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bstract

Nanocrystalline TiO2 powders were synthesized by thermohydrolysis of TiCl4 in HCl or NaCl aqueous solutions. Rutile, mixtures of brookite
nd rutile or mixtures of anatase, brookite and rutile were obtained depending on the acidity of the medium. Crystalline phases and composition
f the mixtures were identified by using XRD analysis. Pure brookite nanoparticles, separated from the mixtures of brookite and rutile by
imple peptization with water, were stable against transformation to rutile up to 750 ◦C. The prepared TiO powders were characterized by
2

hermal analysis, diffuse reflectance spectroscopy and BET surface area determinations. The band gap of bulky brookite was estimated 3.29 eV.
-Nitrophenol photodegradation was used to evaluate the photocatalytic activity of the various samples. The highest activity corresponded to the
owders consisting of more than one crystalline phase.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Heterogeneous photocatalysis is an attractive approach for
he destruction of inorganic and organic pollutants present in
ir and water [1]. Among various semiconductors, TiO2 is the
ost used photocatalyst because of its high efficiency, nontoxi-

ity, chemical and biological stability, and low cost. TiO2 exists
n three different crystalline habits: rutile (tetragonal), anatase
tetragonal) and brookite (orthorombic). All three crystalline
tructures consist of deformed TiO6 octahedra connected dif-
erently by corners and edges. In rutile, two octahedra edges
re shared to form linear chains along the [0 0 1] direction and
he TiO6 chains are linked to each other through corner-shared

ondings. In anatase, each octahedron shares four edges with
ther four octahedra, resulting in a zigzag structure. In brookite,
ach octahedron shares three edges and the octahedra arrange-

∗ Corresponding author. Tel.: +39 091 6567229; fax: +39 091 6567280.
E-mail address: dipaola@dicpm.unipa.it (A. Di Paola).
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ent produces a crystalline structure with tunnels along the
-axis.

Rutile is the stable form, whereas anatase and brookite are
etastable and are readily transformed to rutile when heated.
natase is the phase normally found in the sol–gel syntheses of
iO2 but brookite is often observed as a by-product when the
recipitation is carried out in an acidic medium at low tempera-
ure. Pure brookite without rutile or anatase is rather difficult to
e prepared.

Brookite has been prevalently obtained from titanium (IV)
ompounds in aqueous or organic media via hydrothermal treat-
ent at high temperatures. Highly crystalline brookite was

repared by Keesmann [2] by hydrolysis of Ti isopropox-
de with water, in the presence of NaOH. Mitsuhashi and

atanabe [3] crystallized the brookite form by hydrother-
al treatment at 220–560 ◦C of the precipitate prepared from
n aqueous solution of TiCl4 and CaCl2. Nagase et al. [4]
repared brookite as almost single-phase from amorphous
iO2 in NaOH solution at 200 ◦C. Kominami et al. synthe-
ized microcrystalline brookite by solvothermal treatment of

mailto:dipaola@dicpm.unipa.it
dx.doi.org/10.1016/j.colsurfa.2007.11.005
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at room temperature. Clear yellow solutions were obtained
A. Di Paola et al. / Colloids and Surfaces A:

xobis(2,4-pentanedionato-O,O′)titanium in ethylene glycol in
he presence of sodium laurate [5] or sodium acetate [6,7] and

small amount of water in an autoclave at 300 ◦C. Zheng et
l. [8] prepared brookite powders by hydrothermal treatment of
asic solutions of Ti(SO4)2 or TiCl4. Polycrystalline brookite-
ype ultrafine powders were obtained by hydrolyzing titanium
ulphate in alkaline medium at 199 ◦C [9]. Tomita et al. [10] syn-
hesized nanopowders of single-phase brookite by hydrothermal
reatment of a water-soluble titanium complex prepared from
itanium powder, H2O2, NH3(aq.) and glycolic acid, at 200 ◦C
nd pH 10.

Pure brookite particles were also obtained by selective pepti-
ation with HNO3 of mixtures of rutile and brookite prepared by
hermolysis of TiCl4 in HCl media [11]: the relative proportions
f the two phases were dependent on acidity, titanium concentra-
ion, temperature and reaction time [11–13]. Recently, brookite
anoparticles were prepared at low temperature by hydrolysis
f TiCl4 using HNO3 solutions [14] or in an acidic isopropyl
olution under refluxing [15].

Titanium (III) compounds have been rarely used for the
ynthesis of brookite. Ohtani et al. [16] prepared extra-fine
rystallites of brookite by air oxidation of TiCl3 in aqueous
Cl solution, in the presence of sodium acetate. Li et al.

17,18] synthesized brookite nanocrystals under ambient pres-
ure at 70 ◦C by reaction of a mixed solution of urea and
iCl3. Nanometric particles of pure brookite were obtained by
odified thermolysis of reactant solutions containing TiCl3 pre-

ared from titania powder and concentrated HCl, urea and PEG
0000 [19].

A brookite sol for thin film coating was prepared by
ydrothermal treatment of a Ti peroxo solution obtained by
issolving Ti hydroxide in hydrogen peroxide [20]. Brookite
lms were deposited by stable sols of pure brookite prepared by

hermolysis of TiCl4 in diluted HCl solutions [21–23]. A pure
rookite film with a preferred orientation was obtained by Kut-
etsova et al. [24] by a spin-coating method from a solution of
iCl4 in ethanol with cellulose and oxalic acid as complexing
gent.

