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bstract

n the present paper are investigated the microstructural, phase transformation and coarsening kinetics of nanometric anatase subjected to different
eat treatment conditions. It is also demonstrated that nanostructured anatase can be produced by a novel methodology assisted sonochemical
eans with the following particles characteristics; an average particle size of 6.2 nm and a specific surface area of 300 m2 g−1. Sonochemically

roduced anatase subjected to heat treatments under ambient atmosphere conditions at temperatures from 773 K to 1073 K and times between 1 h
nd 72 h transforms only to rutile. Both rates, transformation to rutile and coarsening, increase with temperature. The critical size for the anatase
articles to transform to rutile is temperature dependent. The coarsening kinetics, thus particle size, of the anatase and rutile investigated in this
esearch can be predicted using exponential like equations. These equations are similar to the ones described in the LSW theory; in fact, the
xponent changes as a function of time approaching 1/4 for times of 72 h of treatment. The characterization conducted in this research was assisted

y means of Brunauer–Emmett–Teller (BET) method, thermo-gravimetric analysis (TGA), X-ray diffraction (XRD) and transmission electron
icroscopy (TEM). The characterization results are given and discussed herein.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The titanium dioxide (TiO2) is found in nature with three
rystalline structures with the following symmetries D14

4h −
42/mmm (tetragonal), D19

4h − I41/amd (body centered tetrag-
nal) and D15

2h − Pcab (orthorhombic) for rutile, anatase and
rookite, respectively. It has been reported that heat treatments

pplied to nanometric particles of anatase promote the phase
ransformation to rutile that is more stable at high temperatures
nd coarser grains.1 Perhaps the number of well respected TiO2
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cientific publications there is no deep understanding about the
oarsening of these phases that is a main focus of the present
esearch. The phase transformation between anatase and rutile
as been previously reported.2–6 It has been suggested that phase
ransformation of anatase is highly dependent on the synthesis
onditions such as temperature, purity of the components, tex-
ure, grain size, specific surface area, pore dimensions, among
ther characteristics.2–6 Previous studies indicate that anatase
as good characteristics for biological applications and has been
uccessfully used as a reductor as well as for corrosive envi-
onments applications including photo-corrosion and chemical

orrosion.7–8

The application of ultrasound methods to synthesize nanos-
ructured materials has been successfully explored.9 Ultrasound

ethods are capable of creating extreme conditions inside a
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avitating bubble, sponsoring cavitation to occur, and have
hown positive effects to produce a variety of nanostruc-
ured materials.10–11 Sonochemical synthesis is well known
or increasing local temperatures and pressures combined with
xtraordinarily rapid cooling proving the required driving force
or chemical reactions to occur under extreme conditions, which
n many cases are ideal to produce nanometric or nanostructured

aterials. Sonochemical synthesis is a versatile method that can
e satisfactorily used to produce nanostructured materials with
ifferent characteristics just by changing the treatment condi-
ions (e.g. temperature, time, pH, etc.). Various applications for
ltrasonic methods are used to enhance chemical reactivity and
re easy to adapt for synthesis of nanometric materials and can be
xtrapolated for large scale production. Sonochemical decom-
osition of volatile organometallic precursors in low-volatile
olvents produces nanometric materials in various forms and
nhances their catalytic activity.9

The size of the nanometric TiO2 have significant influence in
he evolution of the phase transformation because their surface
rea have a positive contribution to the chemical potential or the
riving force promoting the phase transformations to rutile or
rookite.12–13 The use of techniques such as sol–gel has been
xplore to produce amorphous TiO2; finding that sol–gel prod-
cts can be transformed to rutile and/or brookite using different
eat treatment conditions.13 Rutile can be obtained by heat treat-
ng anatase at temperatures as high as 1073 K.1,14 Anatase is used
or a wide range of applications as photocatalysis, solar energy
onversion, protective surface coating, ceramics, etc.14–18 Rutile
s an effective light disperser and therefore, widely used for
igment.19 Heat treatments promote the coarsening of anatase
nd/or rutile that can, in some cases, be beneficial for special
pplications.20

In the present work was used a novel methodology assisted
y sonochemical synthesis to produce synthetic anatase. Sono-
hemical synthesis is capable of producing nanostructured
natase. The effects of heat treatment conditions on phase
ransformation (anatase–rutile), particle size, transformation
imes, temperature, lattice parameter, surface area and poros-
ty were investigated and the results are presented and discussed
erein.

