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Ilmenite (FeTiO;) is an inexpensive abundant natural mineral and it would be a perfect precursor for

the production of porous TiOj; if a suitable synthesis method was developed. A new method combining

a series of processing steps of ball milling, high-temperature annealing, selective chemical leaching and
final calcining in air is proposed in this paper. The resulting TiO; is a porous material with a bimodal
pore structure. The pore size distribution has two clear maxima corresponding to small mesopores
(2-30 nm) and large meso- and macropores (centered at around 50-80 nm). It was found that the
duration of the annealing step could alter the contribution of each type of pores. A short annealing time

(0.5 h) lead to the preferential formation of pores within 2-30 nm while pores centered at 50-80 nm

dominated the pore size distribution after a relatively long annealing (1.5 h). The obtained porous rutile
TiO, shows a better photocatalytic activity than that of a commercial rutile TiO, powder.

1. Introduction

Porous titania (TiO;) has applications in solar cells, photo-
catalysts, and lithium-ion batteries.”™ The porous structure plays
an important role in these applications because it provides
a larger surface area and often a well-defined characteristic pore
size. For example, it has been reported that the photoelectric
conversion efficiency of a dye-sensitised solar cell prepared using
mesoporous TiO, nanoparticles as an electrode material was
10.1%, exceeding the efficiency of the reference cell based on P25
(nonporous TiO, nanopowder) by 3.8%.? Hierarchically micro-/
nano-porous TiO, films have an improved photocatalytic
activity in mineralizing gaseous acetaldehyde and liquid-phase
phenol with respect to that of non-porous films, because the
continuous pore channels in the porous TiO, film enhance the
transportation of reactants, products and O, within the catalytic
framework.?

A number of synthetic methods have been proposed for
obtaining porous titanium dioxide. They often involve the use of
templates and include (but are not limited to) hydro- and
solvothermal methods, sol-gel synthesis, evaporation-induced
self-assembly and application of ionic liquids.>* In many cases
the titanium precursors or templates used for preparing porous
TiO, (for example, tetraisopropyl-orthotitanate,'® titanium tet-
raisopropoxide, cetyltrimethylammonium bromide (CTAB),'
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mesoporous silicas SBA-15 or KIT-6') are not readily available
or expensive materials.

Ilmenite (FeTiO;), naturally occurring iron titanate, is cheap,
abundant, and suitable for producing titanium dioxide. The US
Geological Survey'’ states that the world total reserves of
ilmenite are above 680 million tons (containing about 350-400
million tons of TiO,) and the deposits of ilmenite can be found in
different parts of world — North America (USA, Canada), South
America (Brazil), Australia, Asia (China, India, and Vietnam),
Europe (Norway, Ukraine) and Africa (South Africa, Mozam-
bique). According to the same source, the price of ilmenite is low
and was fluctuating between 80 and 107 USD per ton between
2004 and 2008. At present, ilmenite is commonly used in industry
for making white pigment via a sulfate or chlorine route.'® It
would be very desirable to adapt the existing industrially appli-
cable techniques to the preparation of porous TiO, suitable for
advanced applications.

In the current paper we demonstrate a method capable of
preparing TiO, with porous structure from ilmenite. The method
includes carbothermal reduction, ball milling and acid leaching.

Carbothermal reduction is a process in which ilmenite is
reduced by carbon to yield metallic iron and titanium oxide at
high temperatures. Ball milling is capable of reducing the
temperature needed for carbothermal reduction of ilmenite and
increasing the rate of this reaction.?® Chen et al. have reported
that a ball milled mixture of FeTiO5; and activated carbon can
react and produce rutile TiO, at a temperature as low as 760 °C.*!
The effects of the pre-treatment of ilmenite by ball milling on its
refinement can be attributed to the creation of crystal defects and
lattice distortions, the decrease in particle sizes and the increase
of surface areas.’’* A parametric study of the mechanically
activated carbothermal reduction of ilmenite has been published
by Welham.?