Many papers have concerned the photocatalytic application
f TiO2 and it is generally accepted that anatase is more effi-
ient as photocatalyst than rutile and brookite [1]. Rutile has
een found rarely active for the photodegradation of organic
pecies in aqueous solutions [25,26] but a good photoactiv-
ty has been shown by samples containing anatase, brookite
nd rutile [19,27]. Only few studies have examined the pho-
ocatalytic activity of pure brookite TiO2 powders or films.
htani et al. [16] found that brookite nanocrystals possessed
ood photocatalytic capacities for silver deposition and dehy-
rogenation of 2-propanol. Microcrystalline brookite powders,
repared by solvothermal technique, exhibited higher or similar
hotoactivities than commercial photocatalysts for the mineral-
zation of acetic acid and dehydrogenation of 2-propanol [7,8].
anocrystalline brookite particles obtained by reaction of TiCl3

nd urea revealed a good efficiency for the photodegradation

f acetaldehyde [17] and 4-chlorophenol [19]. Thin films of
rookite showed a good efficiency for the gas-phase photooxi-
ation of 2-propanol [22,23].
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In this study, pure rutile or binary mixtures of brookite and
utile or ternary mixtures of anatase, brookite and rutile, were
btained by thermolysis of TiCl4 in aqueous chloride solutions.
rookite was separated from rutile by peptization with water.
he reactivity of all samples, both pure phases and mixtures,
as tested for the photocatalytic degradation of 4-nitrophenol

4-NP), and compared to that of a commercially available TiO2
aterial.

. Experimental

.1. Synthesis

Titanium tetrachloride (98% Fluka) was used as the starting
aterial without further purification. Three different routes were

ollowed to synthesize the various samples: hydrolysis in diluted
Cl solutions, hydrolysis in concentrated HCl, hydrolysis in
aCl solutions. HCl (37 wt%, d = 1.19 g cm−3) pure reagent
rade (Backer) and NaCl RPE (Carlo Erba Reagents) were used.
he syntheses were carried out in Pyrex bottles or flasks previ-
usly cleaned with aqua regia and demineralized water.

.1.1. Hydrolysis in diluted HCl solutions
TiCl4 was added dropwise under stirring to aqueous HCl

olutions, at room temperature. The concentration of the acid
as varied between 1.43 and 5.12 mol dm−3 (TiCl4/HCl/H2O
olume (cm3) ratios 1/7/41, 1/10/48, 1/16/42 and 1/25/33 cor-
esponding to molar [Cl]/[Ti] ratios equal to 13, 18, 26 and 38,
espectively). The hydrolysis reaction was highly exothermic
nd released fumes of HCl. The dispersions produced by this
reatment were the more opalescent the less the acid concentra-
ion. Clear transparent solutions were obtained after continuous
tirring for times ranging between 15 min and 4 h, depending on
he acidity of the medium.

The solutions were heated in closed bottles and aged at 100 ◦C
n an oven, or alternatively, allowed to boil with constant stir-
ing in a standard reflux apparatus. Rutile or various mixtures of
he three polymorph TiO2 phases were obtained. Pure brookite
anoparticles were separated by peptization from the binary
ixtures of brookite and rutile by removing many times the

upernatant and adding water to restore the initial solution vol-
me. When the pH was higher than 0.8, a dispersion of brookite
articles formed while the rutile phase remained as precipitate.
he dispersion was recovered and the treatment was repeated

ill a transparent liquid covered the solid rutile. The sol con-
aining the brookite particles and the precipitate of rutile were
eparately dried under vacuum at 55 ◦C.

.1.2. Hydrolysis in concentrated HCl
TiCl4 was added dropwise under stirring to concentrated HCl

TiCl4/HCl volume (cm3) ratios 1/10, 1/16 and 1/25 correspond-
ng to molar [Cl]/[Ti] ratios equal to 18, 26 and 38, respectively)
ue probably to the formation of TiOCl2 [28]. After heating
nder reflux for 24 or 48 h white precipitates of rutile were
ormed. The flasks were allowed to cool to room temperature, the
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upernatant liquid was removed and the solid was dried under
acuum at 55 ◦C.

.1.3. Hydrolysis in NaCl solutions
Five cm3 of TiCl4 (4.56 × 10−2 mol) were added dropwise

o 200 or 500 cm3 of aqueous NaCl solutions (corresponding to
olar [Cl]total/[Ti] ratios equal to 18, 26 and 38, respectively).
he final chloride concentration was varied between 3.34 and
.58 mol dm−3.

The solutions were heated and aged at 100 ◦C in the oven, or
oiled with constant stirring under reflux. The reaction mixtures
ere allowed to cool to room temperature and were dialyzed

Dialysis tubing cellulose membrane with MW 12400 cut off
ores) against 4 dm3 of water (replaced every day) in order to
liminate the large amount of NaCl. The final pH of the suspen-
ion depended on the length of dialysis and the concentration
f TiO2. After removal of the supernatant liquid, the solid was
ried under vacuum at 55 ◦C.