. Experimental

.1. Synthesis and materials

Nanostructured anatase particles were synthesize using
ommercial grade substances; titanium tetraisopropoxide
(CH3)2CHO]4Ti (97 wt% pure), acetone and methanol. Also,

mix of methanol and acetone (30 mL of each) was used
s pressure-transmitting media and combined with 150 mL of
itanium tetraisopropoxide. The mix was ultrasonically treated
sing a custom made ultrasonic bath equipped with a Branson
ransducer of 100 V, 30 W that generate pulses at a frequency of

p to 38 kHz. The ultrasonic treatment was applied for a period
f 50 min. After the sonochemical synthesis is concluded the
roducts were dried in a magnetic mixer–heater at a temperature
f 423 K. The drying process was conducted until the products

u
a

t

ig. 1. Thermogravimetric analysis (TGA) showing weight and volume changes
uring the heating process on sonochemically produced anatase using a heating
ate of 10 K min−1.

ad a liquid free, thus dry, appearance. The dried product was
dentified as synthetic anatase and is refer along this paper as
riginal sample.

.2. Heat treatment

The synthesized anatase (original sample) was heat treated
t 773 K, 873 K, 973 K and 1073 K in a conventional electric
esistance furnace in open air atmosphere. The treatments were
arried out for times varying between 1 h and 72 h.

.3. Characterization methods

The X-ray diffraction (XRD) characterization was conducted
n a Bruker D8 Discover apparatus that operates under θ–2θ con-
itions the samples were scanned from 20◦ to 60◦, 2θ. The XRD
haracterization was conducted using a Cu K� tube with a char-
cteristic wavelength (λ) of 0.15405 nm. For the XRD was used
scanning speed of 2◦/min with readings collected every 0.02◦.
he systematic error of the XRD apparatus is approximately
.188% that is considered negligible. The X-ray patterns were
ndexed to identify the phases present. The Scherrer equation
Eq. (1)) was used to determine the particle size of the origi-
al and heat treated samples.21 The following planes (1 0 1) and
1 1 0) were used to determine the particle size for anatase and
utile, respectively. The lattice parameter and lattice volume of
natase and rutile were determined using the XRD peaks (1 0 1)
nd (2 0 0) for anatase and (1 1 0) and (2 1 1) for rutile.

= Kλ

β1/2Cosθ
(1)

here D is the average diameter of the particle; K is the shape fac-
or of the average particle (for this study a shape factor of 0.9 was
sed); λ is the wavelength characteristic of Cu (λ = 0.15405 nm)
nd β1/2 is the width of the X-ray peak at half its high, for
natase and rutile the respective (1 0 1) and (1 1 0) planes were

sed, as per reference 29 the corresponding planes are located
t θ = 12.65◦ and θ = 13.72◦.

The weight fraction of anatase (WA) and rutile (WR) for
he samples heat treated at 873 K, 973 K and 1073 K was
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ig. 2. X-ray diffraction (XRD) patterns of the original powders and heat treat
d) 1073 K.

etermined using the Spurr–Meyers method22 the equations
re provided in following:

A = 1

[1 + 0.8(IA/IR)]
(2)

R = 1

[1 + 1.26(IR/IA)]
(3)

here IA and IR are the peaks intensities in c.p.s. for the (1 0 1)
lane for anatase and (1 1 0) plane for rutile.

The transmission electron microscopy (TEM) analysis was
onducted on a JEOL-2000FXII operated at 200 kV. The TEM
nalysis includes diffraction patterns, dark fields and bright
elds. Using TEM was determined the crystalline structure, mor-
hology, coarsening kinetics and the results are used to support

he XRD findings.