Recently, single-crystalline TiO, nanorods have also been
produced using the ball milling and annealing process.?* The low
temperature treatment in hydrogen atmosphere activates
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controlled one-dimensional growth of TiO, crystals. Hydrogen
gas prevents the formation of three-dimensional structures at the
nanometer scale.

Acid leaching has been widely used in industries in order to
remove iron and impurities and obtain high grade titanium
dioxide. The leaching with hydrochloric acid is more attractive
because it removes impurities (such as Ca**, Mg?*, etc) more
efficiently and the acid can be easily recovered from waste
solutions.?**” Acid leaching can also involve direct dissolution of
the metallic iron if ilmenite is fully or partially reduced to metallic
iron and titanium oxide by a preliminary step such as carbo-
thermal reduction.

In the following sections, we describe a method for the prep-
aration of porous TiO, from ilmenite. A combination of ball-
milling, carbothermal reduction, acid leaching and eventual
calcining in air is used. The method leads to the formation of
porous TiO, with a bimodal distribution of pores, where smaller
pores are holes in single-crystalline nanoparticles and the larger
pores are spaces between nanoparticles in larger aggregates. The
formation of porous structure is discussed. The porous structure
of produced TiO, leads to a higher photocatalytic activity than
that of a commercial rutile TiO,.

2. Experimental
2.1 Synthesis of porous TiO,

The preparation of porous TiO, included the following steps:

(1) Ball milling of a mixture of ilmenite and an activated
carbon

(2) Annealing

(3) Leaching by acid

(4) Calcining in air

Ball Milling. 6 grams of a mixture of ilmenite (FeTiOs, 99%
purity, supplied by Consolidated Rutile Ltd, Australia) and
activated carbon (10-18 mesh granular activated charcoal,
supplied by BDH Chemicals Ltd., England) were milled in
a stainless steel container loaded with four hardened steel balls
(diameter of 25.4 mm).?® The weight ratio of FeTiO; to carbon
was 4 : 1. The composition of the ilmenite used in this work can
be expressed as TiO, (dry basis) 49.6%, iron (total) 35.1%, FeO
32.8%, Fe 03 13.7%, Al,O5 0.47%, CryO; 0.25%, SiO, 0.45%.
The milling was conducted for 150 h at room temperature under
argon atmosphere of 100 kPa. The milling time can be reduced if
a high-speed milling instrument is used.

Annealing. 2 g of the milled mixture were heated in a horizontal
tube furnace from room temperature to 1000 °C within 30 min
and held at 1000 °C for 60 min. The sample was allowed to cool
down to room temperature afterwards. The whole experiment
was conducted under a flow of Ar gas.

Leaching. 1 g of annealed sample was leached in 100 ml of 4M
HCl solution at 90 °C for 4 h. The process was performed in
a paraffin oil bath and under magnetic stirring of 800 rpm. After
leaching, the suspension was filtered, and the leached samples
were washed and dried at 90 °C for 4 h.

Calcining. The leached sample was subsequently calcined in air
at 600 °C for 2 h in order to remove the residual activated carbon
from the sample.

2.2 Characterization

The samples were characterized by X-ray diffraction (XRD,
Philips 3020 diffractometer, Co target, A = 0.1789 nm), scanning
electron microscopy (SEM, Carl Zeiss Supra55vp and UltraPlus
instruments) and transmission electron microscopy (TEM, FEI
Titan microscope operating under 300 kV). Energy-dispersive
X-ray spectrometry (EDS) was conducted within a scanning
electron microscope in order to obtain elemental composition.
Surface areas, pore volumes and pore size distributions of the
samples were determined using a Micromeritics Tristar 3000
adsorption instrument. The diffuse reflectance spectra of dry
powders were measured using a Cary 300 UV-Vis spectropho-
tometer (Varian) equipped with an integrating sphere. BaSO,
was used as a reference sample.