.2. Characterization of the samples

.2.1. X-ray diffraction
X-ray diffraction spectra of the powders were recorded at

oom temperature using a powder diffractometer (Rigaku D-
ax) employing the CuK� radiation (λ = 0.154056 nm) and a

raphite monochromator in the diffracted beam. Typical scans
ere performed in the 2θ 20–60◦ range, with a sampling range of
.05◦ and 6 s counting time. Quantitative analyses of the samples
ere performed using a modified Rietveld method, developed

or the determination of amorphous and crystalline phases in
eramic materials [29]. This method allows the determination of
he crystallite sizes on the basis of the Warren–Averbach theory
30].

.2.2. Diffuse reflectance spectroscopy
Visible–ultraviolet spectra were obtained by diffuse

eflectance spectroscopy by using a Shimadzu UV-2401 PC
nstrument. BaSO4 was the reference sample and the spectra
ere recorded in the range 200–800 nm.

.2.3. Specific surface area and porosity
Nitrogen physisorption experiments were performed at the

iquid nitrogen temperature using a Micromeritics ASAP 2010
ystem. All the samples were degassed below 1.3 Pa at 250 ◦C
rior to the measurement. The specific surface area (SSA)
alues were calculated by the BET equation in the inter-
al 0.05 ≤ (p/po) ≤ 0.33. Pore size distribution was calculated
sing the BJH method applied on the adsorption branch of the
sotherms.

.2.4. Thermoanalysis
Thermogravimetric (TG) and differential thermal analyses

DTA) were performed on a LabSys Setaram thermobalance.

hermal analyses were carried out in the range 20–1000 ◦C, with
heating rate of 10 ◦C min−1, by working under 200 cm3 min−1

e flow. Powdered samples (20–40 mg) were analysed in
.1 cm3 alumina crucible by using �-Al2O3 as reference. Any

p
(

w

ysicochem. Eng. Aspects 317 (2008) 366–376

pecies released in gas-phase from the solid sample during the
hermogravimetric analysis was directly transferred and detected
y a mass spectrometer by means of an appropriate transfer line.
his was lab-assembled by using a deactivated silica capillary
olumn [31]. The mass spectra analyses were carried out by
sing VG-QMD-1000 Carlo Erba Instruments quadrupole mass
pectrometer. Electron impact mass spectra (70 eV) were con-
inuously recorded with frequency 1 scan s−1 in the 3–500 amu
ange.

.3. Photoreactivity measurements

A Pyrex batch photoreactor of cylindrical shape containing
.5 dm3 of aqueous suspension was used. The photoreactor was
rovided with ports in its upper section for the inlet and outlet of
ases, for sampling and for pH and temperature measurements.

125 W medium pressure Hg lamp (Helios Italquartz, Italy)
as immersed within the photoreactor. The photon flux emitted
y the lamp was Φi = 13.5 mW cm−2: it was measured by using a
adiometer “UVX Digital” leaned against the external wall of the
hotoreactor containing only pure water. O2 was continuously
ubbled into the suspensions for ca. 0.5 h before switching on
he lamp and throughout the occurrence of the photoreactivity
xperiments. The temperature inside the reactor was ca. 30 ◦C.

The amount of catalyst was 0.6 g dm−3 and the initial 4-
itrophenol (BDH) concentration was 20 g dm−3. The initial pH
f the suspensions was always in the range 3–3.5. Samples of
cm3 volume were withdrawn from the suspensions every 5,
0, or 60 min and the catalyst was separated from the solution
y filtration through 0.1 �m Teflon membranes (Whatman). The
uantitative determination of 4-nitrophenol was performed by
easuring its absorption at 315 nm with a spectrophotometer
himadzu UV-2401 PC.

. Results

.1. Characterization

Pure anatase, brookite, and rutile or mixture of the TiO2 poly-
orphs can be prepared by thermolysis of TiCl4 in different
ineral acids [11,14]. The existence of brookite in XRD pat-

erns is clearly evidenced from the presence of the (1 2 1) peak at
θ = 30.81◦. Anyway, for the interpretation of the diffractograms
t is necessary to take into account that the main (1 0 1) diffrac-
ion peak of anatase at 2θ = 25.28◦ overlaps with the (1 2 0) and
1 1 1) peaks of brookite at 2θ = 25.34◦ and 25.69◦, respectively.
o, as underlined by Bokhimi and Pedraza [32], apparently pure
rookite samples can be a mixture of anatase and brookite.

numerical deconvolution technique [31] was used to sepa-
ate overlapping XRD peaks in order to determine the relative
roportions of the different TiO2 phases present in the solids.
uantitative analyses of the samples were carried out consid-

ring PDF cards related to pure phases of the titanium dioxide

olymorphs: anatase (21–1272), rutile (21–1276) and brookite
29–1360).

