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Abstract

In order to remove Fe coming from the milling environment, mechanochemically produced BaTa,O¢ ceramic powder was leached
with 6 and 12M HCI at 95 °C and 105 °C for time periods varying between 1 and 15h. Amount of Fe in leached samples was
determined by EDS and XRF. Fe concentration decreased from 10.36% to 1.97-3.16% after leaching indicating a 70-81% decrease in
iron. Leaching temperature had a more pronounced effect on iron removal than concentration. Leaching caused the formation of
porosities and disintegration of powder which accelerated the iron removal. X-ray diffraction analysis of leached milled powders heat
treated between 1000 and 1450 °C for 5 h indicated that although iron related phases were formed above 1000 °C, single BaTa,0O¢ phase
was obtained at 1425 °C having tetragonal tungsten bronze type structure. A possible liquid phase formation above 1300 °C led to an
increase in grain size and density.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

BaO-Ta,Os system has interesting properties due to its
dielectric and especially photocatalytic properties [1-4]. To
solve the energy problems and to meet the demand of
environmental clean-up, photocatalysis is currently applied
[5,6]. For this purpose, design and preparation of efficient
photocatalytic materials are substantial [7]. Heterogeneous
photocatalysis has a great potential for converting photon
energy into chemical energy and for decomposing pollutants in
air or solution [8,9]. BaTa,Og is used in electro-optics and it is
one of the alkaline and alkaline earth tantalates exhibiting high
photocatalytic properties [3,10,11]. BaTa,O4 have three poly-
morphs; a low-temperature orthorhombic form under 1150 °C
transforms to tetragonal form between 1150 and 1300 °C and
the hexagonal form above 1300 °C [1,2,4]. Photocatalytic
properties of BaTa,Og having orthorhombic form are higher
than the other forms of tetragonal or hexagonal [3].
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Although high energy milling has advantages over conven-
tional mixed oxide techniques like higher degree of homo-
geneity, lower sintering temperature without calcination step,
lower particle size and improved properties, it is faced with a
serious contamination problem which has impeded the pro-
gress of this method [12]. During high-energy milling the ball-
powder—ball collision in a tumbling, planetary, or vibrating
mill can be the main source of iron contamination [13]. The
magnitude of contamination depends on the time of milling,
the intensity of milling, the atmosphere in which the powder is
milled, and the difference in the strength/hardness of the
powder and the milling medium [14]. Contamination levels
during milling of different types of powders for various mills
strongly varied depending on the type of grinding medium
(Table 1). Although Fe contamination was commonly between
1 and 4 wt% for steel grinding medium [14], amounts as large
as 22 wt% Fe in a W—C mixture milled for 310 h [15] and
13.31 wt% Fe in pure W milled for 50 h in a SPEX mill were
also reported [16]. In a previous study, mechanochemical
synthesis of BaTa,Og4 ceramic powder resulted in 10.36% Fe
contamination as a result of 10 h of high-energy milling in a
planetary mill [12].
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Table 1
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Contamination levels of different types of powders in various mills depending on milling medium, milling time and ball/powder ratio.

Milling system

Milling type Milling medium (Vial, Balls) Milling time (h) Ball/ powder Ratio Fe contamiation wt (%) Refs.

BaCO; +Ta,0s5 Planetary  Stainless steel 10
w SPEX Stainless steel 50
W+C SPEX Stainless steel 310
TiOSO4- xH,O +Na,CO;3 Planetary Stainless steel 1
Ti+TiO, Planetary ~ Hardened steel 2
V,05+4C+N, Planetary Steel 8
CoCl, +FeCl, +NaOH  Planetary  Hardened steel 62
Al,O3 SPEX Stainless steel 32
AlLO3 SPEX wC 32
Al,O4 SPEX 710, 32
Nb Planetary WC 40
Nb+92Be SPEX WC-Co 60

40:1 10.36 [12, present work]
4:1 13.31 [15]
30:1 22 [16]
20:1 3 [17]
30:1 2 [18]
16:1 8.9 [19]
10:1 10 [20]
10:1 11 [21]
10:1 34.7 [21]
10:1 1.5 [21]
10:1 12 [22]
7:1 0 [23]

