the crystalline structure
of (1) An, after the treatment for the selective dissolution of
rutile and (2) Ru, after the treatment for the selective
dissolution of anatase. For P25 and An, no significant
change in the size of the crystallites (Table 2) was observed.
The values estimated from the corrected full width at half
maximum of the reflections using the Scherrer equation
were similar for treated and initial samples (the Scherrer
formula is not applicable for the large Ru crystals).

All samples displayed nitrogen adsorptionedesorption
isotherms of type II (Fig. 2), with a narrow hysteresis at high
partial pressures, specific to nonporous materials. Thus, the
surface areas aremainlyexternal andcorrelatedwith the size
of the particles. The narrowhysteresis indicates the presence
of intercrystalline mesoporosity. Surface areas (SBET) deter-
mined using the BrunauereEmmetteTeller (BET) method
are presented in Tables 2 and 3. A slight increase in the SBET
valueswith increasing treatment timewas observed for both
anatase (from11.9 to15.2m2/g) andrutile (from3.4 to4.3m2/
g) phases.

Transmission electron microscopy (TEM) was used to
further inspect the particle size, crystallinity, and
morphology of the samples. TEM bright field images of
different TiO2 powders (An, Ru, An (12 h), Ru (24 h)) are
displayed in Fig. 3. It can be clearly observed that An shows
mainly spherical-shaped and nonaggregated particles,
whereas rutile consists in particles of both spherical and
rod shapes. Furthermore, it can be estimated that particle
size in the An material is 100e300 nm for most of the
particles (Fig. 3a), whereas the particle size in the Ru ma-
terial is about 0.3e1.5 mm (Fig. 3c).

Apparently, the isolation methods do not alter the
morphology and the size of anatase (An (12 h); Fig. 3b) and
rutile (Ru (24 h); Fig. 3d) particles.
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Fig. 1. XRD patterns for TiO2 photocatalysts after selective dissolution treatments: (a) An (P25), (b) An (12 h), (c) Ru (P25), (d) Ru (24 h), and (e) P25. x, Anatase; o,
rutile.
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However, the histograms showing the particle size dis-
tribution, depicted in Fig. 4, prove that there is a small
change in the crystallite size for both An and Ru. Analyzing
Fig. 4, it is evident that the treated samples (Fig. 4b and d)
have predominantly smaller sized particles, by comparison
with the commercial photocatalysts (Fig. 4a and c). Another
observation is related to the small but noticeable differ-
ences observed in Table 2 among the particle diameters
calculated from XRD (DpXRD) and High Resolution Trans-
mission Electron Microscopy (HRTEM) (DpTEM). This is
likely to be because of smaller number of particles that are
averaged in the HRTEM method as compared to XRD. A
similar discrepancy was reported by Ridley et al. [15].

The band gap energies were calculated from the diffuse
reflectance (DR) UVevis spectra (Fig. 5) using both Tauc
plots, after their conversion in Kubelka Munk absorbance
units, and a derivative spectroscopic method, based on of
spectra recorded in reflectance mode [8]. The results are
presented in Table 4. By using the Tauc plots for the anatase
phases, we found the values of the extrapolated band gap
(absorbance level at zero or at background signal) in the
indirect-allowed plot at about 3.33 eV (An) and 3.27 eV for
An (12 h). In the case of rutile, extrapolated band gap values
lied in the 3.0e3.15 eV range for both plots (i.e., square root
or second power). A more accurate analysis of the spectra
was performed using the first derivative method as
described in detail elsewhere [8]. Although the Tauc plots
seemed to indicate a shift in the Eg values for anatase,
before and after treatment, the first derivative method did
not confirm this trend. In this case, the treated semi-
conductors did not show any modifications in the band gap
values as compared to the values of the starting samples.

Raman spectroscopy was also used to distinguish the
TiO2 crystalline phases from the powder mixtures. The
Raman spectra of the anatase samples indicate the
presence of the specific lines at 143.9, 196.9, 395.9, 517.2,
and 639.5 cm�1, associated with specific band frequencies
(Eg), (Eg), (B1g), (A1g þ B1g), and (Eg), respectively. The same
observation is valid for the Raman spectra in the case of the
rutile, which show the same characteristic frequency bands
(B1g), (Eg), and (A1g), associated with frequencies 143, 448,
and 6115 cm�1 [16].

From Fig. 6, it is evident that the positions of the Raman
lines characteristic for each TiO2 phase remain unchanged
after the selective dissolution treatments.