Mixtures of brookite and rutile were prevalently obtained
hen the hydrolysis of TiCl4 occurred in diluted HCl. Small
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ig. 1. XRD patterns of the solids obtained by thermolysis of a solution of TiCl4
0.15 mol dm−3) in diluted HCl ([Cl]/[Ti] = 18) under reflux for different times.
a) 12 h; (b) 48 h; (c) 72 h.

mounts of anatase were always present in the early stages of
recipitation but disappeared after long heating times (t > 48 h).
ig. 1 reports XRD patterns of the solids formed by ther-
olysing a TiCl4 solution with a [Cl]/[Ti] = 18, for different

eaction times. The variation of the relative proportions of the
hree TiO2 phases as a function of the heating time is shown
n Fig. 2: anatase progressively disappeared, rutile diminished
nd brookite increased. Similar results were obtained if the
olutions were boiled under reflux or heated at 100 ◦C in the
ven.

The composition of the TiO2 powders depended on the acid-
ty of the medium and the concentration of titanium [11–13]. As
hown in Fig. 3 the increase of the [Cl]/[Ti] ratio and the corre-

ponding pH reduction favored the formation of rutile. Table 1
eports the concentrations in wt% of anatase, brookite and rutile
resent in various samples after 48 h of thermolysis under differ-

ig. 2. Change of the relative proportions of (�) anatase, (�) brookite and (�)
utile with heating time. The solids were obtained by thermolysis of a solution
f TiCl4 (0.15 mol dm−3) in diluted HCl ([Cl]/[Ti] = 18).
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ig. 3. XRD patterns of the solids obtained by thermolysis of solutions of TiCl4
0.15 mol dm−3) in diluted HCl with different [Cl]/[Ti] ratios under reflux for
8 h. (a) [Cl]/[Ti] = 18; (b) [Cl]/[Ti] = 26; (c) [Cl]/[Ti] = 38.

nt experimental conditions. For [Ti] = 0.15 mol dm−3, brookite
nd rutile were prevalently formed if the [Cl]/[Ti] ratios were
8 and 26, whereas a ternary mixture of anatase, brookite and
utile was obtained if [Cl]/[Ti] = 13.5. In the presence of a low
iCl4 concentration ([Ti] = 0.06 mol dm−3) brookite and rutile
recipitated even when the [Cl]/[Ti] ratio was high.

Fig. 4b shows the XRD pattern of the powder obtained by
rying a precipitate containing a mixture of brookite and rutile.
ig. 4(a and c) confirm that the solids separated after selective
eptization contained only single-phase rutile or brookite. The
dentity of the two TiO2 polymorphs was also verified by Raman
pectroscopy. As reported in a previous work [22], all peaks of
he Raman spectrum of the as-prepared brookite powder were
onsistent with those of natural brookite crystals.

As shown in Table 2, the crystallite dimensions evaluated
rom the line profile analysis of the XRD peaks [30] indicated
hat all as-prepared samples were nanocrystalline and the mean
iameter of the crystallites was lower than 10 nm.

Fig. 5 shows the diffuse reflectance spectra of brookite, rutile
nd of a mixture of the two phases. TiO2 is an indirect semicon-
uctor [33] so that the band gap energy, Eg, of the samples can
e determined from the tangent lines to the plots of the modi-
ed Kubelka-Munk function, [F (R′∞)hν]1/2, versus the energy
f the exciting light [34]. As shown in the inset of Fig. 5, the
g values of rutile and brookite were 2.95 and 3.25 eV, respec-

ively. The band gap of rutile is very close to that determined for
pure commercial rutile sample (provided by Tioxide Hunts-
an) whereas the Eg of brookite is in good agreement with

ata found in the literature [21,35,36]. The spectrum of the mix-
ure of brookite and rutile revealed two threshold wavelengths

ndicative of the contemporaneous presence of the different TiO2
hases. The Eg values of various powders are reported in Table 2.
he increased band gap exhibited by the samples calcined at
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Table 1
Crystal phase composition of TiO2 powders prepared under different experimental conditions

Thermolysis conditionsa [Ti] (mol dm−3) [Cl]/[Ti] Anatase % Brookite % Rutile %

Under reflux Diluted HCl 0.15 18 3.5 65.8 30.7
Under reflux Diluted HCl 0.15 26 50.3 49.7
Under reflux Diluted HCl 0.15 38 100
Under reflux Diluted HCl 0.06 38 39.5 60.5
Oven Diluted HCl 0.15 13.5 20.3 60.3 19.4
Oven Diluted HCl 0.15 18 55.4 44.6
Oven Diluted HCl 0.15 26 56.5 43.5
Oven Diluted HCl 0.15 38 100
Under reflux Concentrated HCl 0.15 18 100
Under reflux Concentrated HCl 0.15 26 100
Under reflux Concentrated HCl 0.15 38 100
Oven NaCl 0.22 18 29.7 6.9 63.4
O
O
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ven NaCl 0.22
ven NaCl 0.09

a All samples were heated for 48 h.

igh temperatures is attributable to a better crystallization of the
olids. The band gaps of the mixtures of two or three phases
ere lower than those of anatase and brookite.