Chloride hydrometallurgy has been extensively applied
for the removal of iron [24,25]. HCI, as a leaching agent, is
preferred to other acids due to its relatively easier recovery
of the useful free acid from its waste solution, its practic-
ability at moderate temperature solubilizing all metals,
easy separation of iron as precipitate and high degree of
solubility of metal chlorides than the corresponding salts
[26]. Furthermore, the recovery of a number of metal ions
by liquid-liquid extraction from hydrochloric acid solution
is considerably easier than from sulfuric acid (H,SOy)
solutions [27,28]. In addition, chloride based system has
advantages over sulfate based leaching in that elemental
sulfur resulting from the oxidation potential of ferric
chloride leaching system is an environmentally more
acceptable product compared to the sulfur dioxide from
pyrometallurgy or sulfate from H,SO, leaching [26].
Various studies have been reported on the removal of iron
impurity by HCI leaching. In these studies, effect of stirring
speed, particle size, temperature, acid concentration, and
liquid/solid ratio on the kinetics of dissolution of solid in
hydrochloric acid has been studied (Table 2). In a study
made by Mergen [29] the Fe content was reduced from
about 18.49% Fe,O5 to 1.3 wt% after 6 h of leaching using
6 M HCI at 60°C. Temuujin et al. [30] leached the
vermiculite containing 8.88% Fe,O; using 2 M HCI for
2 h at 80 °C and decreased the iron to 0.28%.

2. Experimental

BaTa,04 ceramic powder was produced by mechano-
chemical synthesis using starting materials of BaCO;
(Fluka, 98.5%) and Ta,Os (Alfa Aesar, 99%). After mixing
the starting materials in an agate mortar, they were high
energy milled in a planetary ball mill (Fritsch Pulverisette 5)
in a stainless steel vial using stainless steel balls at a speed of
280 rpm/min using ball/powder ratio of 40:1. BaTa,Oq
powder was produced after 10 h of milling. The details of
the synthesis method were given elsewhere [12].

The synthesized BaTa,Og ceramic powder was leached
using 6 and 12M HCI solutions at 95 °C and 105 °C for
various time periods (1 to 15 h) at a mixing speed of 300 rpm

to remove iron from the powder. Although leaching was
performed using 6 and 12 M HCI concentrations, it should be
taken into consideration that acid concentration was not stable
due to HCI evaporation at 95°C and 105 °C during the
reaction. Samples were collected at various time intervals
during leaching to monitor the Fe content of the powder
which was analyzed by energy dispersive spectrometer (EDS)
in the SEM. In addition, iron content and weight fractions of
other elements in milled and leached powder were also
checked with an X-ray fluorescence spectrometer (XRF).
In order to acquire accurate values, EDS analysis was carried
out on 10 different points on each sample and average values
were taken [34,35]. The spot size of electron beam was about
1 mm? and the measurement period was 120 s. The electron
microscope was operated at 20 kV for EDS analysis. After
determining the optimum leaching conditions in terms of time,
temperature and molarities, BaTa,Oq powder was leached at
these conditions and then the powder was made into a pellet at
1 MPa pressure (~102t/m?). Ceramic pellets were sintered
between 1000 and 1450 °C for 5h with heating and cooling
rates of 250 °C/h. The density of the pellets was measured by
Archimedes’ method.

The morphology of the powders and fracture surfaces of the
sintered ceramics were investigated by a scanning electron
microscope (SEM, JEOL Ltd., JISM-5910LV) equipped with
EDS (OXFORD Industries INCAx-Sight 7274; 133 eV reso-
lution 5.9 keV) after gold coating. Elemental weight percen-
tages of the milled and leached powder were determined by an
X-ray fluorescence spectrometer (XRF, Rigaku Corp., ZSX
mini-Pd Target). Phase compositions in leached and sintered
samples were determined by an X-ray diffractometer (XRD,
Rigaku Corp., D-MAX 2200) using Cu Ko radiation at a scan
rate of 1°/min between 20: 20° and 60°.

