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TiO, obtained from mechanically activated ilmenite
and its photocatalytic properties
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Mechanically activated FeTiO, concentrate, and TiO,-the product after autoclave leaching of mechanically acti-
vated FeTiO, were characterized by XRD, specific surface area measurement (BET method) and Mdssbauer spectros-
copy (MS). The photocatalytic properties of the so obtained titania sample were evaluated in the oxidation reaction
of photo-discoloring of Methyl Orange aqueous solution. The mechanical activation accelerated the dissolution of
FeTiO, in sulfuric acid due to decreasing of the crystallite size and revealing the inner surface available for contact
with the acid. A well-crystallized anatase TiO, phase was obtained with low content of impurities. The specific surface
area was 28 m’g!. The photocatalytic activity of TiO, obtained from mechanically activated ilmenite ore was found
to be slightly lower than that of the commercially available TiO, P 25 Degussa photocatalyst.
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INTRODUCTION

IImenite (FeTiO,) is an important material for
the production of metallic titanium, titanium di-
oxide, titanium carbide and other titanium-based
compounds. There are two industrial methods, that
have been developed for the preparation of titania
from ilmenite mineral: the pyrometallurgical and
the hydrometallurgical one. The pyrometallurgical
production of rutile includes some processes which
are all extremely energy consuming processes [1].
The direct hydrometallurgical treatment of ilmen-
ite ore produces synthetic rutile using hydrochloric
acid [2]. The chlorination process involves high re-
action temperature of above 1000 °C, which is also
highly consuming process. The application of the
industrial hydrometallurgical method leads mainly
to rutile formation. In the present paper an envi-
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ronmentally friendly process is proposed based on
mechanical activation of ilmenite ore concentrate.
Mechanical activation generally increases the reac-
tivity of solids and subsequent can induces chemi-
cal reactions, which take place spontaneously in
activated systems and may appear even during
milling or after milling are completed [3]. Milling
operation changes the crystalline structure of min-
eral. The breakage of mineral crystal may cause
defects on the crystal faces and increase in the re-
activity of mineral [4]. The mechanically driven
chemical process has a number of advantages over
the conventional metal processing techniques [5].
The reaction kinetic conditions for the processing
of mechanically activated ilmenite by means of di-
rect hydrometallurgical conversion in autoclave to
synthetic anatase at 150 °C with 30% H,SO, were
investigated by Achimovicova et al. [6].

In the following, we will study textural and struc-
tural properties of as-received and mechanically ac-
tivated ilmenite and structural and photocatalytic
properties of TiO,-product after autoclave leaching
of mechanically activated ilmenite.
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EXPERIMENTALS
Material

The investigations were carried out with ilmen-
ite ore concentrate (>95% FeTiO,, <5% SiO,) of
Russian origin (GMD, Mineral Trade Company).
The chemical composition was as follows: 34.43%
Fe, 30.02% Ti, 0.76% Si, 0.47% Mg, 0.42% Al,
0.34% Mn, 0.11% Zn, 0.09% Ca, 0.07% Cr,
0.06% Co, 0.03% Ba, 31.63% O and 1.57% insolu-
ble residual.

Mechanical activation and leaching

The mechanical activation of ilmenite FeTiO,
was performed in an industrial eccentric vibratory
ball mill ESM 656-0,5 ks (Siebtechnik, Germany)
in the air atmosphere and room temperature for
15 min with 300 g of FeTiO, per charge. The follow-
ing conditions were: 5 L steel satellite milling cham-
ber, steel balls having a diameter of 30 mm with a
total mass of 17 kg, rotational speed of the eccenter
960 rpm. This type of mill was developed by Gock
and Kurrer and is currently used in industry [7, 8].

Mechanically activated FeTiO, was leached in
2 L autoclave (Deutsch&Neumann, Germany) in air
atmosphere under the following conditions: 200 g of
FeTiO4/L, 30% H,SO,, leaching time 60 min, tem-
perature 150 °C, 16 w% of Fe-powder was added
because of Fe*" reduction in FeTiO, concentrate.