Fig. 6 shows the diffractograms of the solids obtained after

hermal treatment of pure brookite for 2 h at different tempera-
ures. At 450 ◦C the peaks of brookite increased without change
f the crystal structure. At 750 ◦C the XRD pattern clearly

r
i

i

able 2
rystallite size (Φ), specific surface area (SSA), initial reaction rate (ro) and band ga

hase Composition (wt%) Hydrolysis solution Φ (n

utile 100 dil. HCl 3.8

utile 100 conc. HCl 4.3
utileb 100 conc. HCl 25.4
utile Tioxide 100 conc. HCl 50

rookite 100 dil. HCl 6.6
rookitec 100 dil. HCl 7.5
rookited 100 dil. HCl 9.7
rookitee 100 dil. HCl 16.4
utilef 100 dil. HCl 32.7

rookite 73.6 dil.
HCl

4.3
utile 26.4 4.2

rookite 39.5 dil.
HCl

9.0
utile 60.5 4.7

natase 70.9
NaCl

2.2
rookite 16.2 2.7
utile 12.9 7.1

natase 29.7
NaCl

2.7
rookite 6.9 5.4
utile 63.4 5.0

25
Anatase 80 25.1
Rutile 20 33.2

a All the runs were carried out at pH 3.3.
b As-prepared rutile calcined at 800 ◦C.
c As-prepared brookite calcined at 300 ◦C.
d As-prepared brookite calcined at 450 ◦C.
e As-prepared brookite calcined at 750 ◦C.
f As-prepared brookite calcined at 900 ◦C.
g pH 3.3 was obtained by adjustment with HCl.
26 5.0 6.3 88.7
38 66.0 24.9 9.1

evealed the presence of the two distinct peaks of brookite at
5.40◦ and 25.72◦, respectively. At 800 ◦C the peak intensities
f brookite decreased and new large peaks corresponding to

utile appeared. At 900 ◦C only peaks of rutile were observed
ndicating that brookite was completely transformed to rutile.

The thermal analyses of the pure brookite sample are reported
n Fig. 7. The TG curve revealed a continuous mass loss from 75

p (Eg) of TiO2 powders prepared by various routes

m) SSA (m2 g−1) ro × 109 (mol dm−3 s−1)a Eg (eV)

24 9.9 2.95

29 12.5 2.98
2 3.2 2.95
8 negligible 3.02

82 14.9 3.25
69 16.4 3.28
46 23.6 3.29
18 18.4 3.24
12 7.8 2.95

141 16.5 3.15
3.00

35 11.2 3.16
2.96

189 21.6 3.00

138 14.3 3.02

50 43.0g 3.02
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Fig. 4. XRD patterns of the solids obtained by thermolysis of a solution of TiCl
(
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Fig. 6. XRD patterns of brookite particles after heat treatment at different tem-
p
h
s

f
c

t
b
(
m
[

4

0.15 mol dm−3) in diluted HCl ([Cl]/[Ti] = 26) under reflux for 48 h. (a) Rutile;
b) mixture of brookite and rutile; (c) brookite.

o 790 ◦C followed by a small event limited in the 815–845 ◦C
ange. The DTG curve highlighted that two overlapping losses,
entered at 126 and 287 ◦C characterized the first intense mass
oss (relative intensity of 0.7 and 3.3%, respectively), whereas,
he subsequent less intense loss (<0.3%) was strictly confined
round 831 ◦C. Mass spectra of the evolved gas, recorded in the
5–790 ◦C interval, revealed the release of water and HCl. The
rend of the DTA curve was less meaningful showing a very

road endothermic band during the main mass loss. Neverthe-
ess, a small exothermic band centered at 831 ◦C, was detected
ith respect to the signal drift according to the DTG sharp peak

hat should be related to the crystalline phase transformation

ig. 5. Diffuse reflectance spectra of the solids obtained by thermolysis of a
olution of TiCl4 (0.15 mol dm−3) in diluted HCl ([Cl]/[Ti] = 26) under reflux
or 48 h. (a) Brookite; (b) mixture of brookite and rutile; (c) rutile. Inset: plot of
he square root of the modified Kubelka-Munck function vs. the energy of the
bsorbed light. (a) Rutile; (b) brookite.

g
a
h
d
T
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F
u

eratures for 2 h. (a) Sample separated after selective peptization; (b) sample
eated at 450 ◦C; (c) sample heated at 750 ◦C; (d) sample heated at 800 ◦C; (e)
ample heated at 900 ◦C.

rom brookite to rutile. Calcination up to 1000 ◦C led to the
omplete conversion of the solid.

Only rutile formed when the hydrolysis of TiCl4 occurred in
he presence of concentrated HCl, whereas mixtures of anatase,
rookite and rutile were always obtained from NaCl solutions
see Table 1). Fig. 8 shows the XRD patterns of ternary TiO2
ixtures formed in the presence of various amounts of NaCl. For

TiCl4] = 0.22 mol dm−3, the increase of the Cl− concentration
ave rise to an increase of the relative amount of rutile (Fig. 8a
nd b) and a decrease of the percentage of anatase. On the other

and, for [TiCl4] = 0.09 mol dm−3 (Fig. 8c), the higher pH value
ue to a lower amount of HCl produced by the hydrolysis of
iCl4, favored the formation of anatase in spite of the presence
f a high [Cl]/[Ti] molar ratio.

ig. 7. Thermal analysis of pure brookite sample, heating rate of 10 ◦C min−1

nder He flow.
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Fig. 8. XRD patterns of the solids obtained by thermolysis of TiCl4 in NaCl solu-
tions at 100 ◦C in the oven for 48 h. (a) [TiCl ] = 0.22 mol dm−3, [Cl]/[Ti] = 18;
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anatase crystallites transform to brookite and rutile that are the
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b) [TiCl4] = 0.22 mol dm−3, [Cl]/[Ti] = 26; (c) [TiCl4] = 0.09 mol dm−3,
Cl]/[Ti] = 38.

