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Boehmite derived alumina gels seeded (5 wt.%) with a-Al,0; o-Fe,O; and Fe(NO;); were examined by Mossbauer
spectroscopy. Feric oxide orginated from Fe(NO;); was identified in defect alumina phases in two high disperse form as solid
solution y-(A4l, Fe),0; and substituted hematite particles (o-(Fe, Al),0; ~ 6 nm). Dispersed Fe3* ions reduce temperature of
the crystallisation of a-Al,O; (solution (Al, Fe,03)) much more significantly than particulate seeds. Enhanced transformation
has been attributed to solution effect of dispersed Fe*" ions resulting in transparent ceramics sintered below 1300 °C.

INTRODUCTION

Synthesis of alumina ceramic fibres, films or
membranes is more convenient from solution precursor
than via traditional powder techniques. However,
solution routes as is sol-gel process starting with
boehmite have some difficulties connected with a series
of topotactic metastable phase transformation
(y-6-6-A1,0;) before final crystallisation of thermo-
dynamically stable a-Al,O5 [1, 5]. The first dehydrated
product of y-AIOOH is y-Al,0O;. This is spinel-based
structure with disordered cation vacancies, which is not
basically changing during topotactic transformations
[1, 2]. The difficult a-Al,O; nucleation in this system is
directly responsible for unwanted porous microstructure
evolution of boehmite-derived alumina. In order to
overcome these problems, seeds are often used to lower
the nucleation barrier, thus allowing the transformation
to occur at a reasonable rate and at lower temperatures
[3-6]. Small particles of «-Al,O; or isostructural
crystals with similar lattice parameters as is hematite
(0-Fe,05) are commonly used as seeding agents for
boehmite gels. The seeding effect of o-Al,O; crystals is
generally postulated in the literature [3, 5, 6] as purely
crystallographic. In the case of ferric oxide it is not so
simple because it can be introduced into the system in
the form of small particles o-Fe,O; (hematite) or as
a solution of Fe(NO;);. For colloidal boehmite seeded
with hematite particles or Fe(NOs); solution McArdle
and Messing [7] reported, that nucleation efficiency of
ferric nitrate solution is much higher than that of
particulate seeds. This result was attributed to the higher
oxide particle number concentration afforded by in situ
formation of ferric oxide, resulting in higher nucleation
frequency and seeds/matrix interfacial contact. This

interpretation is supported by other authors [8] and is
consistent with mentioned crystallographic seeding
effect. Co-precipitated aluminium - ferric oxide phases
from an alkoxide and Fe(NOs;); solution [9] or Al, Fe
nitrates [10] revealed a different phase transformation
series as is reported above. The first crystalline phase in
the both solution routes was single phase y-(Al, Fe),0;
of spinel structure. Polli at al. [10] postulated, that the
phase y-(Al, Fe),0; directly transforms to o-(Al, Fe),0;
solid solution without the prior nucleation of ferric
oxide seeds. Bey and Simpkin [9] reported, that
enhanced formation of a-Al,O; could arise from
segregation of Fe-rich clusters within y-(Al, Fe),05
matrix, which could nucleate a-Al,O; at much lower
temperatures and acts as seeds for a-Al,O;. The latest
two effects of Fe3* ions on crystallisation of o-Al,O5 are
evidently different from epitaxic-crystallographic
effect and it was earlier used by McArdle and
Messing [7] as solution seeding effect. The aim of this
work is to study crystallisation of a-Al,O; in the gels
derived from colloidal sols of y-AIOOH-Fe(NO;);-H,O
system. Occurrence of Fe3* containing phases, as do-
minant seeding effect, is studied by Mossbauer spectro-

scopy.