The specific surface area of the original sample was measured
sing BET on a Micrometrics ASAP 2000 nitrogen adsorption
pparatus. Prior to the BET analysis, the sample was degassed

o
u
d
i

wders at various times for temperatures of (a) 773 K, (b) 873 K, (c) 973 K and

nd aged at 373 K for 24 h. The adsorption analysis was con-
ucted using nitrogen with relative pressures (P/P0) between
.5 and 1.0. P indicates the equilibrium pressure among the gas
nd the solid and P0 is the pressure of the gas required for the
aturation at the temperature of the experiment.

The thermogravimetric analysis (TGA) was performed on
Stanon Redcroft STA 1640 apparatus with a heating rate of

0 K min−1. The reference sample used during the absorption
rocess aid the determination of the band-gap energy using a
arian Cary I spectrophotometer.

. Results

Table 1 shows the characteristics of the original anatase as

btained from the sonochemical synthesis. The measured area
sing BET was of 300.3 m2 g−1 with a grain size of 6.2 nm as
etermined by XRD-Scherrer. The band-gap shown in Table 1
s 5.3% lower than the value reported in reference 14 sug-
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esting that sonochemically produced anatase has potential for
pplications such as biological, photo-corrosion, chemical cor-
osion, and environmental applications. Still further analyses are
equired to determine the areas 24 where the sonochemically
roduced anatase can be applied.

Fig. 1 shows the TGA results where is observed a change in
ass during the heating sequence of the original powders. The

hange in mass occurs at temperatures below 573 K. Prior to
he TGA, it was decided not to heat the original powders above
23 K with the aim to preserve their characteristics. For that
eason during the heating TGA sequence changes in mass and
olume are identified at temperatures of 573 K or lower. These
hanges are consistent with the removal of remaining organic
ubstances from the sonochemical synthesis. Above 573 K these
hanges are negligible; however, the change in volume is the
esult of densification of the heat treated powders, it means a
eduction in the pore volume and surface area. Similar changes in
ass and volume were previously reported by Reidy et al.4 The
GA results indicate that there is no mass change involved dur-

ng the phase transformation between anatase and rutile, which
s expected since both phases have the same stoichiometry.

Fig. 2 shows the XRD patterns of the samples heat treated at
ifferent temperatures and times. In all cases the heat treatments
ere conducted using reference anatase powders. In the XRD
attern at 773 K high background intensity is observed, that can
e the result of a high density of defects, pores and potentially
morphous matter.23 The analysis of the XRD sequence shows
reduction in the width of the XRD peaks for anatase and rutile
nd a shift to the right of the anatase peaks as the time of the heat
reatment increases for temperatures of 773 K and 973 K. The
ncrease in the intensity of the peaks of anatase and rutile as a
unction of time and temperature can be deduced by comparing
he XRD patterns for the different heat treatment conditions to
he original sample. The above is potentially attributed to the
ncrease in crystal quality as the heat treatment time and tem-
erature increases. On the other hand, rutile is first identified in
he heat treated sample at 873 K for 24 h, which is presumably
ormed from coarsened anatase particles resulting in the more
table location for the XRD rutile peaks.

Fig. 3 shows the Scherrer analysis as a function of time for the
ifferent heat treatment temperatures and represents the coars-
ning kinetics of anatase and rutile. As can be observed in Fig. 3
amples heat treated for more than 8 h, show a quasi-linear coars-
ning. Therefore, the transformation and coarsening rate were
etermined for temperatures and times larger than 8 h. In all
ases a high regression coefficient was obtained (R2 ≥ 0.88). The

oarsening of all heat treated samples at the different tempera-
ures follow a continuous path where the size of both, anatase
nd rutile, increases as a function of time except for anatase heat
reated at 873 K for more then 24 h and 973 K for more than 4 h.

t
a
a
o

able 1
icrostructural characteristics of the reference simple after the synthesis of the TiO2

Phase Crystallite size (nm) BET area (m2 g−1)

TEM Scherrer

riginal Anatase 5.4 ± 2.5 6.2 300.31
ig. 3. Coarsening of anatase and rutile as calculated by Scherrer from the XRD
atterns for the various heat treatment times and temperatures.

or the above temperatures and times the respective coarsen-
ng rates decreased; it is of particular interest the samples heat
reated at 973 K for more than 16 h that present a drop in particle
ize.