2.3 Photocatalytic measurements

The photocatalytic activity of the samples was measured using
a small batch photocatalytic reaction system which consisted of a
photoreactor with a near-UV illumination source and a conduc-
tivity monitor for measuring carbon dioxide generated as the
organic substance was oxidised. A 20 W NEC black-light blue
fluorescent lamp was used as the light source. This lamp has
a wavelength emission peak at approximately 370 nm and emits
radiation between 320 nm and 410 nm. The catalyst loading was
1 g17! and the volume of the reaction mixture was 100 ml. Phenol
was chosen as the model organic compound. The amount of
phenol mineralised was equivalent to 1000 pug of carbon. The
photocatalytic reaction was initiated by turning on the UV lamp.
The detailed description of the process has been given by
Matthews.? A commercial pure rutile TiO, powder (particle size
< 100 nm, surface area > 130 m? g~') from Sigma Aldrich was
also tested for comparison.

3. Results and discussion

Fig. 1a shows a SEM image of starting ilmenite, which consists of
large particles with a typical size of 100 um and varied shapes.
Ball milling of the mixture of ilmenite and activated carbon and
subsequent annealing of the ball milled mixture lead to signifi-
cant changes in both morphology and phase composition.

The product of annealing of milled mixtures of FeTiO3 and C
at 1000 °C for 1 h, which is shown by the SEM image in Fig. 1b,
consists of much smaller particles (with sizes between 10 nm and
1 pm). The XRD pattern of the milled sample (Fig. 2a) shows
predominantly the peaks of the FeTiO; phase, and the amor-
phous phase of the activated carbon does not contribute to the
pattern. The broadening of peaks of FeTiO; is caused by the
crystal size reduction induced by the ball milling treatment.?
The XRD pattern of the annealed sample (Fig. 2b) shows peaks
of rutile TiO,, a-Fe and another phase, which was identified as
v-Fe(C) (austenite). The pattern also shows the presence of
a certain amount of unreduced ilmenite (FeTiO3) in the sample.

Fig. 3 shows a SEM image of the material obtained after acid
leaching of the annealed sample and subsequent calcining in air.
The obtained product consists of particles with a submicron
average size, as shown in Fig. 3. As we demonstrate below by
TEM, many of these particles are in fact aggregates of smaller
single-crystalline nanoparticles with a porous structure.

This journal is © The Royal Society of Chemistry 2011

CrysttngComm, 2011, 13, 1322-1327 | 1323


http://dx.doi.org/10.1039/c0ce00533a

Downloaded by Trinity College Dublin on 02 April 2012
Published on 05 November 2010 on http://pubs.rsc.org | doi:10.1039/COCEO0533A

View Online

Fig. 1 SEM images of starting ilmenite (a) and the powder product
obtained after ball milling and annealing of the mixture of ilmenite and
activated carbon (b).
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Fig. 2 XRD patterns of the milled mixture of ilmenite and carbon
(a) and the product of subsequent annealing of this mixture at 1000 °C in
Ar gas for 1 h (b).

Indeed, the TEM images of this material are shown in Fig. 4. A
large cluster in the bright field image (Fig. 4a) consists of nano-
sized particles with a typical size of less than 100 nm. Fig. 4b is
the selected area electron diffraction pattern (SADP) taken from
the cluster and it confirms that the particles belong to the rutile
phase. The polycrystalline nature of the SADP demonstrates that
the nanoparticles aggregate randomly to form the large cluster. A
typical particle is shown in Fig. 4c. The bright areas (such as the
one indicated by the white arrows) are thin electron transparent

Fig. 3 SEM image of the material obtained from the annealed sample
(1000 °C, Ar atmosphere, 1 h) after leaching and calcining.

regions in the particle. The image reveals the high density of
pores on the particle and that the size of them can be down to
several nanometers. A high-resolution TEM image of the particle
and its nanopores is shown in Fig.4d. Nanodiffraction was also
performed on the particle, and the existence of the rutile phase
was verified. The part enclosed by the white frame is magnified in
the inset of Fig. 4d. The lattice spacings of the horizontal and
slanted fringes are 0.23 and 0.28 nm, respectively, and corre-
spond to the {200} and {101} planes. It is worth pointing out
that the lattice fringes are running through the pore area (single-
crystallinity) and the variation of contrast may be due to the
difference in thickness introduced by the pores.