EXPERIMENTAL PART

Monolithic unseeded and seeded (0-Al,O;,
o-Fe,0; or Fe(NOs;);) boehmite gels were prepared
from commercial boehmite (Condea, Pural SB
~240 m? g'!, ~ 10 nm particle size) using the common
procedure [3, 5]. Water boehmite suspension (15 wt.%)
was peptised with nitric acid (pH ~ 2.5) by mixing at
55 °C. Unpeptized part of boehmite (~ 2 wt.%) was
eliminated from the sol by centrifugation (10000 rpm).
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The boehmite sol was seeded-mixed with o-Al,O4
(sample A) particles (< 0.2 um and 5 wt.% on boehmite-
-derived alumina) hematite (samples H) particles
(<02um and 5 wt.% on Al,O;) or by solution of
Fe(NO;);, samples N, (5 wt.% Fe,O; on Al,O;). The
sols were poured into a plastic plane dishes. Thin layer
of sol (~ 1 mm) gelled in about 1 h. Gel was allowed to
dry at room temperature for 2 days and then it was
crackled to large fragments (several cm?). Obtained gel
fragments of thickness ~ 150 um were used for
experiments. Gels seeded with Fe(NO;); have red
colour and are transparent while those with hematite
particles are opaque. Gels were heated in atmospheric
electric furnace in the temperature range 500 - 1500 °C
with heating rate of 10 °C/min. Thermal analysis
(DTA, TGA) of gels were carried out in air at a heating
rate of 10 °C/min using V 1.9 DTA Instrument.
Crystalline phases were identified by X-ray diffraction
using CoK,, radiation (Dron 2.0). Mdssbauer spectra
were measured at room temperature and at 77 K using
conventional Mdssbauer spectrometer with source *’Co
in Rh matrix. Spectra were fitted using NORMOS
program [12].

RESULTS

Crystallisation temperature (table 1) of a-Al,O; in
boehmite derived alumina gels depends on the used
seeding compound (a-Al,O3, o-Fe,O; or Fe(NO5);) and
preheating (24 h at 700 °C). In the comparison with
unseeded sample the crystallisation temperature
decreased about of 85°C in sample A, 105°C in
samples H and in samples N about 195 °C. According to
this result, one can suppose a qualitative difference
between these two types of ferric oxide seeds. We
supposed different response of samples H and N to the
preheating treatment at temperatures enough high for
supporting dissipation of Fe?' ions in the alumina
(defect phases) matrix, but lower because of preventing
crystallisation of «-Al,O;. This temperature experi-
mentally find is about 750 °C, therefore for preheating
was chosen temperature 700 °C, but 24 hours. To verify
this hypothesis, all samples were preheated at this
temperature and time and afterwards the samples were
examined by thermal analysis. As is shown in table 1,
DTA gives a positive answer. Due to preheating-
-nucleation, the crystallisation temperature decreased
even more about 40 °C only in the sample N. This
indicates some possible difference in the crystallisation
mechanism or different seeding effect of particulate
a-Fe,O; and ferric oxide originated from Fe(NOs;),
solution.

For further consideration, it is necessary to
know the phase composition after heat treatments of
both types of samples. Occurrence of phases was
detected by means of XRD (table 2). Used boehmite
results in defect alumina phases (y, 8, 0-Al,05) with
very weak crystallinity (difficult XRD distinguishing)
and as not important for following consideration pre-
sented in table 2. Contents of particulate o-Fe,O; seeds

(sample H) begin to decline at the 900 °C and it is
simultaneously associated with appearance of a-Al,O4
phase. As is known [7, 8] a-Al,O; epitaxially nucleates
and growths on the surface of a-Fe,O; seeds. Ferric
oxide is continuously dissolved in this new formed o-
Al,O; phase, which is turning to solid solution of Fe,O;
in ALLO; or (Al, Fe),0s;, respectively. Ferric oxide
(a-Fe,05) disappears from the system after 1 h of
annealing at the temperature of 1200 °C. From the point
of view of ferric oxide phase detectable by XRD,
samples N are quite simple. Own Fe,O; phase was not
detected throughout the used temperature range, even
not after 24 h heating at the temperature of 600 or
700 °C, respectively.

A series of heat-treated H samples examined by
Maéssbauer spectroscopy is in good agreement with the
previous XRD observation. Figure 1 shows representa-
tive spectra of H samples recorded at RT. Mdossbauer
spectrum of the sample annealed at 700 °C was fitted by
one sextet with the hyperfine splitting H.; = 51.5 T that
corresponds to hematite (figure la). The mutual
interaction of the two components y-Al,O; and a-Fe,0;
of the system appears at the temperature of 900 °C. The
corresponded spectrum (900 °C / 1h, figure 15) shows
formation of a new phase with iron oxide content, we

Table 1. Crystallisation temperature of a-Al,O; as DTA exoterms
(heating rate 10 °C/min) in dependence of used seeds (A -
a-AlLOs, H - a-Fe,05, N - Fe(NO;); solution) and preheating
(700 °C / 24 h).