It is literally impossible that the particles of anatase shrink
s the heat treatment time increases, perhaps what the curve
uggest is that coarser anatase particles are more susceptible to
ransform to rutile. It means the coarse anatase particles reach
ts critical size for transformation and automatically transform
o rutile. The larger anatase particles lead the formation of rutile
ecause this phase is thermodynamically more stable at larger
article size and higher temperatures. This is agreement with the
act that for the same heat treatment conditions rutile particles
re always coarser than the anatase ones as indicated by the
article size results obtained the Scherrer equation (Fig. 3). It
s also observed that grain coarsening has an almost negligible
ffect on the grain size range (indicated by error bars); in fact,
or some heat treatment conditions the error bars are not visual
ndicating how narrow grain size range is. This agrees with the
arrow width of the XRD anatase (1 0 1) and rutile (1 1 0) peaks
Fig. 2).

Table 2 shows the phases present for the different heat treat-
ent temperatures, the transformation rates, coarsening rates

nd the coarsening kinetic exponential equations. The equations
resented in Table 2 are the regression equations of the curves
hown in Fig. 3 from 1 h to 72 h and from 8 h to 72 h. It is clear
hat the coarsening rate for the heat treated sample at 873 K
nd 973 K is considerably reduced by the phase transforma-

ion, recommending that coarsening and phase transformation
re not independent processes. For the above-mentioned temper-
tures, phase transformation and coarsening are processes that
ccur simultaneously; however, all anatase particles that reach

powders

Pore volume (cm3 g−1) Average pore (nm) Band gap (eV)

0.34 3.82 3.03
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Fig. 4. TEM micrographs showing the coarsening kinetics of anatase nanoparticles heat treated at temperature of 873 K for (a) 1 h, (b) 2 h, (c) 4 h, (d) 8 h, (e) 16 h,
(f) 24 h, (g) 48 h and (h) 72 h.

Table 2
Coarsening analysis of anatase and rutile at diferent temperatures as determined from XRD

Treatment temperature (K) Phases Lattice parameter (nm) Transformation rate (%/h) Coarsening rate (nm/h)

1–72 h 8–72 h

773 Anatase Danat = 13t0.208
500 Danat = 12.1t0.229

500 0 0.20

873 Anatase Danat = 20.6t0.161
600 Danat = 21.7t0.148

600 0.11 0.17
Rutile Drutile = 17.4t0.242

600 Drutile = 17.4t0.242
600 0.78

973 Anatase Danat = 58.5t0.014
700 Danat = 68.8t−0.034

700 0.23 −0.06
Rutile Drutile = 67.5t0.073

700 Drutile = 67.5t0.073
700 0.22

1073 Rutile Drutile = 74.4t0.145
800 Drutile = 57.4t0.222

800 87 0.86

D and t are the crystallite diameter and the heat treatment time at the respective temperature. The 1–72 h and 8–72 h indicate the time ranges where the regression
was conducted.
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ig. 5. TEM micrographs showing the coarsening of nanometric anatase partic
h) 48 h and (i) rutile for 72 h.

ts critical size cannot longer coarse and are forced to transform
o rutile. The coarsening kinetic exponential equations clearly
how a decrease in the exponent for the curves of anatase at
he temperatures (873 K and 973 K) that correspond to the time
here anatase continuously transforms to rutile. Another impor-

ant aspect to consider on the coarsening kinetic equations is that
he exponent for the equations for times from 1 h to 72 h of heat
reatment is smaller than for times above 8 h. The main reason
s that as time increases the coarsening rate tapers off approach-

ng the typical Lifshitz, Slyozov and Wagner (LSW) exponent
alue of α = 1/3. This exponent value is characteristic of long
nd ideally “infinite” heat treatment times. Using the coarsen-
ng kinetic equations in Table 2 it is possible to predict the time

t
s
O
a

at treated at 973 K for (a) 0 h, (b) 1 h, (c) 2 h, (d) 4 h, (e) 8 h, (f) 16 h, (g) 24 h,

t a particular temperature required to reach a desired particle
ize for anatase and/or rutile. Equations in Table 2 are limited to
etermine the particle size for heat treated anatase between 1 h
nd 72 h and temperatures from 773 K to 1073 K. Future efforts
re focused in the development of a more sophisticated equa-
ion(s) capable of the prediction of the anatase/rutile ratio and
he particle size for a broader range of temperatures and times.