3. Results and discussion
3.1. Leaching of BaTa,Og
BaTa,O¢ ceramic powders were successfully produced

by mechanochemical synthesis after 10 h of high energy
milling. XRF analysis of this powder indicated that BaO
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and Ta,Os content of the powder were near to the

< theoretical values (25 wt% BaO, 75 wt% Ta,0s). How-

z ever, the milled powder also contained a high amount of

Fezaw é iron oxide which was around 11%. In addition to iron, the

“““““ powder also contained ~1.6% Cr and ~0.8% Ni which

was due to stainless steel milling vial and balls. EDS

analysis of this powder confirmed the XRF results giving

~25wt% BaO, ~75wt% Ta,Os which were found by

w88 =¥ R recalculation of original values and 10.36% iron oxide. In

—eede o order to remove the iron from BaTa,Og powder, the milled

powder was leached using 6 and 12 M hydrochloric acid at

95 °C and 105 °C for various time periods between 1 and

15 h. EDS analysis of the leached samples indicated that

§ é § 3 § f most of the iron was removed just after 1 h of leaching but

- - then the removal of iron did not change considerably even
after 15 h of leaching (Fig. 1).

The iron content of 10.36% before leaching decreased

1§88 < sharply to 2.99-4.48% after 1h indicating that between

56% and 73% of iron was removed depending on leaching

conditions. Increasing the leaching time to 15h led to an

iron removal of 70-82% with an iron content of

S - - 1.97-3.16%. These results indicated that the maximum

jegda . = iron content that can be removed from BaTa,O¢ was 81%

o : - even after 15h at 105 °C using 12 M HCI. The effect of

temperature on iron removal was more significant than

acid concentration. Although 6 and 12M HCI had

identical effects on iron removal, temperature (95 and

§ - § § § 105°C) had a more pronounced effect. In addition,

approximately 50 wt% of Cr and nearly all of the Ni were
dissolved after leaching. EDS results specified that the
optimum leaching conditions for iron removal were deter-
mined as leaching time of 3 h, HCI molarity of 12 M and
A~ | o temperature of 105 °C. At these optimum conditions, the
iron content of BaTa,0¢ decreased to 2.5% indicating a
76% reduction.

The morphology of the leached powders was examined
by SEM to reveal how the powders were affected by the
acid leaching (Fig. 2). It was believed that micropores were
formed before the formation of mesopores during leach-
ing. It was reported in the literature that at the initial
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stages of the leaching process, micropores with a diameter =~ diameter larger than 50 nm. In addition, the diameter of
less than 2 nm start to form on the surfaces [36] and they micropores decreased going from the surface down to
grow in size below 50 nm in diameter converting to deeper regions depending on the leaching time [36]. The
mesopores and eventually form macropores with a  high removal rate of iron at the beginning of the leaching

X {
M-SS2aL Y

4

v -

Fig. 3. Effect of leaching time on the agglomeration and morphology of particles: (a) milled powder without leaching, (b) 1 h leaching, (c) 3 h leaching
and (d) 15 h leaching at 12 M, 105 °C.
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process was possibly due to micropores formed on the
surface and also due to low activation energy for dissolu-
tion. However, the deceleration of micropore formation
and the increase in activation energy in the deeper regions
could depress the dissolution of iron from BaTa,Og.

As the leaching time increased the agglomerates in the
powder were dispersed due to leaching effect which led to
the formation of finer particles (Fig. 3). During high energy
milling, long milling times resulted in the formation of new
surfaces and this caused unification of particles and even-
tually growth of the particle size [14]. The iron contamina-
tion which increased with milling time was higher especially
along these new surfaces (Fig. 4). During leaching process,
HCIl possibly penetrates into these new surfaces and
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decreases the iron impurities by dissolving them and also
reduces the particle size by disintegrating the particles.
Although significant amount of iron has been removed
by acid leaching, a certain amount of iron remained in the
powder. EDS results disclosed that the remnant Fe content
was between 1.97% and 3.16% after 15h of leaching.
Increasing the leaching time did not cause a significant
decrease in Fe content showing that the iron removal did
not increase considerably by leaching time even at longer
durations. The fractures and macropores formed on the
surfaces were the possible reason for the high remnant iron
content. SEM micrographs of leached powder indicated
fractures and macropores with diameters larger than
50 nm (Fig. 5). EDS analysis taken from the fracture and