Characterization techniques

The specific surface area was measured by
the low temperature nitrogen adsorption method
using a NOVA Station A surface area analyzer
(Quantachrome Instruments, USA). The phase com-
position identification was performed by X-ray dif-
fractometry (XRD) with an X"Pert PW 3040 MPD
diffractometer (Phillips, Germany) operating in the
20 geometry with CuK radiation.

The Mossbauer measurements were performed
with a Wissel (Wissenschaftliche Elektronik GmbH,
Germany) electromechanical spectrometer oper-
ating in a constant acceleration mode. A ’Co/Rh
source and a o-Fe standard were used for this pur-
pose. The experimentally obtained spectra were fit-
ted with CONFIT2000 software. The parameters
of hyperfine interaction such as isomeric shift (3),
quadrupole splitting (A), effective internal magnet-
ic field (B), line widths (I',,), and relative weight
(G) of the partial components in the spectra were
determined.

The photocatalytic experiments were carried out
on a semi-batch photoreactor (fixed charge of pho-
tocatalyst and dye solution + continuous air flow)

318

with magnetic stirring (400 rpm). The suspension
was prepared by adding the photocatalyst sample
(100 mg) to 100 mL of MO solution (1x10~° M).
In order to form slurry the mixture was sonicated
for 5 min. The air flow was bubbled through the
suspension by 2 frits forming tiny bubbles to ensure
oxygen saturation. The suspension was stirred in the
dark for 30 min to achieve an adsorption-desorption
equilibrium under ideal mixing conditions and the
illumination was switched on. This was considered
to be the initial moment (t=0) of the reaction, oc-
curring at room temperature. The suspension was
irradiated by Philips 4 Watt TUV lamp (cold illu-
mination). The UV-C monochromatic radiation has
wavelength A=254nm. The concentration of MO
during the photocatalytic reaction was determined
by monitoring the changes of the maximal absorb-
ance peak of MO by fixed point measurement at
wavelength 463 nm.

RESULTS AND DISCUSSION

The X-ray diffraction patterns revealed that the
major phase of ilmenite concentrate was non-sto-
ichiometric ilmenite FeTiO,, . The XRD patterns
of the as-received and mechanically activated il-
menite concentrate demonstrate that the milling
process causes the broadening and weakening of
peaks (Fig. 1). The broadening and decrease in the
intensity of the peaks can be related to decrease in
the degree of crystallinity during the mechanical
activation leading to rapid dissolution of milled il-
menite in diluted H,SO, and formation of TiO, dur-
ing hydrolytic reaction in the autoclave according to
the reactions 1a) and 1b) summarized as reaction 2.
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Fig. 1. XRD-patterns of as-received and mechanically
activated ilmenite concentrate
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FeTiO, + 2H,80, — Fe** +2S0% + TiO* + 2H,0 (la)
TiO* + 2802 + H,0 — TiO,| + H,S0, (1b)
FeTiO, + 2H,S0, — Fe* +2S02 + TiO,| + H,O  (2)

Fig. 2 illustrates that the TiO, contains anatase
(JCPDS PDF 021-1272) and minor amount of rutile
phase (JCPDS PDF 021-1276). The chemical com-
position of TiO, is the following: 52,1% Ti; 2,9%
Fe; 0,86% Ca; 0,78% Si; 0,18% Al; 0,03% P; 0,03%
Zr and 3,1% insoluble residual.