Figs. 4 and 5 show two TEM coarsening sequences for anatase
eat treated at 873 K and 973 K, respectively. Fig. 4 focuses in

he coarsening of anatase illustrating a clear coarsening path of
uch phase, which further confirms the Scherrer results (Fig. 3).
n the other hand, Fig. 5 shows micrographs of heat treated

natase except for Fig. 5i that correspond to rutile. From Fig. 5f
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on patterns (SAEDP) for (a) anatase and (b) rutile.
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Fig. 6. Indexed selected area electron diffracti

o h it is clear that anatase does not coarse any further, this is
n agreement with the results shown in Fig. 3. Moreover, Fig. 5i
onfirms the fact that rutile particles continue their coarsening
s a function of temperature and it can be observed that rutile
articles are coarser than the ones of anatase.

Fig. 6 shows the indexed selected area electron diffraction
atters (SAEDP) for anatase and rutile. The analysis of the
AEDP of the original sample confirms that the only phase
resent after synthesis is anatase, while the SAEDPs of sam-
les heat treated for more than 2 h at 1073 K indicate that the
nly phase present is rutile. From the SAEDP can be deducted
hat anatase is a nanostructured phase since the SAEDP is an
rrangement of diffused rings while the size of the particles for
utile are larger resulting in a spots-like SAEDP.

Both, anatase and rutile, have rombohedric crystalline struc-
ures consequently they have different values for the lattice
arameters “a and c”. In Fig. 7a and b are plotted the respec-
ive lattice parameters for anatase and rutile for the different
eat treatments temperatures. For anatase “a” decreases and “c”
ncreases for times of 8 h or less and for more than 8 h the lattice
arameter is more stable this is consistent for the investigated
emperatures.

Fig. 7b shows that the lattice parameters, “a” and “c”,
or rutile are almost constant, for the investigated heat treat-
ent times and temperatures. This is attributed to the fact that

utile particles were formed from the already coarsened anatase
articles. Therefore, larger particles correspond to higher crys-
allinity that results in a more stable lattice parameter for the
ransformed rutile. These findings are in full agreement with the
AEDP as well as the results shown in Fig. 3. More important is

hat the lattice parameters of rutile for the sample heat treated at
073 K are larger than the lattice parameters of the heat treated
ample at 973 K.
In Fig. 8 is presented the change in lattice volume for anatase
nd rutile as a function of heat treatment time. The lattice vol-
me for anatase particles show variation for heat treated samples
or short times (<8 h) and is more stable in samples heat treated

t
a
t
a

ig. 7. Changes in lattice parameters for (a) anatase and (b) rutile for various
eat treatment temperatures.

or more than 8 h, which is in agreement with the “a and c”
attice parameter variation. At the same time and for short heat

reatment times a lattice volume change is observed; probably
ttributed to the higher ratio of crystalline defects vs. the atoms in
he lattice. Such ratio decreases for longer heat treatment times
nd is apparently independent of the heat treatment tempera-
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ig. 8. Change in lattice volume of anatase and rutile as a function of heat
reatment temperature and times.

ure. The same behavior is observed in all cases for anatase heat
reated at the investigated temperatures. In contrast for rutile
he changes in lattice volume is not apparent showing an almost
onstant lattice volume for the samples heat treated at 973 K and
073 K, except for the small increase observed in lattice volume
or the heat treated samples at 973 K between 8 h and 24 h.

The respective lattice parameters for anatase and
utile are aanatase = 0.3785 nm and canatase = 0.9514 nm and
rutile = 0.4593 nm and crutile = 0.2959 nm as reported in refer-
nce 29. The difference for the heat treated samples in lattice
olume for anatase is between 0.1 and 0.7% from the smallest
o the largest lattices with respect to the theoretical value and
.6% between the smallest and the largest lattice values for the
riginal and heat treated anatase. For rutile these differences
ary from −0.7% to 0.7% with respect to the theoretical
olume for the smallest and the largest lattices identified. For
he respective lattice volume of rutile the heat treated sample at
073 K is 1.4% larger than the sample heat treated at 973 K.