The pore size distribution of the obtained porous TiO, is
shown in Fig. 5a. The distribution is bimodal with the first peak
at between 2 and 20 nm (small mesopores) and the second peak at
between 25 and 150 nm (the range of large meso- (<50 nm) and
macro- (>50 nm) pores). It is easy to understand by correlating
the pore size distribution with the results of TEM (Fig. 4) that the

Fig. 4 TEM characterization of porous TiO, obtained after annealing
(1000 °C, Ar atmosphere, 1 h), leaching and calcining of the ball milled
mixture. (a) A bright-field image of an aggregate of nanoparticles, (b) the
SADP of the aggregate indicating randomly oriented rutile TiO, crys-
tallites, (c) nanosized pores in an individual nanoparticle, and (d) the
lattice image of the nanoparticle.
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Fig. 5 Pore size distribution (a) and XRD pattern (b) of porous rutile
TiO, obtained after annealing (1000 °C, Ar atmosphere, 1 h), leaching
and calcining of the ball milled mixture.

small mesopores in the distribution correspond to the pores
within individual nanoparticles while the second range of larger
pores represents spaces between nanoparticles in aggregates. The
XRD pattern (Fig. 5b) shows the presence of the rutile TiO,
phase (JCPDS file no. 01-077-0440) only, which is consistent with
the data of electron diffraction. Based on the above results, we
conclude that the procedure consisting of ball milling of carbon/
ilmenite mixtures, annealing, acid leaching and calcining is
a viable way to produce porous rutile TiO, with a bimodal pore
structure.

Table 1 shows the surface areas and total pore volumes of three
samples at various stages of this synthesis, particularly, after ball
milling, leaching and final calcining. It is apparent that the acid
leaching leads to a significant increase in the surface area and
total pore volume. More specifically, the surface area increases to
46.9 m*> g7', and the pore volume reaches 0.155 cm® g~'. The final
step of calcining in air at 600 °C leads to the decrease in the
surface area to the value of 22.8 m? g~!. This is caused by
a combined effect of the removal of residual carbon component

Table 1 Surface area and pore volume of samples at different stages of
synthesis

Surface Total pore
Samples area (m* g7") volume (cm?® g7')
milled 13.2 0.044
leached 46.9 0.155
calcined 22.8 0.141

from the sample and the sintering of TiO, particles during heat
treatment. Li et al®' have also reported that certain degree of
sintering and possible increase in the particle size happen in the
course of annealing of TiO, obtained from acid leaching of ball
milled ilmenite at 600 °C.

It is clear to us that the annealing step (carbothermal reduc-
tion) controls the formation of small mesopores in our porous
TiO,. In order to discriminate the role of the carbothermal
reduction, the annealing time was varied while all other para-
meters and steps of the synthesis were kept unchanged. The
phase composition of the samples after annealing in Ar was
monitored by XRD, and the resulting pore size distributions
were analyzed.

The XRD patterns of samples after annealing at 1000 °C for
different lengths of time (0.5, 1 and 1.5 h) in Ar flow are pre-
sented in Fig. 6. 0.5 h is not long enough for the significant
reduction of ilmenite by carbon at 1000 °C. The dominating
phase in the XRD pattern (Fig. 6a) is FeTiO;, and only weak
peaks of rutile TiO, and y-Fe(C) (austenite) are visible. The
reduction of ilmenite is much more pronounced after 1 h of
annealing (Fig. 6b). The XRD pattern is dominated by TiO,,
a-Fe and y-Fe(C) phases, and weak peaks of residual ilmenite are
visible. The relative intensity of FeTiO5 peaks with respect to the
dominant phases decreases further after 1.5 h of annealing. In
addition, the fraction of y-Fe(C) decreases and that of a-Fe
increases.