Data evaluated from the physisorption measurements are
eported in Table 2. The rutile samples, obtained in diluted or
oncentrated HCl, showed specific surface area values higher
han that of the commercial rutile powder (Tioxide). Moreover,
ype IIa isotherms [37] were detected for the as-prepared sam-
les, whereas type I isotherm was found for the commercial
pecimen. The pure brookite samples displayed again type IIa
sotherms that were irrespective of the calcination temperature;
n the other hand, a progressive decrease in SSA values was
etermined as a function of the increasing temperature. The
inary and ternary mixtures of the TiO2 polymorphs showed
more complex trend: both type II and IV isotherms were

etected, indicating the existence of macro- and meso-porosities.
he surface areas of the mixtures were quite high and decreased
ith increasing the percentage of rutile.

.2. Photoreactivity results

The disappearance of 4-NP was followed by determining the
oncentration of the substrate at various time intervals. The pho-
oactivity of the various powders was compared with that of
ommercial Degussa P25 TiO2. The degradation rate, ro, was
alculated from the initial slope of the concentration versus time
rofiles. ro values are reported in Table 2.

All the powders obtained by thermolysis of TiCl4 were active
or the photodegradation of 4-NP. The photocatalytic activity of
he samples, as well their composition, depended on the prepara-
ion route. The powders of rutile exhibited a slight photoactivity,
ifferently from the commercial rutile sample, which was practi-

ally inactive. The activity of rutile was higher when the powders
ere obtained in concentrated HCl solutions but decreased if the

ample was calcined at 800 ◦C.

p
C
t

ysicochem. Eng. Aspects 317 (2008) 366–376

Pure brookite revealed a good photocatalytic activity. The
fficiency of the samples increased with increasing temperature,
eached a maximum and then decreased for temperatures higher
han 750 ◦C. The highest ro values were generally obtained with
owders consisting of more than one crystalline phase. The sam-
les containing anatase, brookite and rutile were more active
han those consisting only of brookite and rutile, while the effi-
iency of the powders decreased with increasing the percentage
f rutile.

. Discussion

The physical properties of the products obtained by the
ol–gel method are strongly influenced by the synthetic vari-
bles. Acidity, titanium concentration and temperature govern
orphology, size and structure of the TiO2 nanoparticles syn-

hesized by thermohydrolysis of TiCl4. In particular, the nature
f the counterions is determinant for the nature of the crys-
alline phases. The presence of HCl [11] or HNO3 [14] in specific
omains of acidity allows to obtain the phase brookite.

The experimental results indicated that the relative propor-
ions of the TiO2 polymorphic phases obtained by thermolysis
f TiCl4 in aqueous chloride solutions depend on the pH
nd the total concentration of HCl in the precipitation solu-
ion [11–13]. These two decisive factors are determined by
he amounts of TiCl4 and of HCl eventually added. The for-

ation of the different TiO2 structures can be related to the
xistence of octahedral hydroxochloro complexes of the type
Ti(OH)aClb(OH2)c](4−a−b)+ where a + b + c = 6, and a and b
epend on the acidity and the concentration of Cl− in the
olution [11,38]. The precipitation of solid occurs when, as

consequence of thermolytic or hydrothermic treatments, a
eutral complex forms by elimination of hydroxo or chloride
igands [11]. The octahedra link together by olation, through
ehydration reactions between aquo and hydroxo ligands form-
ng different structures of polymers by sharing equatorial or
pical edges. Further growth proceeds by oxolation with HCl
limination and formation of oxo bridges among the octa-
edra.

According to Pottier et al. [11], the precursors of rutile and
rookite are [Ti(OH)Cl3(OH2)2]0 and [Ti(OH)2Cl2(OH2)2]0,
espectively. When the acidity is high, the solution prevalently
ontains a large amount of [Ti(OH)Cl3(OH2)2]0 complexes.
s shown in Fig. 9a, the [Ti(OH)Cl3(OH2)2]0 monomers can

ombine by olation only by sharing equatorial edges. In this
ase, only rutile crystallites are developed. Further condensa-
ion involves obviously the substitution of chloride ions with
H ligands.
In diluted HCl solutions, the [Ti(OH)2Cl2(OH2)2]0

onomers can form skewed chains sharing apical edges
Fig. 9b) so that both anatase and brookite crystallites can
e obtained contemporaneously. With increasing time of
hermolysis, the pH of the solution decreases [12] and the
hases more stable in the presence of high amounts of H+ and
l− ions. When the [Cl]/[Ti] molar ratio is high the probability

o find hydroxochloro complexes with three chloride anions
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ig. 9. Possible reaction pathways for the formation of rutile, anatase
r brookite starting from octahedral complexes [Ti(OH)Cl3(OH2)2]0 and
Ti(OH)2Cl2(OH2)2]0.

n the coordination sphere is larger, which should favor the
ormation of rutile.