. Discussion of the results

Anatase heat treated at 773 K coarsens approximately 2.5
imes than anatase heat treated at 873 K. Anatase heat treated
t 873 K and 973 K show a clear reduction in coarsening rate
ttributed to the phase transformation to rutile. Furthermore, the
oarsening rate of rutile when heat treated at 1073 K is approx-
mately 7.4 times larger than anatase heat treated at 973 K. It is
mportant to point out that the coarsening rate was determined
sing linear regressions for times between 8 h and 72 h.

The anatase on the samples heat treated at 773 K did not trans-
orm after 72 h; in contrast, 86.5% of the anatase transformed to
utile in 1 h for samples heat treated at 1073 K. The coarsening
f the particles as determined by Scherrer went from 6.2 nm for
he original sample to 29.1 nm when heat treated 773 K for 72 h
nd to 71.9 nm for the heat treated sample at 1073 K for 1 h.

utile was firstly identified after 24 h of heat treatment at 873 K
ith a particle size of 37.9 nm and after 1 h when heat treated

t 1073 K with a particle size of 80.6 nm and a maximum size
f 148.7 nm after 72 h. The above-mentioned coarsening val-

a
c

(

an Ceramic Society 28 (2008) 1585–1594

es are in agreement with results previously reported in the
iterature.12,25 At 973 K and 72 h only 77.48% is transformed
o rutile and at 1073 K, 100% of anatase is transformed to rutile
n less than 2 h. Comparing the particle size of anatase and rutile
an be concluded that for higher temperatures larger particle
izes are required for the phase transformation to rutile to be
nitiated.

The coarsening mechanism can be analyzed as two kinetic
omains, in the first domain anatase has two functions, (1) coarse
nd (2) transform to rutile, in the second domain rutile is identi-
ed and has the sole function of coarsening. Both domains, when
nalyzed separately for anatase at 773 K and rutile at 1073 K
s observed an Ostwald ripening like behavior26 in particular
or heat treatment times between 8 and 72 h (Table 2). In the
oarsening mechanism, the smaller particles of anatase coalesce
n bigger ones sponsoring their growth; it means mass transfer
ccurs from the smaller to the larger anatase particles promoting
heir coarsening and thus their instability. As a result a reduction
n the number of particles is observed (Figs. 4 and 5). However,
he size of the remaining particles of both, anatase and rutile,
ncrease except for the heat treated samples at 973 K where the
eat treatment conditions sponsor the phase transformation over
he coarsening of anatase. Such results can be observed in the
RD patterns by the reduction in the width of the peaks as

he heat treatment time increases or by direct examination of
igs. 4 and 5. Two main conclusions can be drawn (1) the rate
f transformation anatase–rutile increases with temperature and
2) coarsening and phase transformation are not independent
echanisms.
The transformation of anatase to rutile at high tempera-

ures suggests that rutile is more stable at higher temperatures
nd coarser particles that is in full agreement with references
2–17,30–38. The heat treatments times and temperatures inves-
igated in the present research indicate that the amount of anatase
nd rutile as well as the grain size can be precisely controlled to
btain a particular ratio of phases and with specific particle size.

Based on the previous analysis it can be observed that the
ritical particle size at which anatase transforms to rutile varies.
or example, at 873 K anatase particles, when they transformed
or the first time to rutile (24 h) reached a critical size of 35.7 nm.
t 973 K the critical size for the anatase to rutile transformation

s 61.3 nm after 4 h of treatment and the heat treated samples
t 1073 K initiate their transformation in less than 1 h with a
ize <71.9 nm. On the other hand, the maximum size reached by
he anatase particles was 71.9 nm and 148.7 nm for rutile; these
izes were identified in the heat treated samples at 1073 K for
h and 8 h, respectively.

There are two important aspects in the above described
oarsening-transformation kinetics, (1) the critical size of the
article for transformation and (2) the coarsening of the trans-
ormed rutile particles. Due to the critical size for the anatase to
utile transformation, anatase particles that reach this size trans-
orm to rutile impeding any further coarsening of anatase and

t the same time the newly formed rutile particles initiate their
oarsening.