Fig. 4. SEM micrographs of milled powders indicating the boundaries where acid penetrated into and disintegrated the clusters: (a) x 500 and

(b) x 2000.
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Fig. 5. SEM micrographs of the powders leached for 3 h at 105 °C at 12 M with EDS analysis taken from fractures and micropores (point 1) and from

the surfaces (point 2).
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macropores (point 1) indicated higher Fe content than the
surface of the particles (point 2). The high iron content
along the fractures and porosities revealed that the iron
impurity remained within these fractures and porosities
and cannot be removed by acid leaching possibly due to
the mechanochemical oxidation of Fe to Fe,O3 during the
milling procedure in air, followed most probably with
further mechanochemical reactions between Fe,Os; and
BaCO;-Ta,05 mixture [37-39].

XRD analysis of mechanochemically synthesized pow-
der showed only single phase BaTa,04 having tetragonal

o BaTa.0¢ : 0

Max. leach conditions
15h 105°C 12M

Selected leach conditions
3h 105°C 12M

Min. leach conditions
1h 95°C 6M

Relative Intensity
|

Milled powder

20 30 40 50 60
2 Theta Degree

Fig. 6. XRD pattern of milled powder before and after HCI leaching.

o BagFeTa04: ¢
BaTa;0, !
o FeTaO,:
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tungsten bronze (TTB) structure [2,12], (Fig. 6). Leaching
of BaTa,Og did not cause any change on the XRD
peaks revealing no structural change occured during
leaching. However, the background of the XRD pattern
became smoother after 1h of leaching revealing that the

b BaTa,O; phase, point1

T
2

T T
7 8 a 10

BaQ:

+ B 0%

1450°C

1425°C

1400°C

1300°C

Relative Intensity

1200°C

1100°C

1000°C

25°C

2-0----3‘-0----4-0----5-']:---6-0
2 Theta Degree

Fig. 7. XRD pattern of milled and leached powder sintered at various
temperatures for 5 h.
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Fig. 8. (a) SEM micrograph of BaTa,0O4 sample sintered at 1300 °C for 5h
after milling and leaching with EDS analysis from (b) BaTa,Og grains
(point 1), (c) FeTaO, phase (point 2) and (d) BagFe,Ta;,04, phase (point 3).



M. Ilhan et al. | Ceramics International 39 (2013) 5741-5750 5747

amorphous part of the powder has been removed by acid  3.2. Sintering of leached BaTa,Os powder
leaching. But longer leaching times did not cause any

further changes on the background probably due to BaTa,Og pellets made from leached powder were sin-
removal of most of the amorphous part at the beginning tered between 1000 °C and 1450 °C for 5 h to observe the
of the leaching. crystallization, phase development and density behavior.

fZokV <18, 860

kt)' 2akV X186, B8E L Zeku X118, 868 rr. JSM=5918LV

S

Z8kU X108, 808 JSM-SS1aLV

Fig. 9. SEM micrographs of BaTa,0q4 ceramics sintered at various temperatures: (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C,
(f) 1425 °C and (g) 1450 °C, after acid leaching.
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Although XRD analysis showed that it contained mainly
BaTa,O¢ at 1000 °C, minor amount of FeTaO, (JCPDS
Card no. 43-798) was also observed at this temperature
(Fig. 7). However, when the temperature increased to
1100 °C another iron related phase, BagFesTa;,04,
(JCPDS Card no. 51-1871), was also detected. These
phases were also detected in the SEM (Fig. 8). EDS
analysis of these phases were identical with theoretical
compositions. As the sintering temperature increased, the
peak intensities of these iron related phases decreased and
they finally disappeared at 1425 °C. However, these iron
related phases were even detected at 1400 °C in minor
quantities. XRD pattern of BaTa,Og sample sintered at
1425 °C for 5 h included only single phase with tetragonal
tungsten bronze (TTB) structure. In addition, BaO second
phase (JCPDS Card No. 22-1056) also formed at 1450 °C.