In NaCl solutions, the relative proportion of brookite in the
ixtures of the three phases is low suggesting that the pres-

nce of a large amount of [Ti(OH)2Cl2(OH2)2]0 monomers is
ecessary for the formation of brookite. Nabivanets et al. [39]
eported that at high Cl− concentration and low H+ concentra-
ion, complexes containing the tytanil ion TiO2+ predominate
n solution so that a different condensation pathway could favor
he formation of anatase.

As-precipitated rutile powders showed typical type II
sotherms, indicating a non-porous matrix, in agreement with
ata reported for titanium dioxide powders [37]. On the other
and, calcined rutile powders displayed type I isotherms, due to
he presence of micropores. These data can be explained with the
resence of a large number of inaccessible sites on the powder
urface due to the presence of adsorbed water and/or hydroxyls
roups bonded to titanium atoms [37]. Pure brookite samples
id not show surface features far from the rutile powders: again
on-porous systems were revealed from the physisorption mea-
urements, with a progressive decrease in surface area values
ith increasing the treatment temperature. On the other hand,

he mass spectra data recorded during the thermogravimetric
nalysis of the brookite sample indicated that the as-prepared
owders showed a continuous release of water during the heating
reatment. The endothermic H2O evolution arose from simply
esorption of adsorbed molecules at lower temperatures and then
rom the condensation of residual surface Ti–OH groups. This
hermal activated condensation led to a progressive decrease
f the specific surface area values and to an increase of the
rystallite mean dimensions of the residual solid, as shown in
able 2.

The thermohydrolysis of TiCl4 in aqueous chloride solutions

id not allow to obtain directly pure brookite but only binary or
ernary mixtures of the three TiO2 polymorphs. The separation
f the brookite particles from mixtures of brookite and rutile has
een previously carried out by peptization with nitric acid [11].

l
h
e
h
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o avoid that the presence of NO3
− could influence the pho-

ocatalytic properties of the powders, the selective peptization
f brookite was obtained more simply by diluting many times
he mixture of brookite and rutile and separating the supernatant
ispersion from the solid. The difference in peptizability of the
wo types of particles is due to the different sizes of the aggre-
ates of brookite and rutile. The aggregates of rutile consisted of
eavier and bigger particles as confirmed by the lower value of
pecific surface area (see Table 2), although the crystallite sizes
ere often smaller than those of brookite. As a result, type IV

sotherms, attributable to mesoporous systems, were found for
hese samples. The powders obtained from both diluted HCl and
aCl solutions displayed a more reactive surface and the cor-

esponding surface area values decreased with increasing the
mount of the rutile polymorph.

The diffuse reflectance measurements have allowed to deter-
ine the band gap of bulky brookite. The value of 3.29 eV

etermined for the powder calcined at 450 ◦C is in good agree-
ent with the few data reported in literature. Grätzel and
otzinger [35] estimated the Eg value of brookite as 3.14 eV
y extended Hückel MO calculations. Koelsch et al. [21]
etermined the band gap of brookite nanoparticles as 3.4 eV,
easuring the optical transmission of brookite dispersions at

ifferent concentrations and by UV fluorescence measurements.
hibata et al. [36] photoelectrochemically determined a band gap
alue of 3.26 eV for films consisting mostly of brookite phase
ith some anatase.
XRD analysis showed that by calcination at high tem-

eratures, brookite transformed directly to rutile, without the
nvolvement of the anatase polymorph. This finding agrees with
he results of previous works that report a direct brookite–rutile
ransition [5,14,18,32,40] although some authors claim that
rookite transforms to rutile via anatase [19,41,42].

The transformation sequence among anatase, brookite and
utile depends on several factors including crystallite size, size
istribution and contact area of the crystallites in the pow-
er. Zhang and Banfield found a correlation among the surface
nthalpies of the three polymorphs and their particle size [40].
he energies of anatase, brookite and rutile are sufficiently close

hat they can be reversed by small differences in surface energies.
rookite is more stable than anatase for crystal sizes greater than
1 nm while rutile is the most stable phase at sizes greater than
5 nm [40]. Similar results were obtained through free energies
alculations [43]. Anatase is the most stable phase when the size
s smaller than 4.9 nm, brookite for sizes between 4.9 and 30 nm,
nd rutile for sizes larger than 30 nm. Zhu et al. [43] developed
n empirical expression on a critical grain size of brookite, Dc,
hich dominates the transition sequence between anatase and
rookite. When the size of brookite Db is larger than Dc, brookite
irectly transforms to rutile whereas, when Db is smaller
han Dc, brookite transforms to anatase and then anatase to
utile.

As shown in Table 2, our as-prepared brookite had a crystal-
ite size of 6.6 nm and a specific surface area of 82 m2 g−1. By

eating at increasing temperatures the size progressively grew
nhancing the stability of the brookite phase. At temperature
igher than 750 ◦C the crystallite size probably reached a criti-
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al value and brookite directly transformed to rutile. The perusal
f the DTA curve indicates that the transformation of brookite
ccurred in the temperature range 815–845 ◦C.