The driving force for the phase transformation
anatase–rutile) is the thermodynamic instability of the
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oarsened anatase particles at the particular heat treatment
emperature as reported in references 30–38. However, the size
nd temperatures at which anatase particles transform to rutile
n the present research is not in complete agreement with the
esults reported in references 30–38, which is attributed to the
ifferences of the original powders due to the distinct synthesis
ethods used.2,6 The results of this research indicate that

natase can be produced and artificially coarsened to particular
rystalline size that can be predicted using the respective
oarsening exponential equations given in Table 2.

The difference in the critical particle size for the transforma-
ion of anatase is attributed to large density of point and line
efects. The coarsening of the particles is diffusion controlled
nd the transformation is controlled by the thermodynamic insta-
ility of anatase. Therefore, in order for the anatase to transform
o rutile a critical radius of anatase, with a minimum of defects,
s required and since surface diffusion is higher than the inter-
ranular diffusion for higher temperatures the coarsening of the
articles is promoted over their transformation. This results in
he observed difference in critical size for transformation of the
natase.

. Coarsening kinetics

The analysis of the results in the present research indicates
hree major processes that are in agreement with the Ostwald
ipening theory.26–28 The coarsening of the particles of anatase
r rutile show the following:

(i) mass conservation,
(ii) a continuity coarsening evolution as a function of time and

size distribution,
iii) growth of the individual particles of given size

The mass conservation can be demonstrated in Fig. 1. The
oarsening is demonstrated in Fig. 3 and equations in Table 2
nd the growth and reduction in the number of particles is con-
rmed in Figs. 4 and 5. The Ostwald ripening theory does not
onsidered phase transformations or the multi-particle diffusion.
herefore, a theory that more closely described the effect of

he phase transformation of a second phase is the LSW26–29

nd the multi-particle diffusion effect is better described in the
oorhees–Glicksman model.27

The exponent (α) of the coarsening equations from Table 2
an be analyzed separately for the entire coarsening process
1–72 h) and for times larger than 8 h. Times between 8 h and
2 h provide a more realistic analysis of the coarsening kinetics,
ince at the beginning of the heat treatment a fast rate of coarsen-
ng is observed and after 8 h this rate become more stable for all
he heat treated samples. The exponents for the equations shown
n Table 2 (heat treated samples at 773 K, 873 K and 1073 K)
or regressions between 1 h and 72 h is in all cases between
= 1/5 and 1/7 and for times from 8 to 72 h and the expo-

ent increases to approximately α = 1/4. The α = 1/4 is closer
o the traditional α = 1/3 LSW value,26 thus it is expected that
or longer heat treatment times α will approach 1/3. This will
llow the modeling of the coarsening kinetics of anatase and

1

1
1
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utile using an LSW-like equation for any time and tempera-
ure.

. Conclusions

In the present research was found that this novel sonochem-
cal method is capable of producing nanostructured particles
f anatase. Anatase is sensitive to phase transformation when
eat treated at different temperatures and times producing rutile
articles of different sizes. The heat treatment conditions can
e controlled to produce either pure rutile or a combination of
natase–rutile with specific particle sizes. Using a mathematical
odel similar to the LSW, it is possible to predict the size of

he particle for heat treated anatase and rutile. The coarsening
rocess can be described using the Oswald ripening approach;
owever, more detailed theories that fully describe the coarsen-
ng kinetics of anatase (produced by sonochemical means) and
utile are the LSW and Voorhees–Glicksman.

The phase transformation has a direct influence in coarsening
inetics allowing to conclude that both are not independent pro-
esses. Heat treatments sponsor at first the coarsening of anatase
articles, but once the anatase particles reach a critical size (with
minimum of point and linear defects) the phase transformation

s initiated. Therefore, At this point the only anatase particles that
oarsen are the smaller ones. The lattice parameters of rutile are
ore stable than the ones for anatase and this is independent of

he heat treatment conditions. The reason for this is that rutile is
ormed from coarse anatase particles that have a higher crystal
uality with less defects and thus more stable lattice parameters.
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