3.2. Photocatalytic tests

The photocatalytic activity expressed by means of the
removal efficiencies of 4-CP from aqueous solutions for
different TiO2 samples is presented in Fig. 7a and b. For
comparison, the results of an additional test using the
commercial Degussa P25 sample are also shown. As ex-
pected, Degussa P25 performed better than the other
photocatalysts. The smaller size of the TiO2 particles
exposing a higher surface and the possible intervention of a
synergetic effect between anatase and rutile are arguments
that support this trend of the photocatalytic activity. In the
early stages of the H2O2/NH4OH treatment, the photo-
catalytic activity decreases, especially at short reaction
time. However, the sample treated for 12 h shows an almost
identical photocatalytic performance as the original
anatase sample. On the contrary, the photocatalytic activity
of rutile increases for longer treatment periods. The
observed changes in 4-CP removal efficiency could be
partially attributed to the modifications of both particle
size and accessible surface areas.

The linear form of the logarithmic plot of 4-CP con-
centration versus time (Fig. 8) demonstrated that the
photocatalytic reaction obeys the first-order rate law.
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Fig. 2. Nitrogen adsorptionedesorption isotherms after selective dissolution treatments.

Table 3
Specific surface areas of the photocatalysts derived from
An and Ru.

Photocatalyst SBET, m2/g

An 11.9
An (3 h) 12.0
An (6 h) 12.4
An (12 h) 15.2
Ru 3.5
Ru (6 h) 3.3
Ru (12 h) 3.5
Ru (24 h) 4.3
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However, this correlation is only formal and does not give
any additional, pertinent information on the reaction
mechanism. The values of the reaction rate constants
calculated from the slopes of the lines in the logarithmic
plots are summarized in Table 5.

An important finding is that NH4OHeH2O2 treatment
not only dissolves the rutile phase but also affects the
photocatalytic performances of the anatase phase. In a
similar manner, HF treatment, besides attacking anatase,
alters the photocatalytic properties of rutile. These
changes should be taken into account in studies dealing
with the photocatalytic properties of reconstructed TiO2
phases.



Fig. 3. TEM images of (a) An, (b) An (12 h), (c) Ru, and (d) Ru (24 h).
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Table 4
Calculated values for the forbidden energy band in the case of the treated
photocatalysts.

Sample Eg (eV)

First-order derivates
for the DR UVevis spectra

Tauc graphs

Direct
transition,
n ¼ 1/2

Indirect
transition,
n ¼ 2

An 3.38 e 3.33
An (12 h) 3.38 e 3.27
Ru 3.07 3.13 3.07
Ru (24 h) 3.07 3.13 3.07
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4. Conclusions

After the selective dissolution treatments, the charac-
terization data showed that the photocatalysts retain their
characteristics in terms of band gap energies and do not
show composition modifications, whereas their morpho-
logic and textural properties were slightly altered, that is,
surface areas increase from 11.9 to 15.2 m2/g for anatase
and from 3.5 to 4.3 m2/g for rutile. The particle sizes were
also slightly modified by the separation treatments: they
decrease from 150e200 to 50e100 nm for anatase and
from 600e900 to 500e800 nm for rutile. The photo-
catalytic activity of the initial and modified samples



Fig. 6. Raman spectra recorded for treated selected anatase An (12 h) and rutile Ru (24 h) samples.

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 20 40 60 80 100 120 

4-
C

P 
R

em
ov

al
 e

ffi
ci

en
ci

es
, %

 

Time, min 

a An 
An(3h) 
An(6h) 
An(12h) 
P25 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 20 40 60 80 100 120 

4-
C

P 
R

em
ov

al
 e

ffi
ci

en
ci

es
, %

 

Time, min 

b Ru 
Ru(6h) 
Ru(12h) 
Ru(24h) 
P25 

Fig. 7. Influence of separation methods on the photocatalytic activity of the commercial catalysts (a) anatase, (b) rutile (conditions: T ¼ 25 �C, V ¼ 0.5 L, 500 rpm,
pH ¼ 5, C4-CP ¼ 20 mg L�1, CTiO2

¼ 200 mg L�1).

P. Apopei et al. / C. R. Chimie 21 (2018) 382e390 389



R  = 0.986 

R  = 0.991 

R  = 0.989 

R  = 0.990 

R  = 0.975 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

1.6 

1.8 

0 10 20 30 40 50 60 70 80 

Ln
(c

0/
c)

 

Time, min 

P25 
An(12h) 
Ru(24h) 
An 
Ru 

Fig. 8. First-order linear fit for the color removal process with time and the corresponding coefficient of determination (R2) for selected samples.

Table 5
Rate constants for color removal over different
photocatalysts.

Photocatalyst k, min�1

An 0.016
An (3 h) 0.008
An (6 h) 0.008
An (12 h) 0.015
Ru 0.003
Ru (6 h) 0.003
Ru (12 h) 0.004
Ru (24 h) 0.004
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was tested in the removal of 4-CP from water. The NH4O-
HeH2O2 treatment used to selectively remove the rutile
phase produced a discernible change in the photocatalytic
performance of the anatase phase. Similarly, the HF disso-
lution of anatase had also an influence on the photo-
catalytic properties of the rutile phase. Thus, the use of
these selective dissolution methods to obtain the pure TiO2
phases from mixtures involves more extensive effects than
the simple removal of the target phase.
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