Sample t (°C), DTA
exoterms
-- preheated
unseeded 1195 1195
seeded A 1110 1110
seeded H 1090 1088
seeded N 1000 960

Table 2. Occurrence of o-Al,O5 and o-Fe,O; phases as identified
by RTG diffraction for H samples and N samples after indicated
annealing.

annealing phases
t(°C) t(h) H N

25 - o-Fe,04 -

500 1 o-Fe,0; -

700 24 o-Fe,0; -

800 1 o-Fe,0; o-(Al, Fe),0;

900 1 a-Fe,0s, 0-AlL,O;  0-(Al, Fe),04
1000 1 o-Fe,0;, 0-ALL,O;  0-(Al Fe),0;
1100 1 o-ALOs, 0-Fe,0;  0-(Al Fe),0;
1200 1 o-(Al, Fe),0; o-(Al, Fe),0;
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Figure 1. Mdssbauer spectra recorded at room temperature of the sample H (hematite particles seeds, 5 wt.%) after heat treatments.
a) 700 °C/1h,b)900°C/1h,c)1100°C/1h,d) 1350 °C/3 h.

have found that 81 % of iron is in magnetically ordered
component which correspond to hematite (a-Fe,03).
The six line pattern was fitted with - two sextets. This is
typical for slightly substituted hematite [12]. The substi-
tution of Fe** by AI** is relatively well documented.
Such substitutions by diamagnetic ions reduce the
hyperfine field [12 - 15]. The rest of iron (19 %) is in
paramagnetic phase in Fe3* valence state. In the sample
1100 °C/ 1h (figure 1¢) we have identified only 8 % of
substituted hematite and the rest of iron in paramagnetic
phase with Fe3* ions. In the sample 1350 °C / 3h only
paramagnetic phase can be identified. Paramagnetic
doublet (figure 1c, d) corresponds to the highly disper-
sed iron (Fe3*) in the system that can be present only in
the form of solid solution of Fe,05 in a-Al,O5 or o-(Al,
Fe),0;, respectively. The formation of the new phase a-
(Al, Fe),0; is in direct connection with the decrease of
hematite content in the system. No further changes are
observed after heating at 1500 °C/3h (figure 1d).

In the Mossbauer spectrum of sample N heated at
600 or 700 °C for 24 h (figure 2a, b) we have identified
two doublets which correspond to Fe* [16, 17] in the
form of highly dispersed iron species (i. e., solid-
solution, surface-phase or small iron oxide particles).
Used alumina gel heat treated at 550 °C has the surface

area about 280 m? g'!. On such large surface, 5 wt.% of
Fe,0;, it can be dispersed on atomic or in Fe’' level.
From the composition of this sample can be determined,
that approximately one Fe3* ion belongs to one nm? of
the gel (y-Al,O5) surface. However, according to XRD
no other phase is present than only weak crystallised
v-Al,O5, it follows, that by Mossbauer spectra is
detected solid solution of Fe,O; in y-Al,0; or y-(Al,
Fe),0;, respectively. These spectra (figure 2q, b)
obviously differ from spectra for the stable o-Al,O;
phase (figure 1d) in parameters of the doublets. The
shape and Mossbauer parameters of the spectra for
sample heated at 700 °C /24 h and 800 °C /1 h (figure
2c¢) are the same as the previous one (figure 2b). It
suggests that no changes were observed by means of
Mossbauer spectroscopy.

The radical change was observed in the spectrum
after one hour heating at 900 °C of preheated samples at
700 °C /24 h. The spectrum (figure 2d) has the same
parameters as that of the sample H after heating at 1350
and 1500 °C (figure 1d). Such behaviour indicate the
transformation of one iron disperse form y-(Al, Fe),0;
to another one a-(Al, Fe),0;.