Leaching of mechanically activated ilmenite
with 30% H,SO, lowers the flue gas pollution due
to the low reaction temperature and it also reduces
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Fig. 2. XRD-pattern of the product after leaching of me-
chanically activated ilmenite concentrate

the waste acid release by partially recycling the di-
luted acid. The mechanical activation carried out by
energetic milling in vibrational industrial mill ac-
celerates the dissolution rate of ilmenite concentrate
by increasing its chemical reactivity. The specific
surface area of prepared anatase by leaching of me-
chanically activated ilmenite increases from 2 m?/g
for ilmenite concentrate to13 m?/g for mechanically
activated ilmenite ore and 28 m?*/g for titania.
Maossbauer spectroscopy is a very sensitive and
versatile technique that can be used to supply in-
formation about the chemical, structural, magnetic
and time-dependent properties of a material and is
widely used to supplement the XRD analysis. The
experimentally obtained Mdssbauer spectra of the
samples represent combinations of doublets or dou-
blets and a sextet. The ’Fe Mdssbauer spectrum of
as-received ilmenite concentrate is fitted with two
doublets model. The results of fitting (Table 1) evi-
dently have shown the presence of Fe ions in oxida-
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Fig. 3. Mossbauer spectrum of ilmenite concentrate
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Fig. 4. Mdssbauer spectrum of mechanically activated
ilmenite concentrate
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Fig. 5. Mossbauer spectrum of TiO, — product after
leaching of mechanically activated ilmenite
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Table 1. Calculated parameters of Mdssbauer spectra of the investigated samples

Sample Components 5, mm/s A, mm/s B, T [, mm/s G, %
) Dbl - Fe , Ti, O, —Fe* 0.35 0.47 - 0.43 25
Ilmenite concentrate .
Db2 - Fe,,,Ti, ,O, — Fe* 1.09 0.68 - 0.40 75
Sx — a-Fe — Fe’ 0.00 0.00 332 0.39 11
Mechanically activated ilmenite Dbl —Fe,, Ti, O, - Fe* 0.34 0.79 - 0.51 54
Db2 —Fe,, Ti, O, —Fe* 0.97 1.15 - 0.81 35
T102 — product after leaching of Dbl - ]'_“e]Jﬂ(’-l—‘iH(()3 —Fe** 0.34 0.56 — 0.47 75
mechanically activated ilmenite Db2 — Fe,, Ti, O, — Fe** 0.97 1.15 — 1.36 25

tion states Fe** and Fe?*. The calculated parameters
of doublets correspond to nonstoichiometric ilmen-
ite Fe,, Ti, O,. The relative weight of Fe** compo-
nent (G) is 25%.

The spectrum of the mechanically activated con-
centrated ilmenite ore is fitted with a model com-
prising two doublets and one sextet. The hyperfine
parameters of the components, obtained as a result
of the processing (Table 1), are indicative of the
presence of Fe in various oxidation states: Fe’, Fe?*
and Fe**. The parameters of the sextet component
are corresponding to the phase of a-Fe and it has
a relative weight of 11%. The parameters of the
two doublet components of the spectra are in cor-
respondence with those of the non-stoichiometrical
ilmenite. The Mdssbauer spectrum of mechani-
cally activated ilmenite after extraction of the iron
represents a doublet having very low intensities of
the absorption lines. The parameters of the doublet
components, are in correspondence with those of
the non-stoichiometric ilmenite, however the ratio
Fe**/Fe** is 3/1. Quite lower values are noticeable
for the quadrupole splitting of the component Dbl
— Fe**, which is due to a residual of less defective
particles of ilmenite in the sample after the treat-
ment for leaching of iron.

Methyl orange (MO), a representative of the azo
dye family, is a source of pollution, which releases
toxic and potentially carcinogenic substance into the
waterways. The photocatalytic activity of sample in
MO reaction of oxidative degradation was studied
in solution using anatase, prepared by leaching of
mechanically activated ilmenite. The photocatalytic
degradation of MO was investigated by determining
the remaining concentration of MO at various time
intervals (Fig. 6). The C/C, vs irradiation time curves
showed differences. 93% of MO was removed after
120 min irradiation of TiO, — product after leach-
ing of mechanically activated ilmenite. Under the
same conditions, the mechanical activated ilmenite
sample can degrade MO over 38%, which could be
expected in advance due to its lower surface area
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(Table 2). 99% of the MO removal is obtained using
P 25 Degussa TiO, photocatalyst. The TiO, — prod-
uct after leaching of mechanically activated ilmen-
ite showed slightly lower photocatalytic activity
than that of commercially available P 25 Degussa
TiO, photocatalyst. A smaller particle size and a
larger surface area would facilitate the increase of
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Fig. 6. The UV-C light photocatalytic oxidative degra-
dation of Methyl Orange with mechanically activated il-
menite (1) and TiO, — product after leaching of mechani-
cally activated ilmenite (2)