Table 3
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Effect of heat treatment temperature on the grain growth
and phase development was investigated by SEM (Fig. 9).
The grain sizes and grain shapes at various temperatures are
given in Table 3. While the average grain size was at
nanometer scale until 1300 °C, it was sharply increased to
micron scale levels above 1300 °C. This sharp increase in
grain size could be due to the formation of liquid phases.
Phase diagrams between barium oxide and iron oxide
indicate that liquid phases could occur at low temperatures
[40]. XRD indicated that the content of Fe-related phases
was high at 1300 °C but they were nearly disappeared at
1400 °C converting mostly to TTB BaTa,O¢ phase and
possibly, partly, to a liquid phase. In addition, although the
porosity content was high even at 1300 °C, relatively very
dense structure was formed at 1425 °C. These results show
that probably a liquid phase was formed above 1300 °C

Size and shape of BaTa,0q grains at various sintering temperatures.

Heat treatment temperature (°C)

Grain shape

Grain size(nm)

1000 Rounded 60—-160 nm
1100 Rounded 150-350 nm
1200 Rounded 250-620 nm
1300 Rounded 0.45-1.60 pm
1400 Rounded 0.80-5.00 pm
1425 Rounded 0.90-8.50 pm
1450 Elongated thickness: 1.10-7.50 um length: 2.30-76.30 um
28Ky X10,ee9 JSM-S918LY
&
b = BaTa,O; phase, point1|(c ™ BaO phase, point2

Ta

[Ful Scale 1160 ots Cursor 0.315 ke (18 cts)

FullScale 887 et Curs o 0300 ke (6 cts)

Fig. 10. SEM micrograph and EDS analysis of BaTa,0O¢ ceramics sintered at 1450 °C for 5 h after leaching with HCI: (a) SEM at x 10.000, (b) EDS from

BaTa,0q grains (point 1) and (c) EDS from BaO phase (point 2).
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Fig. 11. Variation of density of BaTa,0Og4 ceramic produced from leached
powder with sintering temperature.

which may increase the grain size and density. The grain
morphology was also influenced by the heat treatment
temperature in that it was rounded up to 1425°C but
converted to elongated form at 1450 °C. The elongated
grains at 1450 °C could be due to a liquid phase and
decrease in the BaO content (Fig. 9g).

EDS analysis indicated that Ba:Ta ratio on the BaTa,Og¢
grain surfaces was lower than stoichiometric values (point 2
in Fig. 10). This could be due to evaporation of BaO from
grains and possibly reprecipitation on the surfaces. The phase
diagrams between barium oxide and iron and chromium
oxide indicate that liquid phases may form at low tempera-
tures that may accelerate the evaporation of BaO [40].

The variation of density with sintering temperature indi-
cated that the density increased gradually until 1300 °C but
then a sharp increase was observed above 1300 °C (Fig. 11).
This result reveals a liquid phase formation above 1300 °C.
The density reached a maximum at 1425°C but then
decreased with the sintering temperature possibly due to
evaporation of liquid. SEM results also showed a dense
microstructure at 1425 °C but higher amount of porosity at
1450 °C.

4. Conclusions

Fe contamination due to the milling environment of
mechanochemically synthesized BaTa,0g4 ceramic powder
showed 81% decrease after leaching by HCI. The iron
content decreased from 10.36 wt% to 1.97 wt% for pow-
der leached for 15h using 12 M HCI at 105 °C. The iron
removal indicated a sharp decrease after 1 h of leaching
possibly due to low activation energy for dissolution and
micropores formed on the surface but then it slowed down
with time. The agglomerates in the powder were dispersed
due to the leaching effect. Increasing the leaching time did
not cause a significant decrease in Fe content probably due
to the formation of fractures and macropores on the
surfaces. Leaching of barium tantalate removed the amor-
phous part in the powder without changing the crystal
structure. Although iron related second phases were
detected in the XRD and SEM at lower temperatures,

they disappeared at 1425 °C. BaTa,O¢ grain size was at
nanometer scale until 1300°C but it increased to micron
scale levels above 1300 °C possibly due to the formation of
a liquid phase. Density results also confirmed the liquid
phase formation above 1300 °C.
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