There are no problems to distinguish between
different magnetically ordered phases when they are
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Figure 2. Mossbauer spectra recorded at room temperature of the sample N (seeded with Fe(NO3);, 5 wt.% of Fe,O;) after heat
treatment.
a) 600 °C /24 h, b) 700 °C /24 h, ¢) 700 °C /24 h+ 800 °C/ 1 h,d) 700 °C/24h+900°C/ 1 h.

present in the well-crystallised form, with low degree or
without any substitution. Both substitution and presence
of small superparamagnetic particles make the situation
more complicated [12 - 15]. In these cases, it is
necessary to perform other supplementary measu-
rements at low temperature. The room temperature
Mossbauer spectra of such samples consist mainly of
paramagnetic doublet (e.g. figure 2a, b) accompanied
by a hyperfine split sextet with very broad lines
indicating the presence of magnetic component in the
sample. The spectra measured at liquid nitrogen
temperature reveal that the relative area of doublet
decreases, whereas the total area of magnetically split
component increases. In order to prove the presence of
small hematite particles in our samples we have
performed measurement at liquid nitrogen temperature
(77 K) on sample 700 °C / 24 h (figure 3). According to
that measurement, about 30 % of iron is in magnetically
split component, which can correspond to the hematite
particles of the size approximately 6 nm. To prove this
conclusion the Mdssbauer measurement at more tempe-
ratures (at least at liquid helium) should be done. Larger
part of iron (about 70 %) is present as solid solution
v-(Al Fe),0;. Similar results were obtained in [17].
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Figure 3. Mossbauer spectra of the sample N (seeded
with Fe(NOs),) after annealing at 700 °C for 24 h, recorded
at 77 K.

DISCUSSION

We have proved in agreement with [7, 8], that
nucleation efficiency of iron nitrate on weight basis is
much higher than direct seeding with «-Al,O; or
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a-Fe,O; particles. There is also probably some
difference in o-Al,0; and «-Fe,0; seeding effect
arising from interaction of a-Fe,O; with defect alumina
phases before own nucleation, as is proved by
Mossbauer spectroscopy (figure 15). According to the
equlibrium phase diagram Al,O; - Fe,O; [18], the
maximum solubility of Al,O5 in Fe,05 is 25 wt.% and
Fe,O; in A,O; 7 wt.%, but metastably can be extended
according [10] up to at least 20 wt.% Fe,0;. Surface
solution of AI** on 0-Fe,O5 seeds makes the process of
transformation of y, 0 — o-Al,O; easier due to different
properties (e.g. mobility) of Fe3* and AI¥* ions in
oxides. Diffusion coefficients (cm? sec’!) of atoms in
Fe,O; are more than 10 orders higher than those for
atoms in A,O; [19]. The mobility causes conversion of
cubic y-Fe,O; to hexagonal a-Fe,0; at ~ 600 °C lower
than those needed for the formation of o-Al,O5. Similar
effect of Fe’* and AI** ions on transformation can be
expected in mutual solid solutions of Al,O; - Fe,0;5. The
transformation temperature of these solid solutions can
be somewhere between 600 and 1200 °C. By the other
words, higher seeding efficiency of a-Fe,O; in
comparison of 0-Al,O; seeds is caused by mutual
interaction of Fe,0O; seeds and alumina matrix.

In N samples, Fe,O; is formed in situ from
Fe(NO;); in y-AlOOH / y-Al,O; matrix. This system
was studied many times [20 - 23] for the purpose of
catalytic applications, where the goal was to achieve
high dispersity of Fe,O;. With agreement with these
studies, samples N contain up to 800 °C two high
disperse forms of iron oxide, a solid solutions y-(Al,
Fe),0; (about 70 % Fe,03;) and high substituted
hematite particles of the size ~ 6 nm (about 30 % of
Fe,03). Seeding frequency of such small particles is
very high - approximately 3. 10'® cm3 (calculated from
the particle size, weight content and densities). These
hematite particles are de facto solid solution of Al,O;in
Fe,0;. Preheating (nucleation) effect was observed only
in these samples (seeded with Fe(NO;); which can be
explained only by extension of a-(Fe, Al),O; solid
solution. Transformation of y, 8 — o-AlL,O; simply
passes through growth of nanometer sized hematite
crystals without need of epitaxial nucleation (1) and/or
by direct transformation of y to o solid solution as
proved Poli et al. [10] in monophase (Al, Fe),0;:

a-(Fe, Al),O; + v-(Al, Fe),0; — 0-(Al, Fe),05, (1)
v-(Al, Fe),0; — a-(Al, Fe),04 (2)
According to the presented results, the seeding effect of

Fe,0; originated from Fe(NOs); can be attribute to the
solution effect.