Table 2. Textural properties of samples

Surface area, Pore volume

Sample mg! cog’
IImenite concentrate 2

Mechgmcally activated 13 0.0087
ilmenite

TiO, 29 0.0187
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the photogenerated electrons [9]. The mechanical
activation of ilmenite increased the surface area,
which provided greater number of adsorption sites
for MO. The highly crystalline anatase shows high
activity due to the reduced number of defect sites
which minimizes the electron-hole recombination.

CONCLUSSIONS

(i) The mechanical activation of ilmenite ore
concentrate reduces the crystallite size as the lattice
strain increased due to a slight compression of the
unit cell. The combination of these factors resulted
in a much more reactive surface than bulk ilmenite
in the leaching process.

(i1) A substantial increase in the quadrupole shift
in the Mdssbauer spectrum of mechanically activat-
ed concentrate is observed as well as an increase in
the width of the line of Db-Fe?*, that is probably due
to increase in the number of crystalline defects as a
result of the milling.

(iii) The photocatalytic activity of anatase pre-
pared by leaching of mechanically activated ilmen-
ite ore concentrate was found to be slightly lower
than that of the commercially available TiO, nano-
particles powder Degussa P 25 but it is also is high.
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Mexannuno axrtusupan FeTiO; konnentpar u TiO, — npoIyKT, HOJIydeH cilel aBTOKIABHO M3BIMYAHE HA Me-
XaHUYHO aKTHUBHMPAaH WIMEHHT Ca XapaKTepU3MpaHW C PeHTreHo(a3oB aHAKM3, U3MEpBaHe Ha crenuduyHara Io-
BepxHOCT (MeTox BET) u MrocbayepoBa crekrpockonusi. PoToKkaTaTUTUYHUTE CBOWCTBA HA MOJTYYCHUS THTAHOB
JUOKCUJ 0sIXa ONpPEAEeNICHN B OKHUCIUTEIHATA peakiys Ha (oTooOe31BeTsABaHE Ha BOJECH PAa3TBOP HA METUJ OPaHXK.
MexaHHYHOTO aKTHBUpaHe ycKopsiBa pa3TBapsHeTo Ha FeTiO, B csipHa KucenuHa, bJDKALIO ce Ha IIOHMKaBaHe pas-
Mepa Ha KpUCTAJIUTUTE U pa3KpuBaHe Ha BbTPEIIHATA IIOBBPXHOCT 32 KOHTAKT C KUCceanHaTta. bemre nonyyena noodpe
M3KpHCTaIM3upana (paza aHaras ¢ HUCKO ChAbpKaHHe Ha puMecH. CrienuduyHaTa NOBbPXHOCT Ha MOJTY4YEHHS IPO-
aykr Geme 28 m’g . @orokaraauTHuHaTa akTHBHOCT Ha Ti0,, MOIyYeH OT MEXaHHYHO aKTHBUPAH MUHEpA HIMe-
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Ti0,, IOJIYYEH OT MEXAHUYHO AKTUBHUPAH MJIMEHUT
1 HETOBUTE ®OTOKATAJIMTUYHU CBOMCTBA
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(Pestome)

HHUT, Oellle MaJIKo M0-HUCKa OT Ta3M Ha koMepcuanHo poctsien TiO, P 25 Degussa goToxaranuzaTop.

322