Fig. 7 displays the pore size distributions of porous TiO,
samples produced after 0.5 and 1.5 h of annealing and subse-
quent leaching and calcining. The pore size distribution of the
sample obtained after annealing for 1 h, leaching and calcining is
also shown again as a dashed line for comparison. All distribu-
tions are characterized by the presence of two types of pores
(small mesopores at 2-20 nm and large meso- and macro-pores
centered at about 40-90 nm) while the relative intensities of two
main peaks are varied. When the sample was annealed in Ar for
0.5 h before leaching and calcining, the pores are predominantly
in the range of small mesopores (5-40 nm with a maximum at
about 10-15 nm), and the second peak centered at 70 nm is not
pronounced strongly. When the mixture of ilmenite and carbon
was annealed for 1.5 h, the contribution of small mesopores is
insignificant and the porosity is dominated by pores of 40-90 nm.
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Fig. 6 XRD patterns of the milled mixtures of ilmenite and carbon
annealed for different periods of time at 1000 °C: (a) 0.5 h; (b) 1 h; (c) 1.5 h.
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Fig. 7 Pore size distributions of porous samples obtained after
annealing for various periods of time, 0.5 h (V) or 1.5 h (@), and
subsequent leaching and calcining. The distribution of the sample
annealed for 1 h, then leached and calcined is also shown for comparative
purposes (a dashed line). The experimental conditions other than the time
of annealing were kept the same.

The pore size distribution of the sample obtained after 1 h of
annealing and subsequent leaching/calcining is bimodal with
a pronounced contribution from both pore ranges.

By comparing the pore size distribution of porous TiO, with
the data of TEM we have concluded previously that the range of
pores with a maximum at around 50-80 nm corresponds to the
spaces between individual nanoparticles in agglomerates, and the
pore range of 2-20 nm corresponds to small pores within indi-
vidual nanoparticles. It is apparent, therefore, that a longer
annealing time (1.5 h) leads to the aggregates of almost non-
porous nanoparticles, while a short annealing time (0.5 h) leads
to relatively large particles with well-developed mesopores of
2-30 nm. When the sample is annealed for 1 h, the pore size
distribution is intermediate — bimodal, and the sample is
composed from aggregates of porous nanoparticles such as those
shown in Fig. 4.

The fractions of small mesopores (2-30 nm) and large meso-
and macro-pores (centered at around 50-80 nm) can obviously
be adjusted by controlling annealing time. According to the
XRD data shown in Fig. 6, the length of carbothermal reduction
is correlated with the degree of ilmenite reduction, ie. the
amount of ilmenite in the sample after annealing. If FeTiOj3 is
still a dominant phase in the sample (0.5 h of annealing), small
mesopores (2-30 nm) are dominant, while long (1.5 h) annealing
time leads to the formation of non-porous nanoparticles. An
intermediate time of annealing of 1 h (and, in other words, an
intermediate ratio of ilmenite to the products of reduction) leads
to the formation of aggregates of porous nanoparticles, a sample
with a bimodal distribution of nanoscale pores, where large pores
represent the space between nanoparticles and small mesopores
correspond to the pores within individual nanoparticles. In
accordance with our results, we believe that aggregates of TiO,
nanoparticles form via an attack of acid on iron formed by the
reduction of ilmenite into TiO, and Fe, while the development of
small mesopores within nanoparticles is relevant to the acid
leaching of iron directly from ilmenite. To support our argument,
we also note that an extended time of acid leaching (4 h) was
required in order to develop small pores in our TiO, samples.

Formation of porous rutile TiO, by leaching of ball milled
ilmenite in a diluted H,SO, acid has been observed by Li’s
group,’! and can be treated as indirect evidence for the possible
contribution of direct leaching of the ball milled FeTiO; to the
formation of small mesopores. Porous TiO, with pores of less
than 10 nm has been formed in their study, and hydrolysis and
precipitation of dissolved titanium have been proposed as
a mechanism for the formation of small pores. On the other
hand, diluted HCI acid has been found inefficient for the prep-
aration of a highly porous TiO,, which is not in an agreement
with our findings. The interaction of diluted HCI solutions with
ilmenite can depend on a number of factors such as structural
features of a ball milled FeTiO3, milling mode and atmosphere,
presence of carbon, temperature of leaching and acid concen-
tration. We are currently in the process of studying the leaching
behaviour of ball milled ilmenite in diluted HCI, and the results
are expected to be published shortly.