The photocatalytic activity of TiO2 is one of its techno-
ogically most attractive properties. The reactivity of the TiO2
anoparticles depends on several factors including specific sur-
ace area, crystallinity, crystallite size and crystal structure.
he reduced size of the particles leads to larger surface areas,
nd consequently the number of available surface active sizes
ncreases. A reduction in particle size should also lead to a high
hotonic efficiency favoring a higher interfacial charge carrier
ransfer rate.

The photoactivity of the powders, as well as their com-
osition, depend on the preparation route. All rutile samples
ynthesized by thermolysis of TiCl4 in HCl solutions degraded
-nitrophenol under UV irradiation differently from commer-
ial rutile Tioxide, whose activity was negligible. This probably
epends on the particular physicochemical features of the nanos-
ructured powders as, for instance, a larger extent of surface
ydroxylation. By thermal treatment at 800 ◦C the activity of
utile decreased due to the noticeable reduction of its specific
urface area.

Pure brookite samples revealed good photocatalytic activity
n spite of the high value of Eg and the poor crystalline phase.
he enhancement of efficiency obtained by calcination at 450 ◦C

s attributable to the improved cristallinity of the powder. The
ow photoactivity exhibited by the sample calcined at 900 ◦C
s ascribable both to the phase transformation to rutile and the
rastic decrease in specific surface area.

Previous reports indicated that brookite may be used as
n effective photocatalyst. Brookite nanocrystals synthesized
y air oxidation of TiCl3 in aqueous HCl solution, were
ore photoactive than anatase Merck for both the reac-

ions of H2 formation from 2-propanol and O2 evolution
rom Ag2SO4 solutions [16]. Rates of CO2 or H2 forma-
ion comparable to those of Degussa P25 were exhibited by
ome brookite samples, prepared by solvothermal treatment of
xobis(2,4-pentanedionato-O,O′)titanium [6,7] and tested for
he mineralization of CH3COOH and dehydrogenation of 2-
ropanol, respectively. Pure brookite nanocrystals obtained by
eaction of a mixed solution of urea and TiCl3 showed good pho-
ocatalytic properties for the degradation of acetaldehyde [17]
nd 4-chlorophenol [19] but the activity of these samples was
ather lower than that of Degussa P25. Moreover, Koelsch et al.
21] found that brookite is more electrochemically active than
natase and is a good candidate for photovoltaic devices. Very
ecent studies have demonstrated that the brookite structure is
table for reversible lithium intercalation and deintercalation and
hat there are no major structural changes in contrast to the Li
ntercalation into rutile [44].

The photoactivity of Degussa P25 for the degradation of
-nitrophenol is still higher than that of the brookite powders
btained by thermolysis of TiCl4 in diluted HCl solutions. Any-

ay, thin films prepared by dip coating from the water dispersion

ontaining only brookite particles were more active than films
f anatase and rutile for the photodegradation of 2-propanol in
as–solid regime [23].
ysicochem. Eng. Aspects 317 (2008) 366–376

Table 2 shows that the highest ro values were obtained with
amples consisting of more than one crystalline phase. The
ontemporaneous presence of different phases of the same semi-
onductor is usually beneficial to enhance the photocatalytic
ctivity [27,45–51] and in particular, the very active commercial
egussa P25 is composed of anatase and rutile. Ozawa et al. [46]

ttributed the high photoactivity exhibited by anatase–brookite
omposite nanocrystals to the junction between anatase and
rookite. As already demonstrated for other systems [47–49]
he coupling of different semiconductors allows the vectorial
isplacement of holes and electrons from one semiconductor to
nother and retards the recombination of the electron/hole pairs.
u et al. [50,51] reported that the photoactivity of powders con-

aining 80% anatase and 20% brookite exceeded that of Degussa
25 for the oxidation of propanone in air.

The powders obtained by thermolysis of TiCl4 in aqueous
aCl solutions consisted of anatase, brookite and rutile and
ere more active than those containing only brookite and rutile
btained in HCl solutions. The band gap values of the ternary
r binary mixtures were lower than those of pure anatase or
rookite. These findings are in accord with the results of Lopez
t al. [27] who found that the highest photoactivity among
iO2 sol–gel catalysts tested for the decomposition of 2,4-
initroaniline corresponded to the sample having the lowest Eg
nd composed of anatase, brookite and rutile.

. Conclusion

The reaction time as well as the final concentration of HCl
ere the decisive factors in determining the composition of

he TiO2 powders synthesized by thermohydrolysis of TiCl4 in
queous chloride solutions. Nanocrystalline rutile was obtained
oth in concentrated and diluted HCl. Mixtures of brookite and
utile precipitated in diluted HCl depending on the acidity of
he medium or the titanium concentration. Ternary mixtures of
natase, brookite and rutile were always formed in NaCl solu-
ions.

Stable sols of pure brookite were easily peptized from mix-
ures of brookite and rutile obtained from mild acidic solutions
ithout addition of HNO3 but only by dilution. Direct phase

ransformation from brookite to rutile occurred with heating.
The brookite particles revealed good catalytic properties for

he photodegradation of 4-nitrophenol. The powder calcined
t 450 ◦C exhibited a higher reactivity, mainly because of its
ncreased crystallinity. The highest photocatalytic activity cor-
esponded to the samples in which anatase, brookite and rutile
oexisted.
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