CONCLUSION

It has been shown that among used seeds (0-Al,O;,
a-Fe,0; and Fe(NOs;);) only Fe(NO;); has preheating
(e.g. 700 °C) — nucleation effect on crystallisation of
a-Al,O5 phase from boehmite derived alumina gels.

Characteristic feature of Fe(NO;); seeded gels is
the presence of two highly dispersed iron oxide phases,
substituted hematite (o-(Fe, Al),O; of the particle size
~ 6 nm and about 30 wt.%) and solid solution of y-(Al,
Fe),0; (about 70 wt.%) occurred before transformation
to the o-Al,O; phase.

Both solid solution of o-(Fe, Al),O; and y-(Al
Fe),0; transform directly to the stable o-(Al, Fe),0;
phase, so the seeding effect of Fe(NO;);/ Fe,O; can be
attributed as solution effect or effect of Fe3* dispersed
ions, respectively resulting in transparent ceramics
sintered below 1300 °C.
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KRYSTALIZACIA Al O, — Fe,0, GELOV
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Keramické Al,0; vlakna, povlaky a membrany sa
pripravuji metddou sol-gél vychadzajuc z peptizovateI'ného
bohmitu. Problémovym procesom pripravy tychto materialov je

krystalizacia gélov spdsobena obtiaznou nukleaciou o-Al,Os;.
Aby sa krystalizacia mohla riadit’, a tym aj vlastnosti, pridavaju
sa do systému nukleaéné prisady — ockovadla. Su to jemné
krystaly (< 0.2 wm) o-Al,O; alebo izostrukturne o-Fe,O;
a Cr,0; [1 - 5], ktorych nukleaény efekt ma krystalograficky —
epitaxny charakter. Oxid Zelezity sa 1i§i od ostatnych
ockovadiel tym, Ze ho mozno vniest do systému okrem
partikularnej formy aj ako roztok Fe(NOs;);. Objektom $tudia
tejto prace Mdossbauerovou spektroskopiou je nukleaény efekt
Fe,0; vznikajuceho in situ z Fe(NOj3); pri tepelnom spracovani
gélov. Bohmitové soli stabilizované s HNO; (pH + 2.5)
a ockované s 0-Al,0O;, a-Fe,05 a Fe(NO;); sa transformovali na
gély volnym susenim. Teplota krystalizacie gélov (table 1)
klesa v poradi bez ockovadla — 0-AlLO; — «a-Fe,0; —
— Fe(NOs); a predohrev (700 °C /24 h) sa prejavil d’alsim
znizenim teploty kryStalizacie na géloch ockovanych s
Fe(NO;);. Vo vzorkach H, o¢kovanych s o-Fe,O; krystalizuje
priamo tuhy roztok a-(Al, Fe),O; pri si¢asnom zéaniku fazy
a-Fe,0; (table 2). Vo vzorkdch N (ockované s Fe(NOj);)
nebola RTG fazovou analyzou detegovana samostatna faza
Fe,0s, ale len fiza a-(Al, Fe),0; od teploty 800 °C. Podla
Maossbauerovej spektroskopie Fe,Os; je vo vzorkach pritomny
vo vysoko disperznej forme ako tuhy roztok (priblizne 70
hmotn.%) y-(Al, Fe),0; a vo forme substituovanych krystalov
hematitu (priblizne 30 hmotn.%) o velkosti ~ 6 nm. Nukleacny
efekt rozptyleného Fe,O; v tuhych roztokoch y-(Al, Fe),0; a a-
(Fe, Al),O; — hematit nema charakter krystalograficky, ale
roztokovy, tzn. ide o vplyv i6nov Fe*" na transformaciu
defektnych AlL,O; faz (y, 8, ) na termodynamicky stalu
a-ALO; fazu.

14

Ceramics — Silikaty 45 (1) 9-14 (2001)