The photocatalytic properties of porous rutile TiO, were
compared with those of a commercial rutile powder purchased
from Sigma-Aldrich (particle size < 100 nm, surface area > 130
m? g !). One of the key factors controlling a photocatalytic
reaction is the light absorption by the catalyst and the migration
of the light-induced electrons and holes, which are related to the
electronic structure characteristics of the materials. UV-Vis
diffuse reflectance spectroscopy was used to characterise the
optical absorption properties of the porous and commercial
rutile powders, and the spectra are displayed in Fig. 8. The onset
wavelengths of the band gap absorption for commercial rutile
and porous TiO, are approximately 360 nm and 458 nm,
respectively. The commercial rutile powder does not exhibit any
absorption in the visible light regime (A > 400 nm). A red shift in
the band gap transition can be seen for the porous TiO,, implying
that there could be defects or impurities (due to iron or carbon
incorporated during the synthesis process), resulting in charge
transfer between the impurity band and the conduction band of
TiO,. Moreover, the porous rutile TiO, shows an enhanced
optical absorbance in the wavelength range greater than 320 nm.
Although it is outside the scope of the present study, the shift of
the porous TiO, response to higher wavelengths also implies the
possibility of photocatalytic activity under visible light irradia-
tion.

The results of the comparative tests of photocatalytic activity
of porous TiO, and a commercial rutile TiO, are given in Fig. 9.
The photocatalytic performance of the particles is compared on

(b)

Kubelka Munk function (F (R) )

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 8 UV-Vis diffuse reflectance spectra for (a) porous TiOy;
(b) a commercial rutile powder.
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Fig. 9 The results of photocatalytic tests for the mineralisation of
phenol with: (a) porous TiO,; (b) a commercial rutile powder. Total
carbon loading in each experiment was 1000 pg.

the basis of the generation rate of carbon dioxide during the
oxidation of phenol as a model organic compound. The results
reveal that the kinetics of the phenol mineralisation with porous
TiO, is comparable with that of the commercial rutile TiO,.
However, the porous TiO; is able to mineralise all the organic
carbon added to the reaction. The photocatalytic activity of TiO,
depends on various parameters including crystallinity, surface
area, structure, additives and density of surface hydroxyl
groups.®? The morphology of the TiO, powder is also one of
important factors influencing the photocatalytic activity. It has
been shown that porous titania photocatalysts possess an
increased light absorption resulting in an improved photo-
catalytic performance.®® This is consistent with our data, as
demonstrated in the stronger absorption in the UVA region for
the porous rutile powder (Fig. 8). Since both samples were rutile
phase, the variation in photocatalytic activity could not originate
from the difference in crystal phase.

4. Conclusions

A method for obtaining porous TiO, from natural ilmenite has
been proposed in this paper. The method includes four steps: ball
milling of a mixture of ilmenite and activated carbon, annealing
of the ball milled mixture at 1000 °C in an inert atmosphere, acid
leaching and calcining of the final product in air. The electron
microscopy study has demonstrated that the product of this
method consists of aggregates of porous nanoparticles. The
corresponding pore size distribution is bimodal where the typical
range of small (3-20 nm) pores corresponds to holes within
nanoparticles, and the typical range centered at 50-80 nm is due
to the spaces between nanoparticles in aggregates. We believe
that the aggregates of TiO, nanoparticles form via an attack of
acid on iron formed by the reduction of FeTiOj; into TiO, and
Fe, and the development of small mesopores is relevant to the
acid leaching of iron directly from ilmenite. The contribution of
two types of pores can be adjusted by controlling the time of
carbothermal reduction. In addition, it has been demonstrated
that the obtained porous TiO, is more active than a commercial
rutile powder in the photocatalytic degradation of phenol.
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